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Abstract 

Chimeric antigen receptor T (CAR-T) cells therapy has revolutionized the treatment paradigms for hematological 
malignancies, with multi-line therapy-refractory patients achieving durable complete remissions (CR) and relatively 
high objective response rate (ORR). So far, many CAR-T products, such as Kymriah, Yescarta and Tecartus, have been 
developed and got the unprecedented results. However, some patients may relapse afterwards, driving intense inves-
tigations into promoting the development of novel strategies to overcome resistance and mechanisms of relapse. 
Notable technical progress, such as nanobodies and CRISPR-Case9, has also taken place to ensure CAR-T cell therapy 
fully satisfies its medical potential. In this review, we outline the basic principles for the development and manufactur-
ing processes of CAR-T cell therapy, summarize the similarities and differences in efficacy of different products as well 
as their corresponding clinical results, and discuss CAR-T immunotherapy combined with other clinical effects of drug 
therapy.
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Background
Cancer treatment approaches have rapidly developed in 
recent years and particularly, immunotherapy is one of 
the fastest developing cancer treatment options. CAR-T 
cell immunotherapy has achieved impressive results 
in cancer treatment and immunotherapy has gradually 
become the key treatment option for malignant hemato-
logical conditions [1]. From Kymriah and Yescarta, which 
were first to be approved by the FDA in August and 
October 2017 to treat leukemia and lymphoma, to the 
latest advances, such as CB-010 therapy, they all play a 
critical role in malignant tumors, particularly in cases of 
relapse and refractory cancers.

Although CAR-T cell immunotherapy may significantly 
improve clinical outcomes, there is a need to overcome 
the challenges associated with its safety and efficiency, 

especially the toxicities of CAR-T cell therapy after 
administration. Mortality and morbidity can occur due 
to two main complications—cytokine release syndrome 
(CRS) and immune effector cell-associated neurotoxicity 
syndrome (ICANS). Additionally, other serious adverse 
reactions may occur, including tumor lysis syndrome and 
off-tumor target toxicity. A great deal of labor and pro-
duction cost and relapse after treatment are also major 
challenges in the treatment process.

While there are many issues, CAR-T cell immuno-
therapy is still a significant novel concept. More clinical 
trials have been registered to assess the clinical efficiency 
of CAR-T cell immunotherapy on hematological tumors. 
To enhance the therapeutic effects, numerous methods 
have been developed, including modulation of CAR-T 
cell activities [2]. CAR-T immunotherapy in combina-
tion with checkpoint blocking antibodies or small mol-
ecule inhibitors has appeared better clinical outcomes 
compared to single-agent approaches (NCT03331198 
(TRANSCEND CLL 004), NCT03960840) (see Addi-
tional file 2: Table 2 for the details) [3, 4].
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Mechanisms and development of CAR‑T cell 
immunotherapy
Eshhar et al. were the first to design the CAR-T cell tech-
nology to express antigen receptors [5]. Up to now, there 
are five generations of CAR structures (CARs). Figures 1 
and 2 show the development processes of five generations 
of CARs and mechanisms of CAR-T therapy, respectively.

CAR parts
The CARs are made up of the extracellular antigen-
binding, hinge transmembrane and intracellular acti-
vation region [6]. The intracellular activation region is 
composed of co-stimulatory and signaling regions. The 
variable heavy (VH) and variable light (VL) chains, also 
called the single-chain variable fragment (scFv), are 
joined by a repetition of glycine and serine residues, 

and a few Whitlow linker molecules [7]. The scFv rec-
ognizes specific tumor-associated antigens (TAAs) [8], 
including proteins, glycoproteins, and other elements 
while signaling regions principally enhance T-cell pro-
liferation and differentiation. This principle is on a sim-
ilar basis to antigen-antibody complementarity, which 
can bypass major histocompatibility complex (MHC) 
antigen presentation and allow TAAs to directly acti-
vate T cells. Therefore, CAR-T therapy can enable 
access to a large subset of patients. Additionally, single 
variable domain on a heavy chain (VHH), also called 
nanobodies, have also been employed as the targeting 
domain of CARs [9]. VHH are derived from the vari-
able domain of heavy chain-only antibodies (HcAbs), 
produced by the Camelidae family and sharks natu-
rally [10, 11]. Compared to conventional scFv, VHH 

Fig. 1 The development processes of five generations of CARs The first generation only had the intracellular CD3-ζ signal molecule, which are 
phosphorylated via SRC tyrosine kinase family. In the second generation, CD28 or 4-1BB co-stimulatory region was integrated with the CD3-ζ 
molecule. Various proteins containing SH2 domain (PI3K, GRB2 and GADs) are recruited while IL-2 is induced. Based on the second generation, 
the third generation (such as CAR 22–19) added two different co-stimulatory domains (CD28–4-1BB/ICOS-4-1BB). The fourth generation (TRUCKs 
or armoured CARs) paired with a constitutively expressed chemokine (IL-12). The fifth generation, also based on the second generation, added 
intracellular domains of cytokine receptor (IL-2Rβ). The activation of JAK-STAT, deriving from IL-2Rβ and incorporated between CD28/4-1BB and 
CD3-ζ, stimulates cell proliferation. (By Figdraw)
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recognize and bind target antigens with similar bind-
ing ability and specificity, as well as the solubility and 
stability [10]. Even if VL and constant domains are 
absent, VHH can still possess these characteristics [10]. 
Therefore, VHH-based targeting CAR-T cells could be 
as effective as traditional CAR-T cells with scFv-based 
targeting domains.

The hinge region (the spacer region) connects the 
extracellular region and the transmembrane region. The 
CARs design uses various hinge regions to achieve flex-
ibility so that scFv domain can bind TAAs, including 
domains that develop from CD28 to CD8 [12]. Generally, 
the transmembrane moiety also derives from CD28 and 
CD8, which can affect molecular interactions between 
CARs by endogenous transmembrane binding of the 
original protein to form a homodimer or a trimer [13].

The main co-stimulatory regions are CD28 and 4-1BB, 
while the other common co-stimulatory regions include 
CD27, OX40, and ICOS [14–16]. CAR-T cells with differ-
ent co-stimulatory regions have shown different dynam-
ics. Compared with the presence of CD28, which resulted 
in rapid expansion but less durability, CARs with the 
presence of 4-1BB conferred slower expansion but longer 
persistence [17, 18]. Since T helper-2-associated cytokine 
levels were rapidly elevated, CD28-containing CAR-T 
cells exhibit a more effector-like memory phenotype 
and enhance glycolytic metabolism [19–21]. Therefore, 
the CD28 co-stimulatory pathway is rapidly activated 
in CAR-T cells, which may lead to early-onset CRS. 
4-1BB-based T cells can enhance mitochondrial activi-
ties and become more central memory-like T cells with 
increased expiratory capacity and fatty acid metabolism 

Fig. 2 Mechanisms of CAR-T therapy A monoclonal antibody is usually used to generate the extracellular portion of the CARs. The scFv, able to 
recognize TAAs, is composed of the VL and VH region. In addition to scFv, the targeting domain also use VHH, also known as nanobodies, which 
are derived from the variable domain of HcAbs. The hinge region connects the transmembrane region and extracellular region. The intracellular 
activation region can be divided into co-stimulatory region and signaling region. Signals generated by co-stimulatory mechanisms depend on the 
co-stimulation domain (CD28 depends on PI3K, while 4-1BB employs NF-κB and TRAFs). CD3-ζ is usually a signal region with three ITAMs. Once the 
scFv recognizes and binds TAAs, Phosphorylation of the ITAMs initiates signal transduction through ZAP70, and then sends out signals to release T 
cell response (granzyme and perforin/BID or FADD). (By Figdraw)
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[21, 22]. .4-1BB CARs can activate non-canonical nuclear 
factor-κB (NF-κB) signaling after ligand engagement 
and depend on tumour necrosis factor (TNF) receptor-
associated factors (TRAFs) [23]. Through regulating 
NF-κB, TRAFs can affect the viability, expansion and 
cytotoxicity [24]. The difference between these two co-
stimulation pathways should be viewed comprehensively, 
because variables may exist causing the persistence or 
failure of T cells and no clinical data compare both CAR 
head-to-head.

The CD3-ζ (CD247) is the most distal intracellular 
part and is a signal region with three immunoreceptor 
tyrosine-based activation motifs (ITAMs) [25]. Phos-
phorylation of the ITAMs initiates signal transduction 
via tyrosine kinase ζ-related protein of 70 kDa (ZAP70) 
[26], resulting in activated T cell responses (proliferation, 
cytokines release etc.).

The development of CARs
Due to advances in related technologies, including 
genetic engineering and immunotherapy, CARs have 
experienced five generations. The original CAR only had 
intracellular a CD3-ζ signaling molecule [27]. The first 
generation of CARs was efficient at specifically recog-
nizing tumor antigens and improving T cell anti-tumor 
activities. However its proliferative abilities are low 
while its therapeutic effects are minimal, because of the 
absence of co-stimulatory (such as CD27, CD28, CD134 
and 4-1BB) and cytokine signaling, such as interleukin-
2(IL-2) [28]. In second generation CAR, the CD28 or 
4-1BB co-stimulatory region was integrated with the 
CD3-ζ molecule, and cell proliferation and cytotoxicity 
were significantly improved [29]. Using the second gener-
ation as a basis, the third generation (such as CAR 22–19 
[30]) had two different co-stimulatory domains (CD28–
4-1BB/ICOS-4-1BB) [31]. To enhance the ability to attack 
tumuor cells, the fourth generation of T cells redirect for 
universal cytokine killings (TRUCKs) or armoured CARs 
were developed, containing IL-12 expression system [32, 
33]. By releasing important chemicals or cytokines in 
tumors, the fourth generation can improve tumor cyto-
toxicity by overcoming the immunosuppressive networks 
in the tomour microenvironment (TME) [8]. Moreover, 
TRUCKs can induce IL-12 activation downstream of 
the nuclear factor activated T cells (NFAT) transcrip-
tion factor after CAR recognizes TAAs to recruit other 
immune cells (DC, phagocytes and NK among others) 
[34]. The fifth generation is based on the second gen-
eration, including truncated cytoplasmic IL-2 receptor 
β-chain (IL-2Rβ) domain and a STAT3-binding moiety 
[35]. Activating the fifth generation can promote T cell 
receptor (TCR) and cytokine-driven JAK-STAT signaling 
to enhance proliferation and activation of bioengineered 

T cells [35]. Although CARs evolve rapidly over the past 
three decades, it is still unknown which design of CARs 
can provide the best clinical efficacy because of no head-
to-head studies performed.

Mechanisms of CAR‑T cell therapy
CAR-T cells mainly rely on engineered CARs, exhibiting 
antigen specificity and T-cell cytotoxicity [8]. The tar-
gets of hematological malignancies are concentrated on 
CD19, BCMA, CD20 and CD22. In addition, there are 
some other TAAs, CD23, CD30, CD33, SLAMF, ROR1, 
GRP78, CD138 etc. CD19, CD20, CD22, CD23 and ROR1 
are usually used targets for B-cell malignancies [36–40]. 
Among them, CD19 is the most frequently used target 
and highly expressed in most B-cell malignancies [36]. 
CD30 is usually expressed on tumour cells of Hodgkin’s 
lymphoma [41]. CD33 is a favorable target for leukemia, 
especially acute myeloid leukemia (AML) [42]. SLAMF, 
BCMA and CD138 are developed to treat multiple mye-
loma (MM) [43–45], especially BCMA. When CAR-T 
cells recognize specific TAAs [8], ITAMs initiate activa-
tion via phosphorylation, promoting proliferation, releas-
ing cytokines and boosting immune responses. However, 
this binding mechanism has certain limitations. Loss of 
expression of TAAs (such as CD19 or CD20) has been 
known as one of the key mechanisms of tumour resist-
ance [46]. Furthermore, not the same as tumour specific 
antigens (TSAs), TAAs have low selectivity, which are 
overexpressed on tumours, but also expressed on nor-
mal organs and tissues [47], causing off-target effects and 
raising safety concern.

Cytotoxicity is usually exerted via; i. Cytokine secretion 
of granzyme and perforins by CAR-T cells [48], which 
is the primary way to inhibit tumour progression and 
ii. Stimulation of cancer cell apoptosis by activating the 
apoptosis signaling pathway, including activation of the 
BH3-interacting domain death agonist (BID) and FAS-
associated death domain protein (FADD) [49, 50].

Manufacturing engineering
CAR-T cells are derived from patients’ own cells (autol-
ogous). Therefore, they can avoid the problems of allo-
geneic rejection or graft-versus-host disease (GVHD), 
but they must be separately customized, which requires 
advanced technologies and financial resources. CAR-T 
cell manufacturing usually begins with leukapheresis to 
remove blood from the patient’s body and separate the 
leukocytes [51], while some researchers employ non-sep-
arate whole peripheral blood [52]. In the process of acti-
vation, a common approach is to add OKT3 (anti-CD3 
monoclonal antibody) and IL-2. Excessive concentrations 
of IL-2 can cause dysfunction of T cells, poor effector 
function and quick apoptosis [53]. Furthermore, beads 
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coated with anti-CD3/anti-CD28 monoclonal antibodies 
are also employed, which may retain memory phenotype 
more than with OKT3/IL-2 [54]. The overall T cell phe-
notype can also be manipulated using other cytokines, 
including IL-7 and IL-15, which may cause a higher per-
centage of memory subsets [55]. After activation, the 
CAR gene is usually introduced into the T cell genome 
via viral methods (lentiviruses and γ-retroviruses) [8], 
which is thought to be safe and effective. Of note, lenti-
viral transduction is predominant than retroviral trans-
duction in current clinical trials [56]. In addition to viral 
methods, Cell electroporation by non-viral routes is a 
low-cost gene transfer approach whose safety and effi-
cacy is yet to be evaluated [57]. During expansion, three 
approaches (plates/T-flasks, static culture bags and rock-
ing motion bioreactors) can be employed [58–60]. Of 
note, the rocking motion bioreactor method for expan-
sion is prevailing [56], utilizing the most advanced tech-
nology and suitable for large patient cohorts.

Of note, before transfusion, chemotherapeutic 
approaches (lymphodepleting conditioning regimen), 
such as the employment of antimetabolites (fludara-
bine and cyclophosphamide) for pretreatment should be 
used to eradicate regulatory T cells (Treg) and myeloid-
derived suppressor cells (immunosupressive elements) 
[61]. Furthermore, the lymphodepleting conditioning 
regimen can enhance the efficacy of therapy by multiple 
mechanisms, including increase of homeostatic cytokines 
(IL-2, IL-7 and IL-15), induction of costimulatory mol-
ecules, downregulation of indoleamine 2,3-dioxygenase 
on the tumour, and promotion of potency of adoptively 
transferred T cells [61]. Moreover, chemotherapeutic 
drugs from different products have different administra-
tion times.

Even though CAR-T cell therapy has significant treat-
ment effects, its long preparation cycle and complex pro-
cess, as well as the need to tailor it for each patients are 
major limitations in its applications. Recently, a technol-
ogy called Multifunctional Alginate Scaffold for T Cell 
Engineering and Release (MASTER) has been invented 
[62]. MASTER integrates T cell activation, reprogram-
ming and in  vivo amplification, reducing the time for 
manufacturing to 1 day. Of note, MASTER is modified 
with antibodies that activate T cells and are impregnated 
with ILs, thus, the cell activation process starts almost 
immediately. In mouse lymphoma xenotransplantation 
models, CAR-T cells generated in vivo entered the blood 
circulation and controlled the development of distant 
tumors, exhibiting stronger durability and better thera-
peutic effects than conventional CAR-T cells [62]. How-
ever, more further trials should be performed before this 
technique can be utilized in clinical applications. Addi-
tionally, another recent study has shown that quickly 

generated (within 24 hours) non-activated CAR-T cells 
exhibited higher anti-leukaemic in  vivo activity per 
cell than activated CAR-T cells produced employing 
the standard protocol [63]. Compared to this innova-
tive approaches, traditional manufacturing (activation 
and expansion) may cause progressive differentiation 
and the associated loss of anti-leukaemic activity, while 
this method may be more convenient and cheaper, also 
broadening their applicability.

Clinical outcomes of CAR‑T immunotherapy
In this section, the latest clinical findings on treatment of 
hematological malignancies using commercially available 
and state-of-the-art CAR-T products are summarized. 
Table  1 (See Supplementary Table  1, Additional  file  1) 
shows the variations in safety and efficiency effects of dif-
ferent CAR-T products.

Kymriah (Tisagenlecleucel)
Kymriah was the first approved CAR-T cell product 
(CD19/FMC63) by FDA on August 31, 2017 indicated, 
for the treatment of patients (below 25 years of age) with 
B-cell precursor acute lymphoblastic leukemia (B-ALL) 
that was in refractory or in second or later relapse [18]. 
On May 2, 2018, Kymriah was approved for the treat-
ment of adult patients with relapsed/refractory large 
B-cell lymphoma (R/R LBCL) after two or more lines of 
systemic therapy, including diffuse large B-cell lymphoma 
(DLBCL), high grade B-cell lymphoma (HGBCL) and 
DLBCL arising from follicular lymphoma (FL) [64]. In 
JULIET (NCT02445248) phase 2 trial, 111 patients with 
R/R LBCL were infused. An ORR was 52%, while the 
CR rate was 40% [65]. The most common adverse events 
(AEs) are CRS and ICANS, incidences of which were 56% 
(22% ≥ Grade 3) and 21% (12% ≥ Grade 3), respectively 
[65]. In Additional file  1: Table  1, the incidence of CRS 
above Grade 3 was relatively high among comparable 
drugs.

On May 27, 2022, Kymriah was approved by FDA for 
a new indication for the treatment of adult patients with 
R/R FL after two or more lines of systemic therapy [66]. 
This approval is based on the global phase 2 ElARA trial 
(NCT03568461), marking the third indication for Kym-
riah and expanding the scope of diseases to be solved. 
In this trial, 97 patients (> 18 years of age), with R/R FL 
(Grade 1-3A) after ≥2 lines of therapy or failing autolo-
gous stem cell transplant, received Kymriah [67]. Of 94 
patients evaluable for efficacy, the ORR was 86% and the 
CR was 66%. Any Grade CRS occurred in 49% of patients 
(Grade ≥ 3, 0%). Any Grade ICANS occurred in 9% of 
patients (Grade ≥ 3, 1%). These data demonstrate that 
Kymriah can be a promising therapy for patients with 
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R/R FL, including high-risk patients after multiple lines 
of systemic therapy.

Of note, one patient with B-ALL, treated with CTL019 
(Kymriah), relapsed and died 8 months after CR, which 
was attributed to the presence of incidental CD19 CAR-
transduced B cells (CARB) in his bone marrow and cir-
culatory system [68]. This report conferred resistance 
to subsequent CAR-T cell therapy, emphasizing the sig-
nificance of a purified starting product. Moreover, dur-
ing the process of leukapheresis, circulating tumour cells 
gathered together with lymphocytes can unintentionally 
be transduced with the CARs, which may cause antigen 
masking by binding of CARs expressed by tumour cells to 
TAAs on the same cells, leading to clonal expansion and 
tumour cell escape in vivo [68].

Combination therapy, including the combination of 
pembrolizumab or the Bruton’s tyrosine kinase (BTK) 
inhibitor, is also a preferred treatment option for aggres-
sive lymphoma (described in detail below).

Yescarta (Axicabtagene Ciloleucel)
Yescarta (Axicabtagene Ciloleucel, KTE-X19), the second 
generation of retroviral-transduced CD-28 based CAR-T 
cell product (CD19/FMC63), was approved by FDA on 
October 18, 2017 for the treatment of adult patients with 
R/R LBCL after two or more lines of systemic therapy, 
including DLBCL, primary mediastinal B-cell lymphoma 
(PMBCL), HGBCL and transformed follicular lym-
phoma (TFL) [69]. In a key Phase 1/2 study, ZUMA-1 
(NCT02348216) [17], 101 patients received Yescarta infu-
sion and showed ORR and CR of 83 and 58%, respectively 
[70]. Above 50% of treatment failures occurred within the 
first 3 months after Yescarta administration, while 75% 
of patients that responded within 3 months were still in 
remission without further interventions after the 2-year 
follow-up period [71]. CRS was detected in most of the 
patients (93, 11% ≥ Grade 3). ICANS was detected in 67% 
of patients (32% ≥ Grade 3).

Based on the results of ZUMA-5 (NCT03105336), 
the indication for adult patients with R/R FL after two 
or more lines of systemic therapy was approved by FDA 
on March 3, 2021. In this trial, 148 patients (≥18 years 
of age) with FL or marginal zone lymphoma (MZL) 
received an infusion of Yescarta [72]. Of 104 patients 
evaluable for efficacy, 96 patients (92%) had an ORR and 
77 patients (74%) had a CR. Grade 3 or 4 CRS occurred 
in ten patients (7%) and Grade 3 or 4 ICANS occurred 
in 28 patients (19%). Yescarta demonstrated high rates of 
the ORR, and had a manageable safety profile in patients 
with R/R FL and MZL. On April 1, 2022, Yescarta was 
approved by FDA for the treatment of adult patients 
(≥18 years of age) with LBCL, who were R/R within 
12 months of first-line chemoimmunotherapy (including 

anti-20 monoclonal antibody and anthracycline) and 
intended to proceed to high-dose therapy with autolo-
gous stem cell rescue. In the ZUMA-7 (NCT03391466) 
trial [73], the ORR and CR were 83 and 65%, respectively. 
Among 170 patients receiving Yescarta, any Grade CRS 
occurred in 92% of patients (Grade ≥ 3, 11%). Any Grade 
ICANS occurred in 60% of patients (Grade ≥ 3, 6%). 
Moreover, recent study (ZUMA-12) demonstrates safety 
and efficacy of Yescarta as a part of first-line treatment 
for adult patients with high-risk LBCL [74].

Under the trade name Yikaida (FKC876), Yescarta was 
approved in China in June 2021.

Tecartus (Brexucabtagene Autoleucel)
Tecartus (Brexucabtagene Autoleucel) is the third CAR-T 
cell drug (CD19/FMC63) that was first approved for 
treating R/R mantle cell lymphoma (MCL) patients 
on July 24, 2020. A key Phase 2 clinical trial, ZUMA-2 
(NCT02601313) [75] included all patients with MCL pre-
treated with BTK inhibitors who had ORR of 93% and CR 
of 67%. In Additional file 1: Table 1, the ORR of this drug 
is relatively high, however, the incidence of ICANS above 
Grade 3 reached 31%, ranking the first among its kind.

On October 1, 2021, FDA approved Tecartus for the 
treatment of adult patients 26 years of age and above 
with R/R B-ALL. In a phase 2 ZUMA-3 (NCT02614066) 
trial, 55 patients received infusion. Among them, CR or 
CR with incomplete hematologic recovery was observed 
in 39 patients (71%) [76]. CRS of any Grade occurred in 
49 patients (89%) (24% ≥ Grade 3, 13 patients). ICANS of 
any grade occurred in 33 patients (60%) (25% ≥ Grade 3, 
14 patients). Tecartus is a potential therapy, but further 
investigation is needed to decide where Tecartus will fit 
in current treatment methods or if Tecartus proves ben-
eficial in other patients with ALL (T-cell ALL).

In terms of manufacturing, compared to the Yes-
carta, Tecartus involves T-cell selection and lymphocyte 
enrichment, which includes the removal of tumor cells 
cyclically expressing CD19 in the patient’s leukocyte iso-
late material. The T cells of MCL patients in the start-
ing material are relatively small, whereas the numerous 
circulating tumor cells and leukemic blasts exist in the 
peripheral blood. Therefore, removing these cells may 
reduce the likelihood of production failure [77, 78].

Tecartus exhibited improvements in both ORR and 
CR, compared to its predecessor, Yescarta, but there was 
also an increase in incidences of CRS and ICANS above 
Grade 3. If the toxic effects of Tecartus can be controlled, 
it will be an ideal drug for treating hematological tumors.

Breyanzi (Lisocabtagene Maraleucel)
On February 5, 2021, Breyanzi (Lisocabtagene Marale-
cel) (CD19/FMC63) was approved by FDA, indicated for 
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treating adult patients with R/R LBCL after two or more 
lines of systemic therapy, including unspecified DLBCL 
(including TFL), HGBCL, PMBCL and 3B grade FL [79], 
Approval was based on results from TRANSCEND NHL 
001 (NCT02631044), aimed at verifying the efficacy and 
safety of Breyanzi in R/R LBCL and MCL patients [80]. 
Among the 256 patients, an ORR was 73% and a CR was 
53%, while the estimated 1-year duration of CR was 65% 
[81]. Any Grade CRS was 42% (≥Grade 3, 2%) and any 
Grade ICANS 30% (≥ Grade 3, 10%) [81].

On June 25, 2022, FDA approves Breyanzi for R/R 
LBCL after one prior therapy. Approval was based on 
results from the phase 2 PILOT trial (NCT03483103) and 
the pivotal phase 3 TRANSFORM trial (NCT03575351) 
[82, 83]. With this approval, Breyanzi now has the broad-
est patient eligibility of any CAR-T therapy in R/R LBCL. 
In TRANSFORM trial, 90 patients received infused. 
An ORR and a CR were 86% (79 patients) and 66% (61 
patients), respectively. Any Grade CRS was reported in 
49% of patients (only 1 patient had Grade 3 CRS). Any 
Grade ICANS was observed in 12 patients (≥Grade 3, 
4%).

Compared to other CAR-T cell products, Breyanzi 
contains a non-functional truncated epidermal growth 
factor receptor (tEGFR) that is co-expressed with CD19-
specific CAR on cell surfaces and can serve as a surro-
gate for CAR expressions [80]. During manufacturing 
process of Breyanzi,  CD8+and  CD4+T cells are selected 
from leukapheresis material and then independently acti-
vated, transduced, and expanded [84]. The manufactur-
ing process leads to a clonally diverse, less differentiated 
pure T-cell product (memory T-cell) and  CD19+cells 
below the level of quantitation [84]. Moreover,  CD8+ and 
 CD4+CAR-T cells are reinfused in a 1:1 ratio [81]. The 
use of a fixed transfer dose enhances the control of tox-
icities, thereby promoting persistence and amplification 
efficiency.

In Additional file  1: Table  1, Breyanzi had a higher 
safety and persistence profile, compared to the Grade 
3 and above incidences of CRS and ICANS when other 
drugs were used.

Abecma (Idecabtagene Vicleucel)
Abecma (Idecabtagene Vicleucel, bb2121) is the first 
CAR-T cell drug (BCMA/C11D5.3), approved by FDA on 
March 26, 2021. This product can be used to treat adult 
patients with R/R MM after fourth-line or more ther-
apy, including immunomodulatory, proteasome inhibi-
tors and anti-CD38 monoclonal antibodies [85]. BCMA 
(TNFRSF17 or CD269) is a transmembrane glycoprotein 
that belongs to the superfamily of TNF receptors and is 
naturally expressed on plasma cells [86]. In malignant 
plasma cells, its expressions are persistently abnormal, 

while in normal tissues, its expressions are very low and 
almost non-existent in  CD34+hematopoietic stem cells. 
Since BCMA is selectively induced during plasma cell 
differentiation, it is virtually lacking in naive and memory 
B cells [86].

Due to poor clinical outcomes and low rates of achiev-
ing CR, a total of 140 patients (128 patients received 
infusion) diagnosed with R/R MM and receiving the 
above three treatments were involved in the KARMMA 
(NCT03361748) Phase 2 study [85]. About 73% of 
patients achieved ORR while 33% achieved CR [85]. CRS 
was observed in 84% of patients, and Grade 3 or above 
occurred in 5% of patients. ICANS occurred in 18% 
of patients, 3% of whom were Grade 3; No Grade 3 or 
above neurotoxicity occurred. Another trial (CRB-401, 
NCT02658929) also demonstrated the safety and effi-
ciency of Abecma in heavily-pretreated R/R MM patients 
[87]. Of the 62 patients receiving infusion, the ORR was 
76% (47 patients) and the CR was 39% (24 patients). Any 
Grade CRS was 76% (6% ≥ Grade 3, 4 patients). Any 
Grade ICANS was 44% (3% ≥ Grade 3, 2 patients).

Compared to other products, Abecma showed signifi-
cant improvement in the incidence of Grade 3 or above 
AEs, however, there is a need to improve the CR..

Apart from bb2121 (Bluebird), MM can be treated 
using CAR-T cell therapies targeting BCMA through 
different mechanisms, such as LCAR-B38M (Legend), 
C-CAR088, and JCAR125. Among others.. LCAR-B38M 
is a structure-differentiated CAR-T cell therapy com-
posed of 4-1BB and two single domain antibodies (VHH-
VHH) that increase affinity to and target BCMA [88]. 
LEGEND-2 (NCT03090659) is an exploratory study of 
LCAR-B38M CAR-T cells, showing encouraging efficacy 
and controlled safety. Recently, researchers update long-
term safety and efficacy data from a median follow-up of 
4 years. In this trial, 74 patients with R/R MM received 
infusion [89]. Of them, AEs occurred in all patients, with 
60.8% (45 patients) exhibiting Grade 3 or above AEs. 
CRS occurred in 91.9% of patients (68 patients); 9.5% (7 
patients) were Grade 3 or above. Only one patient had a 
Grade 1 ICANS. The ORR and CR were 87.8 and 73.0% 
(54 patients), respectively. Compared to Abecma, LCAR-
B38M has a higher ORR and CR, and its incidence of 
Grade 3 or above AEs is generally lower.

Carvykti (Ciltacabtagene Autoleucel)
As the first Chinese CAR-T cell therapy (BCMA/VHH-
VHH) to be approved by FDA on February 28, 2022, 
Carvykti is the second CAR-T cell therapy worldwide tar-
geting BCMA. Carvykti is used after three or more prior 
lines of therapy, including immunomodulatory drugs, 
proteasome inhibitors as well as anti-CD38 antibodies, 
and is among the last treatment options for adults with 
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progressed R/R MM [90]. Unlike previous CAR-T prod-
ucts, Carvykti contains two single domain VHH antibod-
ies (VHH-VHH), which greatly enhance affinity to target 
cell surface BCMA.

The Phase 1b/2 clinical study, CARTITUDE-1 
(NCT03548207) [90], was launched to assess the safety 
and clinical activities of Carvykti. In the most recent data 
[91], 97 patients had an ORR of 97.9%, a very good partial 
response (VGPR) of 94.9%, and a strict complete response 
(sCR) of 82.5%. The median times for first response, best 
response, and ≥ CR were 1.0, 2.6 and 2.9 months, respec-
tively. The median duration of response (mDOR) was 
not reported [91]. Among the 97 patients admitted [92], 
ICANS occurred in 16 (16%) patients, while two patients 
had a Grade 3/4 event. From a raw-data perspective, 
Carvykti appears even better than Abecma.

Relmacabtagene Autoleucel (Relma‑cel, JWCAR029)
Relma-Cel (JWCAR029) (CD19/FMC-63) as a second 
line or above treatment is suitable for treating DLBCL 
patients. Transduced autologous  CD4+and  CD8+T cells 
express tEGFR and CD19-specific CARs in Relma-cel 
[93]. The CAR structure expressed by Relma-cel is com-
parable to that of another CAR-T cell product, Breyanzi 
(CD19/4-1BB/CD3-ζ). Breyanzi has a high response rate 
and is associated with low levels of toxicity in R/R LBCL.

Relma-cel optimized the Breyanzi manufacturing pro-
cess to improve productivity as well as success rates and 
eliminate the need for separate  CD4+and  CD8+T-cell 
lines to provide doses with consistent product attributes 
[94]. In manufacturing, T cells are specifically enriched 
during blood component separation by employing CD4 
and CD8 beads and selected by activation with CD3/
CD28 beads. Moreover, in manufacturing process of 
Relma-cel,  CD4+ and  CD8+T cells are prepared sepa-
rately and transfused in a non-fixed ratio [95].

In a Phase 2 clinical trial (NCT04089215) [93], Of the 
59 treated patients receiving infusion, Any Grade CRS 
occurred in 47.5% of patients while CRS above Grade 
3 was 5.1%. The incidence of ICANS at any grade was 
20.3% while ICANS above Grade 3 was 5.1%. The ORR 
and CR were 75.9 and 51.7%, respectively. CRS and 
ICANS were controlled and all cases in the trial were 
resolved, except for one patient who died on Day 8 from 
sepsis with ongoing Grade 4 CRS, which was evaluated 
by the investigator as unrelated to CAR-T therapy. This 
trial demonstrates that Relma-cel has a comparable effi-
cacy as Breyanzi in R/R LBCL with low levels of related 
toxicity and good therapeutic effects.

Other CAR‑T products
Autologous BG1805 (Anti-CLL1 CAR-T) was awarded 
the title of orphan drug by FDA for treating AML. CLL1 

is highly expressed in AML cells and leukemia stem cells 
(LSCs) of children, but its expressions are markedly 
low in normal hematopoietic cells. In a Phase I clinical 
trial (chiCTR1900027684), 11 R/R AML children were 
treated, receiving BG1805. The median peak time of 
amplification in  vivo was found to be 8 days, indicating 
rapid and efficient amplification of CAR-T cells [96]. Of 
these 11 children, the ORR was 81.9% and the overall 
disease control rate (DCR) was 90.9%. Among them 10 
patients completely responded and  CLL1+AML cancer 
cells were eliminated within 1 month [97]. Five patients 
achieved CR and minimal residual disease negative 
 (MRD−), 3 patients achieved CR and  MRD+, 1 patient 
achieved partial response (PR), while 1 patient showed 
stable disease (SD) with CLL1-negative AML cancer 
cells [97]. Grade 3/4 AEs were detected in 11 patients, 
but dose-dependent toxicity was not detected. CRS 
Grades 1 to 3 were observed, but there were no fatal 
events. CB-010 therapy is an editing-based allogeneic 
anti-CD19 CAR-T cell therapy established by CRISPR 
using the CRISPR heterozygous RNA-DNA (chRDNA) 
technology for gene editing. The gene editing technology 
is a chRDNA technology. Compared to CRISPR-Cas9, 
chRDNA has a high specificity and a low off-target edit-
ing level, allowing multiple gene editing and insertion. 
CB-010 therapy involves three gene editing aspects: (I) 
Site-specific knockdown of CD19 CAR into T cells; (II) 
Knockout of TRAC gene (constant region of T cell recep-
tor α) to eliminate TCR and avoid GVHD; (III) Knockout 
of genes encoding PD-1. In its first clinical trial, Caribou 
Biosciences reported that 5 evaluable patients had ORR 
and CR of 100% of 80%, respectively. In this trial, after 
3 months of treatment, CR was noted in the 4 patients, 
with a maximum duration of 6 months. Compared to 
prior CAR-T cell therapies, preliminary clinical data 
revealed a marked increase in ORR and CR and the ther-
apeutic CB-010 dose was below and safer.

CAR‑T immunotherapy combination therapy
The application of CAR-T cell immunotherapy treating 
malignant B cells has shown some promise, however, 
its applications in solid malignant tumors are very lim-
ited. These limitations are attributed to several resistance 
mechanisms of CAR-T cells, including the absence of 
CAR-T cell persistence, target depletion, antigenic loss, 
and an immunosuppressed TME. CAR-T cell immu-
notherapy combined with targeted drugs has shown 
encouraging clinical outcomes. We discuss current tri-
als of targeted therapy combined with CAR-T cell ther-
apy to overcome resistance mechanisms, including the 
safety and efficiency of combination regimens. Some of 
the trials involving combination regimens are presented 
in Table 2 (See Supplementary Table 2, Additional file 2).
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PD‑1/PD‑L1
The efficacies of CAR-T cell therapy combined with 
immune checkpoint inhibitors are currently being evalu-
ated (Fig. 3). (I) Combination therapy. Pre-clinical stud-
ies have revealed that effector functions of CAR-T cells 
are usually exhausted, which limits their anti-tumor 
activities. The efficacy of combination therapy was docu-
mented in a case report of a DLBCL patient whose dis-
ease progression after receiving CD19-targeted CAR-T 
cell therapy (4-1BB/CD3-ζ) [98]. Pembrolizumab (anti-
PD-1) was administered on Day 26. On Day 45, a signifi-
cant tumor regression was observed, and the patient was 
allowed to return to work after 3 weeks; (II) CAR-T cells 
self-secrete immune checkpoint molecules. In preclinical 
mouse models, CAR-T cells secreted antibodies against 
immune checkpoints [99]. Additionally, such local secre-
tion of antibodies against immune checkpoints may 
reduce systemic toxicity [100]; (III) Genetic perturbation 
of CAR-T cell autoimmune checkpoint genes, includ-
ing CAR-T cell modification to make them resistant to 
PD-L1 [101] and knockout of CAR-T cell-encoding PD-1 

gene using CRISPR-Cas9, thereby enhancing CAR-T 
cell functions in  vitro and clearance of PD-L1 + tumor 
xenografts in  vivo [102]. Moreover, the gene knockout 
method was clinically tolerable, and Cas9-edited CAR-T 
cells persisted in patients’ bodies of 9 months. Compared 
to 4-1BB CAR-T cells, the PD-1 signal may directly lead 
to dephosphorylation and inactivation of CD28 CAR-T 
cells, contributing to functional failure [103].

ZUMA-6 was a Phase 1/2 trial to investigate the safety 
and efficiency of Yescarta combined with atezolizumab 
(anti-PD-L1) for treating R/R DLBCL patients. After 
the Phase 1 trial, comparison of amplification levels of 
CAR-T cells (area of  curvesD0–28) revealed that the value 
in ZUMA-6 was twice the median value in ZUMA-1, 
while the median level was higher than that of ZUMA-1 
after 28 days [104]. Data for Phase 1 Cohort 3 and Phase 2 
patients (28 patients received infusion) revealed that opti-
mal ORR is 75% while CR is 46%; 46% of patients were 
in a state of continuous response, however, median peak 
CAR-T cell levels for ZUMA-6 and ZUMA-1 as well as 
median values for CAR-T cell expansion as measured by 

Fig. 3 Application of immune checkpoint blocking technology in CAR-T cells. (I) Combination therapy, treated with pembrolizumab (anti-PD-1); (II) 
CAR-T cells self-secrete immune checkpoint molecules (III) Genetic perturbation of CAR-T cell autoimmune checkpoint genes. (By Figdraw)
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area under the curve over the previous 28 days were simi-
lar. In summary, ZUMA-6, when compared to ZUMA-1, 
revealed a manageable safety profile for PD-L1 blocking 
when combined with atezolizumab following Yescarta 
infusions, low dose limiting toxicity (DLT) incidence, and 
without a significant increase in AEs incidences. How-
ever, efficacy and CAR-T cell levels after combination of 
Yescarta with atezolizumab were comparable to those in 
patients treated with Yescarta alone.

Although checkpoint blockade combined with CAR-T 
cell therapy is a promising immunotherapeutic option, 
the combination therapy might be insufficient in induc-
ing T cell infiltrations and effector functions (ZUMA-6 
results).

Ibrutinib
Ibrutinib dysregulates the signaling pathway of the 
hematopoietic system by inhibiting BTK. (I) Ibrutinib 
directly affects T cells. In early clinical studies, ibrutinib 
has off-target effects and inhibits ITK (IL-2-inducible 
kinase) involved in TCR signal transduction. However, 
the inhibitory effect is limited to Th2 differentiated cells 
because Th1 and  CD8+T cells have the RLK signal escape 
pathway [105]. Due to this selective inhibition of Th2 
cells,  CD4+T cells may differentiate into the Th1 subset 
and improve Th1 responses. Moreover, it can prefer-
entially expand T-effector memory cell subsets, reduce 
PD-1 expressions on  CD8+T cells and CTLA-4 on T 
cells, increase Th17 cells, and reduce the ratio of Treg 
cells to  CD4+T cells [106–108]; (II) The ability to destroy 
the immunosuppressive TME effect. Many cells (nurse-
like cells and mesenchymal stromal cells) presented in the 
chronic lymphocytic leukemia (CLL) microenvironment 
are necessary for survival, immune escape and prolifera-
tion of leukemia cells, while ibrutinib has the ability to 
mobilize CLL cells out of the secondary lymphoid organs 
[109, 110]. Ibrutinib suppresses CXCR4 expressions in 
leukemia cells to inhibit its downstream signal transduc-
tion [111]. When unable to return to the lymphoid tis-
sue, leukemia cells are released into blood circulation. If 
targeted by CAR-T cells in blood circulation, then, the 
cytotoxic activity is increased and functional exhaustion 
of CAR-T cells is reduced. Besides, inhibitory effects of 
BTK can also disrupt cytokine-mediated translocation 
of Tumour Associated Macrophages (TAMs) into the 
TME [112], dysregulate NACHT, LRR, as well as NLRP3 
in TAMs, and suppress tumorigenic IL-1β expressions 
[113]. Ibrutinib can also down-regulate CD200 (OX2) 
expressions in hematological malignancies [107].

In a Phase 1/2 study, Turtle et al. assessed CD19 CAR-T 
cell safety and feasibility in R/R CLL patients with ibru-
tinib treatment failure (all patients discontinued ibruti-
nib prior to lymphocyte clearance or leukocyte isolation) 

[114]. Four weeks after 24 patients with CLL received 
infusion, the ORR was 71% (17 patients). CRS and ICANS 
were noted in 20 and 8 patients, respectively. However, 
AEs were reversible in all but 1 patient. Based on this 
study, Gauthier et al. conducted another trial when con-
currently administered with CD19 CAR-T cell therapy 
and compared the outcomes to those of a former cohort 
(without ibrutinib) [115]. Seventeen and 19 patients were 
treated in the ibrutinib and No-ibrutinib cohorts. The 
concurrent ibrutinib cohort exhibited low CRS sever-
ity compared to No-ibrutinib cohort (Grade ≥ 3 CRS: 
ibrutinib, 0%; No-ibrutinib, 26%; p  = 0.05) and peak 
serum concentrations of CRS-related cytokines (IL-8, 
IL-15, MCP-1). Although milder illness may be respon-
sible for low CRS severity, a high number of CAR-T cells 
were observed in the ibrutinib cohort. Ibrutinib-treated 
patients had a higher ORR compared to non-ibrutinib-
treated patients (88% vs 56%, respectively, p = 0.06) [115].

Ibrutinib combined with CAR-T cell therapy is a rea-
sonable approach for enhancing CAR-T cell functions. 
However, prospective clinical trials should be performed 
to evaluate the efficacy of the combination regimen and 
the low CRS associated with the use of ibrutinib.

PI3K inhibitors
Inhibition of the PI3K-AkT-mTOR-c-myc signaling path-
way can result in the production of numerous CAR-T 
cells with controllable cytotoxicity. (I) PI3K inhibitors 
have been shown to improve the efficacy of CAR-T cells. 
The PI3Kδ pathway is vital in functioning of B and T 
cells. Inhibition of this pathway has anti-tumor effects in 
non-Hodgkin lymphoma and CLL [105]. Therefore, it has 
been proposed that inhibition of this signaling pathway 
can suppress T-cell differentiation during the expansion 
of isolated T cells, thereby transforming the CAR-T phe-
notype into a less differentiated state that is less prone to 
rapid exhaustion. The PI3Kδ signal is directly activated 
downstream of TCR, and is important for T cell prolif-
eration and functions. However, such a tonic signaling 
pathway reduces the proportion of immature and cen-
tral memory T cells [105] by enhancing phenotypic dif-
ferentiation of T cells into terminal effector T cells [116]. 
In  vivo, treatment with the PI3Kδ inhibitor (idelalisib) 
enhances the proliferation of CAR-T cells, which are 
characterized by an expanded memory T cell compart-
ment, longer survival, longer duration of tumor control 
[117], and increased anti-tumor activities against  CD19+ 
[118],  CD33+ [117], as well as  mesothelin+ [119] target 
cells. In  vitro amplification of CAR-T cells using idelal-
isib reduces the expressions of exhaustion markers (PD-1 
and TIM-3), and increases the expressions of L-selectin 
[105, 119]. The PI3K/AkT axis is also inhibited by IL-15 
[120] (reducing the activity of mTOR), PI3K and c-myc 
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B cell adaptor [121], and AkT suppression [122]. (II) The 
PI3K inhibitor reduces the cytotoxic effects of CAR-T 
cell therapy. Duvelisib, a selective bis-PI3K-δ,γ, has been 
approved for treating R/R CLL and FL. Duvelisib sup-
pressed the expressions of IL-6, a CRS replacement 
marker, reduced CRS, and maintained the functions of 
CAR-T19 (CD19-28BBζ) in  vitro [123]. However, the 
reduction in efficiency of CAR-T19 was not statistically 
significant (~ 20%) [123].

CRB-402 is an ongoing multi-center Phase 1 clinical 
trial for treatment of R/R MM [124]. The bb21217 has the 
same CAR molecule as bb2121. However, during in vitro 
culture, the PI3K inhibitor (bb007) was shown to increase 
the number of memory-like T cells. The latest data shows 
that 46 patients have already received bb21217 and 
among them, 67% had CRS (2 patients ≥Grade 3) while 
22% had ICANS (3 patients ≥Grade 3) [124]. Among 
them, 24 patients were confirmed to have responded, of 
whom 18% had ≥CR while 30% had VGPR [124]. Paired 
analysis of T cells from peripheral blood mononuclear 
cells and drug products from 44 patients revealed a sig-
nificant increase in memory-like T cells  (LEF1+,  CD27+, 
 CCR7+) and a reduction in highly differentiated and 
senescent  CD57+cells after bb21217 treatment. In addi-
tion, it was postulated that the marked increase in early 
memory markers  (LEF1+,  CD27+,  CCR7+) and low-
expressions of depletion markers  (EOMES+,  GZMA+, 
and  CD57+) could be due to higher CAR-T cell amplifi-
cations and longer reaction durations [124].

In conclusion, inhibition of the PI3K signaling pathway 
is a potential approach for generating numerous CAR-T 
cells, with a property of controllable cytotoxicity and 
early memory phenotype. However, studies should be 
performed to elucidate on the significance of PI3K inhibi-
tion in alleviating AEs.

Advances in CAR‑T therapy
It is challenging for CAR-T cell therapy to be efficacious 
against advanced CLL patients owning to “exhausted” T 
cells in the body after chemotherapy. Recently, University 
of Pennsylvania researchers used JQ1 as an experimental 
drug to inhibit the BET protein, thereby improving the 
functions of CAR-T cells [125]. Kong et  al. proved that 
the BET protein can disrupt CAR expressions of T cells 
and key acetylated histone functions in CLL patients. 
Inhibition of the BET protein suppresses TET2 methyl-
cytosine dioxygenase levels, and forced expression of the 
TET2 catalytic domain eliminates enhanced targeting of 
the BET protein in CAR-T cells.

Targeting two or more tumor-related molecules may 
prevent tumor cells from immune escape. Spiegel et  al. 
evaluated 44 LBCL patients receiving standard CD19 
CAR-T cell therapy [126]. Among them, 89% exhibited 

significantly expressed CD19 on the surface of pre-
treated cancer cells. Approximately a half of these LBCL 
patients showed disease progression. Moreover, 9 of 15 
(60%) were initially CD19-positive and had converted 
to  CD19− or low levels at the time of relapse, suggesting 
that these lymphoma cells may have escaped treatment. 
Spiegel et  al. also found that patients with more than 
about 3000 CD19 molecules per cancer cell surface had 
a higher possibility of responding well, while those with 
fewer CD19 molecules were more likely to relapse after 
successful treatment.

Genome editing techniques are an significant push for 
the advancement of CAR-T therapy. CRISPR/Cas9 via 
Lentiviral delivery can be employed for the knockout of 
the endogenous TCR (eTCR) in tumour cells to enhance 
natural ability of T cells [127]. Furthermore, CRISPR/
Cas9-mediated eTCR-knockout in CD19-CAR-T cells 
may avoid the risk of GVHD (alloreactivity), however, 
knockout of eTCR of CAR-T cells may reduce the lon-
gevity of the response [128]. CRISPR/Cas9 can also be 
utilized in combination with adeno-associated viral vec-
tors for targeted integration into specific sites [129]. 
Additionally, genome editing techniques can be used for 
CAR-T cell manufacturing. In a recent study, researchers 
develop a good manufacturing practice-compatible pro-
cess for nonviral CAR-T manufacturing [130]. Research-
ers develop single-stranded DNA homology-directed 
repair templates incorporating Cas9 target sequences 
(CTSs) with reduced toxicity, which enhance knock-in 
efficiencies (46–62%) and yields (> 1.5 ×  109 modified 
cells) by an additional roughly two-to threefold on aver-
age [130].

Conclusions
Due to its safety and controllability, CAR-T immuno-
therapy has become a critical novel approach for treating 
some R/R malignant hematological diseases. However, its 
high costs, complex manufacturing processes and cyto-
toxicity are a challenge for its clinical applications. Vari-
ous approaches for enhancing the manufacturing process 
while reducing cytotoxicity are being developed, includ-
ing MASTER and chRDNA. Furthermore, its efficacy 
and duration are affected by many factors, including con-
struction of the CAR molecule, the signal transduction 
mechanism, and TME among others. Currently, various 
strategies have been explored for CARs, including arm-
ing CAR-T to enhance its penetration into tumors and 
deleting immune checkpoint molecules via CRISPR/Cas9 
to avoid depletion. Overall, studies should identify novel 
targets or develop the new CARs to achieve higher safety 
and efficacy effects.

Combinations of CAR-T cell therapy with PD-1/PD-L1, 
ibrutinib, PI3K inhibitors, and others have marked 
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outcomes on blood cancer treatment. Combined therapy 
has been revealed to enhance the functions of CAR-T 
cells and delay their exhaustion, inhibit the TME, and 
reduce cytotoxic effects. Therefore, prospective clini-
cal trials should be performed to prove the feasibility of 
these options. Finally, the application of genome edit-
ing techniques in CAR-T therapy is rapidly accelerating. 
Genome editing techniques (such as CRISPR/Cas9) can 
be utilized to avoid alloreactivity via knockout of endog-
enous TCR and provided a new CAR-T manufacturing 
with reduced toxicity and high efficiency.

Abbreviations
CAR-T: Chimeric antigen receptor T cells; CR: Complete response; ORR: 
Objective response rate; CRS: cytokine release syndrome; ICANS: Immune 
effector cell-associated neurotoxicity syndrome; CARs: CAR structures; VH: 
Variable heavy; VL: Variable light; scFv: Single-chain variable fragment; TAAs: 
Tumor-associated antigens; MHC: Major histocompatibility complex; VHH: Vari-
able domain on a heavy chain; HcAbs: Variable domain of heavy chain-only 
antibodies; NF-κB: Nuclear factor-κB; TNF: Tumour necrosis factor; TRAFs: TNF 
receptor-associated factors; ITAMs: Immunoreceptor tyrosine-based activa-
tion motifs; ZAP70: Tyrosine kinase ζ-related protein of 70 kDa; IL: Interleukin; 
TRUCKs: T cells redirect for universal cytokine killings; TME: Tomour microenvi-
ronment; NFAT: Nuclear factor activated T cells:; IL-2Rβ: IL-2 receptor β-chain; 
TCR : T cell receptor; AML: Acute myeloid leukemia; MM: multiple myeloma; 
TSAs: Tumour specific antigens; BID: BH3-interaction domain death agonist; 
FADD: FAS-associated death domain protein; GVHD: Graft-versus-host disease; 
TALENS: Transcriptional activator-like effector nucleases; Treg: Regulatory T 
cells; MASTER: Multifunctional Alginate Scaffold for T Cell Engineering and 
Release; B-ALL: B-cell precursor acute lymphoblastic leukemia; R/R: Relapsed/
refractory; LBCL: Large B-cell lymphoma; DLBCL: Diffuse large B-cell lym-
phoma; HGBCL: High grade B-cell lymphoma; FL: Follicular lymphoma; AEs: 
Adverse events; CARB: CAR-transduced B cells; BTK: Bruton’s tyrosine kinase; 
PMBL: Primary mediastinal B-cell lymphoma; TFL: Transformed follicular lym-
phoma; MZL: Marginal zone lymphoma; MCL: Mantle cell lymphoma; tEGFR: 
Truncated epidermal growth factor receptors; Relma-cel: Relmacabtagene 
Autoleucel; VGPR: Very good partial response; sCR: Strict complete response; 
mDOR: Median duration of response; LSCs: Leukemia stem cells; DCR: Disease 
control rate; MRD: Minimal residual disease; PR: Partial response; SD: Stable 
disease; chRDNA: CRISPR heterozygous RNA-DNA; DLT: dose limiting toxicity; 
CLL: chronic lymphocytic leukemia; TAMs: Tumour Associated Macrophages; 
eTCR : endogenous TCR ; CTSs: Cas9 target sequences.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12943- 022- 01663-0.

Additional file 1. Variations in efficacy and safety effects of different 
CAR-T products.

Additional file 2. Ongoing and completed clinical trials about combina-
tion therapies.

Acknowledgements
This work was supported by Affiliated Hospital of Xuzhou Medical University.

Authors’ contributions
JRL prepared the related literature, and was a major contributor in writing the 
manuscript. GJ provided direction throughout the preparation of this manu-
script, and made significant revisions to the manuscript. All authors have read 
and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Consent to publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

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

Author details
1 Department of Dermatology, Affiliated Hospital of Xuzhou Medical University, 
Xuzhou, Jiangsu, China. 2 Xuzhou Medical University, Xuzhou, Jiangsu, China. 

Received: 23 July 2022   Accepted: 21 September 2022

References
 1. Sadelain M. CD19 CAR T cells. Cell. 2017;171(7):1471.
 2. Han X, Wang Y, Wei J, Han W. Multi-antigen-targeted chimeric antigen 

receptor T cells for cancer therapy. J Hematol Oncol. 2019;12(1):1–10.
 3. Siddiqi T, Soumerai JD, Dorritie KA, Stephens DM, Riedell PA, Arna-

son J, et al. Phase 1 TRANSCEND CLL 004 study of lisocabtagene 
maraleucel in patients with relapsed/refractory CLL or SLL. Blood. 
2022;139(12):1794–806.

 4. Flinn IW, Jaeger U, Shah NN, Blaise D, Briones J, Shune L, et al. A first-in-
human study of YTB323, a novel, autologous CD19-directed CAR-T cell 
therapy manufactured using the novel T-charge TM platform, for the 
treatment of patients (pts) with relapsed/refractory (r/r) diffuse large 
B-cell lymphoma (DLBCL). Blood. 2021;138:740.

 5. Gross G, Waks T, Eshhar Z. Expression of immunoglobulin-T-cell receptor 
chimeric molecules as functional receptors with antibody-type specific-
ity. Proc Natl Acad Sci. 1989;86(24):10024–8.

 6. Sadelain M, Rivière I, Brentjens R. Targeting tumours with genetically 
enhanced T lymphocytes. Nat Rev Cancer. 2003;3(1):35–45.

 7. Whitlow M, Bell BA, Feng S, Filpula D, Hardman KD, Hubert SL, et al. 
An improved linker for single-chain Fv with reduced aggregation and 
enhanced proteolytic stability. Protein Eng Des Sel. 1993;6(8):989–95.

 8. Han D, Xu Z, Zhuang Y, Ye Z, Qian Q. Current Progress in CAR-T cell 
therapy for hematological malignancies. J Cancer. 2021;12(2):326–34.

 9. Safarzadeh Kozani P, Naseri A, Mirarefin SMJ, Salem F, Nikbakht M, Evazi 
Bakhshi S, et al. Nanobody-based CAR-T cells for cancer immunother-
apy. Biomark Res. 2022;10(1):1–18.

 10. Muyldermans S. Nanobodies: natural single-domain antibodies. Annu 
Rev Biochem. 2013;82(1):775–97.

 11. Greenberg AS, Avila D, Hughes M, Hughes A, McKinney EC, Flajnik 
MF. A new antigen receptor gene family that undergoes rear-
rangement and extensive somatic diversification in sharks. Nature. 
1995;374(6518):168–73.

 12. Brudno JN, Lam N, Vanasse D, Shen Y, Rose JJ, Rossi J, et al. Safety and 
feasibility of anti-CD19 CAR T cells with fully human binding domains in 
patients with B-cell lymphoma. Nat Med. 2020;26(2):270–80.

 13. Bridgeman JS, Hawkins RE, Bagley S, Blaylock M, Holland M, Gilham DE. 
The optimal antigen response of chimeric antigen receptors harboring 
the CD3ζ transmembrane domain is dependent upon incorporation 
of the receptor into the endogenous TCR/CD3 complex. J Immunol. 
2010;184(12):6938–49.

 14. Pulè MA, Straathof KC, Dotti G, Heslop HE, Rooney CM, Brenner MK. 
A chimeric T cell antigen receptor that augments cytokine release 
and supports clonal expansion of primary human T cells. Mol Ther. 
2005;12(5):933–41.

 15. Song D, Ye Q, Poussin M, Harms GM, Figini M, Powell DJ Jr. CD27 
costimulation augments the survival and antitumor activity of redi-
rected human T cells in vivo. Blood. 2012;119(3):696–706.

https://doi.org/10.1186/s12943-022-01663-0
https://doi.org/10.1186/s12943-022-01663-0


Page 13 of 15Lu and Jiang  Molecular Cancer          (2022) 21:194  

 16. Guedan S, Chen X, Madar A, Carpenito C, McGettigan SE, Frigault MJ, 
et al. ICOS-based chimeric antigen receptors program bipolar TH17/
TH1 cells. Blood. 2014;124(7):1070–80.

 17. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, 
et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large 
B-cell lymphoma. New Engl J Med. 2017;377(26):2531–44.

 18. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al. 
Tisagenlecleucel in children and young adults with B-cell lymphoblastic 
leukemia. New Engl J Med. 2018;378(5):439–48.

 19. Van Der Stegen SJ, Hamieh M, Sadelain M. The pharmacology of 
second-generation chimeric antigen receptors. Nat Rev Drug Discov. 
2015;14(7):499–509.

 20. Porter DL, Hwang W, Frey NV, Lacey SF, Shaw PA, Loren AW, et al. Chi-
meric antigen receptor T cells persist and induce sustained remissions 
in relapsed refractory chronic lymphocytic leukemia. Sci Transl Med. 
2015;7(303):139r–303r.

 21. Kawalekar OU, O Connor RS, Fraietta JA, Guo L, SE MG, Posey AD Jr, 
et al. Distinct signaling of coreceptors regulates specific metabolism 
pathways and impacts memory development in CAR T cells. Immunity. 
2016;44(2):380–90.

 22. Friedman KM, Garrett TE, Evans JW, Horton HM, Latimer HJ, Seidel SL, 
et al. Effective targeting of multiple B-cell maturation antigen–express-
ing hematological malignances by anti-B-cell maturation antigen 
chimeric antigen receptor T cells. Hum Gene Ther. 2018;29(5):585–601.

 23. Philipson BI, O Connor RS, May MJ, June CH, Albelda SM, Milone MC. 
4-1BB costimulation promotes CAR T cell survival through noncanoni-
cal NF-κB signaling. Sci Signal. 2020;13(625):y8248.

 24. Li G, Boucher JC, Kotani H, Park K, Zhang Y, Shrestha B, et al. 4-1BB 
enhancement of CAR T function requires NF-κB and TRAFs. JCI Insight. 
2018;3(18):e121322.

 25. Feucht J, Sun J, Eyquem J, Ho Y, Zhao Z, Leibold J, et al. Calibration of 
CAR activation potential directs alternative T cell fates and therapeutic 
potency. Nat Med. 2019;25(1):82–8.

 26. Ramello MC, Benzaïd I, Kuenzi BM, Lienlaf-Moreno M, Kandell WM, 
Santiago DN, et al. An immunoproteomic approach to characterize the 
CAR interactome and signalosome. Sci Signal. 2019;12(568):p9777.

 27. Eshhar Z, Waks T, Gross G, Schindler DG. Specific activation and 
targeting of cytotoxic lymphocytes through chimeric single chains 
consisting of antibody-binding domains and the gamma or zeta 
subunits of the immunoglobulin and T-cell receptors. Proc Natl Acad 
Sci. 1993;90(2):720–4.

 28. Heuser C, Hombach A, Lösch C, Manista K, Abken H. T-cell activation by 
recombinant immunoreceptors: impact of the intracellular signalling 
domain on the stability of receptor expression and antigen-specific 
activation of grafted T cells. Gene Ther. 2003;10(17):1408–19.

 29. Bretscher PA. A two-step, two-signal model for the primary activation of 
precursor helper T cells. Proc Natl Acad Sci. 1999;96(1):185–90.

 30. Huang L, Wang N, Cao Y, Li C, Xiao Y, Xiao M, et al. CAR22/19 cocktail 
therapy for patients with refractory/relapsed B-cell malignancies. Blood. 
2018;132:1408.

 31. Zhang C, Liu J, Zhong JF, Zhang X. Engineering car-t cells. Biomark Res. 
2017;5(1):1–6.

 32. Chmielewski M, Abken H. CAR T cells transform to trucks: chimeric 
antigen receptor–redirected T cells engineered to deliver inducible 
IL-12 modulate the tumour stroma to combat cancer. Cancer Immunol 
Immunother. 2012;61(8):1269–77.

 33. Yeku OO, Brentjens RJ. Armored CAR T-cells: utilizing cytokines and 
pro-inflammatory ligands to enhance CAR T-cell anti-tumour efficacy. 
Biochem Soc T. 2016;44(2):412–8.

 34. Chmielewski M, Kopecky C, Hombach AA, Abken H. IL-12 release 
by engineered T cells expressing chimeric antigen receptors can 
effectively muster an antigen-independent macrophage response on 
tumor cells that have shut down tumor antigen expression. Cancer Res. 
2011;71(17):5697–706.

 35. Kagoya Y, Tanaka S, Guo T, Anczurowski M, Wang C, Saso K, et al. A novel 
chimeric antigen receptor containing a JAK–STAT signaling domain 
mediates superior antitumor effects. Nat Med. 2018;24(3):352–9.

 36. Hay KA, Turtle CJ. Chimeric antigen receptor (CAR) T cells: les-
sons learned from targeting of CD19 in B-cell malignancies. Drugs. 
2017;77(3):237–45.

 37. Davis TA, Czerwinski DK, Levy R. Therapy of B-cell lymphoma with anti-
CD20 antibodies can result in the loss of CD20 antigen expression. Clin 
Cancer Res. 1999;5(3):611–5.

 38. Chen WC, Completo GC, Sigal DS, Crocker PR, Saven A, Paulson JC. 
In vivo targeting of B-cell lymphoma with glycan ligands of CD22. 
Blood. 2010;115(23):4778–86.

 39. Olejniczak SH, Stewart CC, Donohue K, Czuczman MS. A quantitative 
exploration of surface antigen expression in common B-cell malignan-
cies using flow cytometry. Immunol Investig. 2006;35(1):93–114.

 40. Yang J, Baskar S, Kwong KY, Kennedy MG, Wiestner A, Rader C. Thera-
peutic potential and challenges of targeting receptor tyrosine kinase 
ROR1 with monoclonal antibodies in B-cell malignancies. Plos One. 
2011;6(6):e21018.

 41. Gruss H, Boiani N, Williams DE, Armitage RJ, Smith CA, Goodwin RG. 
Pleiotropic effects of the CD30 ligand on CD30-expressing cells and 
lymphoma cell lines; 1994.

 42. Walter RB, Appelbaum FR, Estey EH, Bernstein ID. Acute myeloid 
leukemia stem cells and CD33-targeted immunotherapy. Blood. 
2012;119(26):6198–208.

 43. Sun C, Mahendravada A, Ballard B, Kale B, Ramos C, West J, et al. Safety 
and efficacy of targeting CD138 with a chimeric antigen receptor for 
the treatment of multiple myeloma. Oncotarget. 2019;10(24):2369.

 44. Cho S, Anderson KC, Tai Y. Targeting B cell maturation antigen (BCMA) 
in multiple myeloma: potential uses of BCMA-based immunotherapy. 
Front Immunol. 2018;9:1821.

 45. Drgona L, Gudiol C, Lanini S, Salzberger B, Ippolito G, Mikulska M. ESC-
MID study Group for Infections in compromised hosts (ESGICH) con-
sensus document on the safety of targeted and biological therapies: an 
infectious diseases perspective (agents targeting lymphoid or myeloid 
cells surface antigens [II]: CD22, CD30, CD33, CD38, CD40, SLAMF-7 and 
CCR4). Clin Microbiol Infec. 2018;24:S83–94.

 46. Majzner RG, Mackall CL. Clinical lessons learned from the first leg of the 
CAR T cell journey. Nat Med. 2019;25(9):1341–55.

 47. Yarchoan M, Johnson BA, Lutz ER, Laheru DA, Jaffee EM. Targeting 
neoantigens to augment antitumour immunity. Nat Rev Cancer. 
2017;17(4):209–22.

 48. Dufva O, Koski J, Maliniemi P, Ianevski A, Klievink J, Leitner J, et al. Inte-
grated drug profiling and CRISPR screening identify essential pathways 
for CAR T-cell cytotoxicity. Blood. 2020;135(9):597–609.

 49. Singh N, Lee YG, Shestova O, Ravikumar P, Hayer KE, Hong SJ, et al. 
Impaired death receptor signaling in leukemia causes antigen-
independent resistance by inducing CAR T-cell DysfunctionDeath 
Receptor–impaired tumors cause CAR T-cell failure. Cancer Discov. 
2020;10(4):552–67.

 50. Benmebarek M, Karches CH, Cadilha BL, Lesch S, Endres S, Kobold S. 
Killing mechanisms of chimeric antigen receptor (CAR) T cells. Int J Mol 
Sci. 2019;20(6):1283.

 51. Smith JW. Apheresis techniques and cellular immunomodulation. Ther 
Apher. 1997;1(3):203–6.

 52. Enblad G, Karlsson H, Gammelgård G, Wenthe J, Lövgren T, Amini RM, 
et al. A phase I/IIa trial using CD19-targeted third-generation CAR T cells 
for lymphoma and LeukemiaThird-generation CAR T cells in lymphoma 
and leukemia. Clin Cancer Res. 2018;24(24):6185–94.

 53. Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF, et al. A human 
memory T cell subset with stem cell–like properties. Nat Med. 
2011;17(10):1290–7.

 54. Levine BL, Miskin J, Wonnacott K, Keir C. Global manufacturing of CAR T 
cell therapy. Mol Ther-Meth Clin D. 2017;4:92–101.

 55. Rubinstein MP, Lind NA, Purton JF, Filippou P, Best JA, McGhee PA, 
et al. IL-7 and IL-15 differentially regulate CD8+ T-cell subsets during 
contraction of the immune response. Blood. 2008;112(9):3704–12.

 56. Vormittag P, Gunn R, Ghorashian S, Veraitch FS. A guide to manufactur-
ing CAR T cell therapies. Curr Opin Biotech. 2018;53:164–81.

 57. Kebriaei P, Singh H, Huls MH, Figliola MJ, Bassett R, Olivares S, et al. 
Phase I trials using sleeping beauty to generate CD19-specific CAR T 
cells. J Clin Invest. 2016;126(9):3363–76.

 58. Till BG, Jensen MC, Wang J, Chen EY, Wood BL, Greisman HA, et al. 
Adoptive immunotherapy for indolent non-Hodgkin lymphoma and 
mantle cell lymphoma using genetically modified autologous CD20-
specific T cells. Blood. 2008;112(6):2261–71.



Page 14 of 15Lu and Jiang  Molecular Cancer          (2022) 21:194 

 59. Tumaini B, Lee DW, Lin T, Castiello L, Stroncek DF, Mackall C, et al. 
Simplified process for the production of anti–CD19-CAR–engineered 
T cells. Cytotherapy. 2013;15(11):1406–15.

 60. Sadeghi A, Pauler L, Annerén C, Friberg A, Brandhorst D, Korsgren O, 
et al. Large-scale bioreactor expansion of tumor-infiltrating lympho-
cytes. J Immunol Methods. 2011;364(1–2):94–100.

 61. Neelapu SS. CAR-T efficacy: is conditioning the key? Blood. 
2019;133(17):1799–800.

 62. Agarwalla P, Ogunnaike EA, Ahn S, Froehlich KA, Jansson A, Ligler FS, 
et al. Bioinstructive implantable scaffolds for rapid in vivo manufac-
ture and release of CAR-T cells. Nat Biotechnol. 2022;40:1250–58.

 63. Ghassemi S, Durgin JS, Nunez-Cruz S, Patel J, Leferovich J, Pinzone M, 
et al. Rapid manufacturing of non-activated potent CAR T cells. Nat 
Biomed Eng. 2022;6(2):118–28.

 64. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, 
et al. Tisagenlecleucel in adult relapsed or refractory diffuse large 
B-cell lymphoma. N Engl J Med. 2019;380(1):45–56.

 65. Maude SL, Teachey DT, Rheingold SR, Shaw PA, Aplenc R, Barrett 
DM, et al. Sustained remissions with CD19-specific chimeric antigen 
receptor (CAR)-modified T cells in children with relapsed/refractory 
ALL. Am Soc Clin Oncol. 2016;34:3011.

 66. U.S. Food and Drug Administration. 2022. https:// www. fda. gov/ 
drugs/ resou rces- infor mation- appro ved- drugs/ fda- appro ves- tisag 
enlec leucel- relap sed- or- refra ctory- folli cular- lymph oma. Accessed 14 
Sept 2022.

 67. Schuster SJ, Dickinson M, Dreyling M, Martinez Lopez J, Kolstad A, 
Butler J, et al. Efficacy and safety of tisagenlecleucel (Tisa-cel) in 
adult patients (pts) with relapsed/refractory follicular lymphoma 
(r/r FL): primary analysis of the phase 2 ELARA trial. Hematol Oncol. 
2021;39:7508.

 68. Ruella M, Xu J, Barrett DM, Fraietta JA, Reich TJ, Ambrose DE, 
et al. Induction of resistance to chimeric antigen receptor T cell 
therapy by transduction of a single leukemic B cell. Nat Med. 
2018;24(10):1499–503.

 69. Viardot A, Wais V, Sala E, Koerper S. Chimeric antigen receptor (CAR) 
T-cell therapy as a treatment option for patients with B-cell lymphomas: 
perspectives on the therapeutic potential of Axicabtagene ciloleucel. 
Cancer Manag Res. 2019;11:2393.

 70. Locke FL, Ghobadi A, Jacobson CA, Miklos DB, Lekakis LJ, Oluwole OO, 
et al. Long-term safety and activity of axicabtagene ciloleucel in refrac-
tory large B-cell lymphoma (ZUMA-1): a single-arm, multicentre, phase 
1–2 trial. Lancet Oncol. 2019;20(1):31–42.

 71. Ghilardi G, Braendstrup P, Chong EA, Schuster SJ, Svoboda J, Ruella M. 
CAR-T TREK through the lymphoma universe, to boldly go where no 
other therapy has gone before. Brit J Haematol. 2021;193(3):449–65.

 72. Jacobson CA, Chavez JC, Sehgal AR, William BM, Munoz J, Salles G, et al. 
Axicabtagene ciloleucel in relapsed or refractory indolent non-Hodgkin 
lymphoma (ZUMA-5): a single-arm, multicentre, phase 2 trial. Lancet 
Oncol. 2022;23(1):91–103.

 73. Locke FL, Miklos DB, Jacobson CA, Perales M, Kersten M, Oluwole OO, 
et al. Axicabtagene ciloleucel as second-line therapy for large B-cell 
lymphoma. New Engl J Med. 2022;386(7):640–54.

 74. Neelapu SS, Dickinson M, Munoz J, Ulrickson ML, Thieblemont C, 
Oluwole OO, et al. Axicabtagene ciloleucel as first-line therapy in 
high-risk large B-cell lymphoma: the phase 2 ZUMA-12 trial. Nat Med. 
2022;28(4):735–42.

 75. Wang M, Munoz J, Goy A, Locke FL, Jacobson CA, Hill BT, et al. KTE-X19 
CAR T-cell therapy in relapsed or refractory mantle-cell lymphoma. New 
Engl J Med. 2020;382(14):1331–42.

 76. Shah BD, Ghobadi A, Oluwole OO, Logan AC, Boissel N, Cassaday RD, 
et al. KTE-X19 for relapsed or refractory adult B-cell acute lymphoblastic 
leukaemia: phase 2 results of the single-arm, open-label, multicentre 
ZUMA-3 study. Lancet. 2021;398(10299):491–502.

 77. Sabatino M, Choi K, Chiruvolu V, Better M. Production of anti-CD19 CAR 
T cells for ZUMA-3 and-4: phase 1/2 multicenter studies evaluating KTE-
C19 in patients with relapsed/refractory B-precursor acute lymphoblas-
tic leukemia (R/R ALL). Blood. 2016;128(22):1227.

 78. Mian A, Hill BT. Brexucabtagene autoleucel for the treatment of 
relapsed/refractory mantle cell lymphoma. Expert Opin Biol Th. 
2021;21(4):435–41.

 79. Squibb BM. US Food and Drug Administration approves Bristol Myers 
Squibb’s Breyanzi (lisocabtagene maraleucel), a new CAR T cell therapy 
for adults with relapsed or refractory large B-cell lymphoma; 2021.

 80. Ogasawara K, Dodds M, Mack T, Lymp J, Dell Aringa J, Smith J. Popula-
tion cellular kinetics of Lisocabtagene Maraleucel, an autologous 
CD19-directed chimeric antigen receptor T-cell product, in patients 
with relapsed/refractory large B-cell lymphoma. Clin Pharmacokinet. 
2021;60(12):1621–33.

 81. Abramson JS, Palomba ML, Gordon LI, Lunning MA, Wang M, Arnason J, 
et al. Lisocabtagene maraleucel for patients with relapsed or refractory 
large B-cell lymphomas (TRANSCEND NHL 001): a multicentre seamless 
design study. Lancet. 2020;396(10254):839–52.

 82. Kamdar M, Solomon SR, Arnason JE, Johnston PB, Glass B, Bachanova 
V, et al. Lisocabtagene maraleucel (liso-cel), a CD19-directed chimeric 
antigen receptor (CAR) T cell therapy, versus standard of care (SOC) 
with salvage chemotherapy (CT) followed by autologous stem cell 
transplantation (ASCT) as second-line (2L) treatment in patients (pts) 
with relapsed or refractory (R/R) large B-cell lymphoma (LBCL): results 
from the randomized phase 3 transform study. Blood. 2021;138:91.

 83. Sehgal AR, Hildebrandt G, Ghosh N, Godwin JE, Wagner-Johnston ND, 
Hoda D, et al. Lisocabtagene maraleucel (liso-cel) for treatment of 
second-line (2L) transplant noneligible (TNE) relapsed/refractory (R/R) 
aggressive large B-cell non-Hodgkin lymphoma (NHL): updated results 
from the PILOT study. Am Soc Clin Oncol. 2020;38:8040.

 84. Teoh J, Johnstone TG, Christin B, Yost R, Haig NA, Mallaney M, et al. 
Lisocabtagene maraleucel (liso-cel) manufacturing process control 
and robustness across CD19+ hematological malignancies. Blood. 
2019;134:593.

 85. Munshi NC, Anderson LD Jr, Shah N, Madduri D, Berdeja J, Lonial S, et al. 
Idecabtagene vicleucel in relapsed and refractory multiple myeloma. 
New Engl J Med. 2021;384(8):705–16.

 86. Paul B, Rodriguez C, Usmani SZ. BCMA-Targeted Biologic Therapies: 
The Next Standard of Care in Multiple Myeloma Therapy. Drugs. 
2022;82:613–31.

 87. Lin Y, Raje NS, Berdeja JG, Siegel DS, Jagannath S, Madduri D, et al. 
Idecabtagene vicleucel (ide-cel, bb2121), a BCMA-directed CAR T cell 
therapy, in patients with relapsed and refractory multiple myeloma: 
updated results from phase 1 CRB-401 study. Blood. 2020;136:26–7.

 88. Zhao W, Liu J, Wang B, Chen Y, Cao X, Yang Y, et al. A phase 1, open-
label study of LCAR-B38M, a chimeric antigen receptor T cell therapy 
directed against B cell maturation antigen, in patients with relapsed or 
refractory multiple myeloma. J Hematol Oncol. 2018;11(1):1–8.

 89. Zhao WH, Wang BY, Chen LJ, Fu WJ, Xu J, Liu J, et al. Four-year follow-up 
of LCAR-B38M in relapsed or refractory multiple myeloma: a phase 1, 
single-arm, open-label, multicenter study in China (LEGEND-2). J Hema-
tol Oncol. 2022;15(1):86.

 90. Berdeja JG, Madduri D, Usmani SZ, Jakubowiak A, Agha M, Cohen AD, 
et al. Ciltacabtagene autoleucel, a B-cell maturation antigen-directed 
chimeric antigen receptor T-cell therapy in patients with relapsed or 
refractory multiple myeloma (CARTITUDE-1): a phase 1b/2 open-label 
study. Lancet. 2021;398(10297):314–24.

 91. Usmani SZ, Martin TG, Berdeja JG, Jakubowiak AJ, Agha ME, Cohen AD, 
et al. Phase 1b/2 study of ciltacabtagene autoleucel, a BCMA-directed 
CAR-T cell therapy, in patients with relapsed/refractory multiple myeloma 
(CARTITUDE-1): two years post-LPI. Am Soc Clin Oncol. 2022;40:8028.

 92. Cohen AD, Parekh S, Santomasso BD, Gállego Pérez-Larraya J, van de 
Donk NW, Arnulf B, et al. Incidence and management of CAR-T neuro-
toxicity in patients with multiple myeloma treated with ciltacabtagene 
autoleucel in CARTITUDE studies. Blood Cancer J. 2022;12(2):1–9.

 93. Ying Z, Yang H, Guo Y, Li W, Zou D, Zhou D, et al. Relmacabtagene auto-
leucel (relma-cel) CD19 CAR-T therapy for adults with heavily pretreated 
relapsed/refractory large B-cell lymphoma in China. Cancer Med-US. 
2021;10(3):999–1011.

 94. Wang W, Hao M, Cheng Y, Gao J, Yang S, Liu Y, et al. JWCAR029 is a 
CD19-targeted CAR T cell product with process and quality controls 
delivered as a flat dose of CAR T cell to patients with NHL. Blood. 
2018;132:5387.

 95. Ying Z, Xu P, Wang LI, Cheng S, Wu W, Wang W, et al. Clinical response 
in relapsed/refractory (R/R) B-NHL treated with the CD19-directed CAR 
T-cell product JWCAR029. Blood. 2019;134:2876.

https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-tisagenlecleucel-relapsed-or-refractory-follicular-lymphoma
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-tisagenlecleucel-relapsed-or-refractory-follicular-lymphoma
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-tisagenlecleucel-relapsed-or-refractory-follicular-lymphoma


Page 15 of 15Lu and Jiang  Molecular Cancer          (2022) 21:194  

 96. Simmons GL, Satta T, Puglianini OC. Clinical experience of CAR T cells for 
multiple myeloma. Best Pract Res Cl Ha. 2021;34(3):101306.

 97. Zhang H, Bu C, Peng Z, Luo M, Li C. The efficacy and safety of anti-CLL1 
based CAR-T cells in children with relapsed or refractory acute myeloid 
leukemia: a multicenter interim analysis. Wolters Kluwer Health. 
2021;39:10000.

 98. Chong EA, Melenhorst JJ, Lacey SF, Ambrose DE, Gonzalez V, Levine BL, 
et al. PD-1 blockade modulates chimeric antigen receptor (CAR)–modi-
fied T cells: refueling the CAR. Blood. 2017;129(8):1039–41.

 99. Suarez ER, Chang D, Sun J, Sui J, Freeman GJ, Signoretti S, et al. Chi-
meric antigen receptor T cells secreting anti-PD-L1 antibodies more 
effectively regress renal cell carcinoma in a humanized mouse model. 
Oncotarget. 2016;7(23):34341.

 100. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events 
associated with immune checkpoint blockade. New Engl J Med. 
2018;378(2):158–68.

 101. Cherkassky L, Morello A, Villena-Vargas J, Feng Y, Dimitrov DS, Jones DR, 
et al. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade 
resist tumor-mediated inhibition. J Clin Invest. 2016;126(8):3130–44.

 102. Rupp LJ, Schumann K, Roybal KT, Gate RE, Ye CJ, Lim WA, et al. CRISPR/
Cas9-mediated PD-1 disruption enhances anti-tumor efficacy of human 
chimeric antigen receptor T cells. Sci Rep-UK. 2017;7(1):1–10.

 103. Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, et al. T cell 
costimulatory receptor CD28 is a primary target for PD-1–mediated 
inhibition. Science. 2017;355(6332):1428–33.

 104. Jacobson CA, Locke FL, Miklos DB, Herrera AF, Westin JR, Lee J, et al. 
End of phase 1 results from Zuma-6: axicabtagene ciloleucel (Axi-Cel) 
in combination with atezolizumab for the treatment of patients with 
refractory diffuse large B cell lymphoma. Blood. 2018;132:4192.

 105. Bansal R, Reshef R. Revving the CAR–combination strategies to 
enhance CAR T cell effectiveness. Blood Rev. 2021;45:100695.

 106. Cubillos-Zapata C, Avendano-Ortiz J, Córdoba R, Hernández-Jiménez 
E, Toledano V, Perez De Diego R, et al. Ibrutinib as an antitumor immu-
nomodulator in patients with refractory chronic lymphocytic leukemia. 
Oncoimmunology. 2016;5(12):e1242544.

 107. Fraietta JA, Beckwith KA, Patel PR, Ruella M, Zheng Z, Barrett DM, et al. 
Ibrutinib enhances chimeric antigen receptor T-cell engraftment and 
efficacy in leukemia. Blood. 2016;127(9):1117–27.

 108. Long M, Beckwith K, Do P, Mundy BL, Gordon A, Lehman AM, et al. Ibru-
tinib treatment improves T cell number and function in CLL patients. J 
Clin Invest. 2017;127(8):3052–64.

 109. Ten Hacken E, Burger JA. Microenvironment interactions and B-cell 
receptor signaling in chronic lymphocytic leukemia: implications for 
disease pathogenesis and treatment. Biochimica et Biophysica Acta 
(BBA)-molecular. Cell Res. 2016;1863(3):401–13.

 110. Herman SE, Mustafa RZ, Jones J, Wong DH, Farooqui M, Wiestner A. 
Treatment with Ibrutinib inhibits BTK-and VLA-4–dependent adhe-
sion of chronic lymphocytic leukemia cells in vivo. Clin Cancer Res. 
2015;21(20):4642–51.

 111. Chen S, Chang BY, Chang S, Tong T, Ham S, Sherry B, et al. BTK inhibition 
results in impaired CXCR4 chemokine receptor surface expression, 
signaling and function in chronic lymphocytic leukemia. Leukemia. 
2016;30(4):833–43.

 112. Ping L, Ding N, Shi Y, Feng L, Li J, Liu Y, et al. The Bruton’s tyrosine kinase 
inhibitor ibrutinib exerts immunomodulatory effects through regula-
tion of tumor-infiltrating macrophages. Oncotarget. 2017;8(24):39218.

 113. Benner B, Scarberry L, Stiff A, Duggan MC, Good L, Lapurga G, et al. 
Evidence for interaction of the NLRP3 inflammasome and Bruton’s 
tyrosine kinase in tumor-associated macrophages: implications for 
myeloid cell production of interleukin-1beta. Oncoimmunology. 
2019;8(11):1659704.

 114. Turtle CJ, Hay KA, Hanafi L, Li D, Cherian S, Chen X, et al. Durable 
molecular remissions in chronic lymphocytic leukemia treated with 
CD19-specific chimeric antigen receptor–modified T cells after failure of 
ibrutinib. J Clin Oncol. 2017;35(26):3010.

 115. Gauthier J, Hirayama AV, Hay KA, Li D, Lymp J, Sheih A, et al. Comparison 
of efficacy and toxicity of CD19-specific chimeric antigen receptor 
T-cells alone or in combination with ibrutinib for relapsed and/or refrac-
tory CLL. Blood. 2018;132(Supplement 1):299.

 116. Lucas CL, Chandra A, Nejentsev S, Condliffe AM, Okkenhaug 
K. PI3Kδ and primary immunodeficiencies. Nat Rev Immunol. 
2016;16(11):702–14.

 117. Zheng W, O Hear CE, Alli R, Basham JH, Abdelsamed HA, Palmer LE, 
et al. PI3K orchestration of the in vivo persistence of chimeric antigen 
receptor-modified T cells. Leukemia. 2018;32(5):1157–67.

 118. Stock S, Übelhart R, Schubert ML, Fan F, He B, Hoffmann JM, et al. 
Idelalisib for optimized CD19-specific chimeric antigen recep-
tor T cells in chronic lymphocytic leukemia patients. Int J Cancer. 
2019;145(5):1312–24.

 119. Bowers JS, Majchrzak K, Nelson MH, Aksoy BA, Wyatt MM, Smith AS, 
et al. PI3Kδ inhibition enhances the antitumor fitness of adoptively 
transferred CD8+ T cells. Front Immunol. 2017;8:1221.

 120. Alizadeh D, Wong RA, Yang X, Wang D, Pecoraro JR, Kuo C, et al. IL15 
enhances CAR-T cell antitumor activity by reducing mTORC1 activity 
and preserving their stem cell memory phenotype. Cancer Immunol 
Res. 2019;7(5):759–72.

 121. Singh MD, Ni M, Sullivan JM, Hamerman JA, Campbell DJ. B cell adaptor 
for PI3-kinase (BCAP) modulates CD8+ effector and memory T cell dif-
ferentiation. J Exp Med. 2018;215(9):2429–43.

 122. Klebanoff CA, Crompton JG, Leonardi AJ, Yamamoto TN, Chandran SS, 
Eil RL, et al. Inhibition of AKT signaling uncouples T cell differentiation 
from expansion for receptor-engineered adoptive immunotherapy. JCI 
Insight. 2017;2(23):e95103.

 123. Amatya PN, Carter AJ, Ritchey JK, Niswonger J, Cooper ML, Pachter JA, 
et al. The dual PI3Kδγ inhibitor Duvelisib potently inhibits IL-6 produc-
tion and cytokine release syndrome (CRS) while maintaining CAR-T 
function in vitro and in vivo. Blood. 2020;136:1–2.

 124. Alsina M, Shah N, Raje NS, Jagannath S, Madduri D, Kaufman JL, et al. 
Updated results from the phase I CRB-402 study of anti-Bcma CAR-T 
cell therapy bb21217 in patients with relapsed and refractory multiple 
myeloma: correlation of expansion and duration of response with T cell 
phenotypes. Blood. 2020;136:25–6.

 125. Kong W, Dimitri A, Wang W, Jung I, Ott CJ, Fasolino M, et al. BET 
bromodomain protein inhibition reverses chimeric antigen receptor 
extinction and reinvigorates exhausted T cells in chronic lymphocytic 
leukemia. J Clin Invest. 2021;131(16):1–16.

 126. Spiegel JY, Patel S, Muffly L, Hossain NM, Oak J, Baird JH, et al. CAR 
T cells with dual targeting of CD19 and CD22 in adult patients with 
recurrent or refractory B cell malignancies: a phase 1 trial. Nat Med. 
2021;27(8):1419–31.

 127. Kozani PS, Shokrgozar MA, Evazalipour M, Roudkenar MH. CRISPR/Cas9-
medaited knockout of endogenous T-cell receptor in Jurkat cells and 
generation of NY-ESO-1-specific T cells: an in vitro study. Int Immunop-
harmacol. 2022;110:109055.

 128. Stenger D, Stief TA, Kaeuferle T, Willier S, Rataj F, Schober K, et al. 
Endogenous TCR promotes in vivo persistence of CD19-CAR-T cells 
compared to a CRISPR/Cas9-mediated TCR knockout CAR. Blood. 
2020;136(12):1407–18.

 129. Stadtmauer EA, Fraietta JA, Davis MM, Cohen AD, Weber KL, Lancaster 
E, et al. CRISPR-engineered T cells in patients with refractory cancer. 
Science. 2020;367(6481):a7365.

 130. Shy BR, Vykunta VS, Ha A, Talbot A, Roth TL, Nguyen DN, et al. High-yield 
genome engineering in primary cells using a hybrid ssDNA repair 
template and small-molecule cocktails. Nat Biotechnol. 2022. https:// 
doi. org/ 10. 1038/ s41587- 022- 01418-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41587-022-01418-8
https://doi.org/10.1038/s41587-022-01418-8

	The journey of CAR-T therapy in hematological malignancies
	Abstract 
	Background
	Mechanisms and development of CAR-T cell immunotherapy
	CAR parts
	The development of CARs
	Mechanisms of CAR-T cell therapy
	Manufacturing engineering

	Clinical outcomes of CAR-T immunotherapy
	Kymriah (Tisagenlecleucel)
	Yescarta (Axicabtagene Ciloleucel)
	Tecartus (Brexucabtagene Autoleucel)
	Breyanzi (Lisocabtagene Maraleucel)
	Abecma (Idecabtagene Vicleucel)
	Carvykti (Ciltacabtagene Autoleucel)
	Relmacabtagene Autoleucel (Relma-cel, JWCAR029)
	Other CAR-T products

	CAR-T immunotherapy combination therapy
	PD-1PD-L1
	Ibrutinib
	PI3K inhibitors

	Advances in CAR-T therapy
	Conclusions
	Acknowledgements
	References


