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Abstract

Chimeric antigen receptor T (CAR-T) cell therapy is regarded as an effective solution for relapsed or refractory

tumors, particularly for hematological malignancies. Although the initially approved anti-CD19 CAR-T therapy has

produced impressive outcomes, setbacks such as high relapse rates and resistance were experienced, driving the

need to discover engineered CAR-T cells that are more effective for therapeutic use. Innovations in the structure

and manufacturing of CAR-T cells have resulted in significant improvements in efficacy and persistence, particularly

with the development of fourth-generation CAR-T cells. Paired with an immune modifier, the use of fourth-

generation and next-generation CAR-T cells will not be limited because of cytotoxic effects and will be an efficient

tool for overcoming the tumor microenvironment. In this review, we summarize the recent transformations in the

ectodomain, transmembrane domain, and endodomain of the CAR structure, which, together with innovative

manufacturing technology and improved cell sources, improve the prospects for the future development of CAR-T

cell therapy.
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Background
CAR-T cell therapy has led to a revolution in the ther-

apy of patients with relapsed/refractory (R/R) B cell

hematological malignancies [1–3]. Several phase 2 clin-

ical trials of anti-CD19 CAR-T cells for treating R/R B

cell malignancies have produced promising results. A

trial of axicabtagene ciloleucel for refractory large B cell

lymphoma (ZUMA-1) resulted in 82% (89/108) of the

patients experiencing an overall response and 58% (63/

108) achieving a complete response [4]. The administra-

tion of tisagenlecleucel (the first CAR-T drug used in

the world) to adult patients with R/R diffuse large B cell

lymphoma resulted in an overall response rate of 52%,

with 40% of the patients achieving a complete response;

the overall response rate of anti-CD19 CAR-T cells in

clinical trials was greater than 80% for patients with B

cell acute lymphoblastic leukemia (ALL) and non-

Hodgkin’s lymphoma (NHL) [5]. In children and young

adults (< 21 years old) with R/R B cell ALL, tisagenle-

cleucel produced an overall remission rate of 81% in the

patients within 3 months, and all 75 patients who

responded to treatment were negative for minimal re-

sidual disease [6]. In a clinical trial using CD19 CAR-T

cells to treat chronic lymphoblastic leukemia (CLL) and

small lymphoblastic leukemia (SLL), the best ORR was

82% and the best CR/CRi rate was 45.5%. Sixty-eight

percent (15/22) of the patients had achieved an objective

response by day 30, and 78% (7/9) of the responders

remained progression-free at ≥ 9 months of post dose

follow-up. For 6 patients, their responses progressed

over time (3 from partial remission (PR) to complete re-

mission (CR), 2 from stable disease to a PR, and 1 from

a SD to a CR). Among the 20 people who were evaluated

for MRD, most had achieved blood and/or BM MRD,

and 60% (12/20) had achieved BM MRD by day 30 [7].

Despite these impressive data, the recurrence rate was

high within the first year after CAR-T cell therapy. In a

long-term follow-up of 101 patients with R/R diffuse
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large B cell lymphoma (DLBCL) who received tisagenle-

cleucel, 61 patients showed disease progression or died

during the study. The median progression-free survival

time was only 5.9 months. Some patients were unable to

receive CAR-T cell therapy because of T cell apheresis

failure and rapid disease progression. Moreover, “off-

tumor” and nonresponse problems remained unresolved.

In general, the main limitations of CAR-T cells are the

limited target antigens available, vulnerability in the

tumor microenvironment (TME), lack of tumor-killing

ability, and low persistence. In addition, the time-

consuming and expensive nature of the treatment poses

challenges. Therefore, the structure of CAR-T cells, in-

cluding the ectodomain, transmembrane domain, and

endodomain, and the manufacturing technology and T

cell sources, must be reconsidered to improve the clin-

ical effects of CAR-T cells, including enhanced effi-

ciency, persistence, infiltration, and anti-apoptosis ability

(Fig. 1) [8–10]. The design of fourth-generation and

next-generation CAR-T cells is based on this re-

evaluation: these cells may provide antitumor efficacy

based on mechanisms other than T cell cytotoxicity by

addressing the TME and immune system reconstitution

[11]. In this review, we summarize the most recent

advances in CAR structure design and manufacturing

and how recent progress has been used to tackle the

challenges discussed above.

The ectodomain
Target antigen

After the successful binding target of CD19 was obtained

in B cell ALL and DLBCL, studies were initiated to iden-

tify more effective binding targets. Successful targets in-

clude a B cell mature antigen (BCMA) for multiple

myeloma (MM). The objective response rate of patients

with MM to this target was 85% in an early trial, in

which 15 of 33 patients (45%) achieved a complete re-

sponse [12]. CAR-T cells engineered in this manner

show exciting response rates for specific hematological

malignancies, and a few phenomenal targets have been

discovered, including CD20 and CD22 [13, 14] (mainly

in B cell lineages). However, for many tumors, no suit-

able known target is currently available for CAR recogni-

tion and binding, resulting in modest outcomes in

clinical trials. An ideal target should be highly specific

for the tumor and have wide tumor coverage to ensure

both safety and effective tumor clearance, and stability

also plays a key role in the duration of the response [15].

However, few antigens meet all three requirements, and

methods have been proposed to cover the shortage of

targets.

One of the major challenges in identifying targets to

ensure safety is avoiding “on-target off-tumor” effects:

the nonspecific expression of a target antigen on healthy

cells stimulates CAR-T cells and causes damage to

healthy tissues, which may pose a threat to the patient’s

life. For example, in malignancies of the myeloid lineage,

antigens such as CD123 or CD33 are challenging targets

to use because they are also expressed in vital bone mar-

row stem cells; therefore, although treatments targeting

these antigens eliminate the tumor cells, the stem cells

in the bone marrow are also killed, leading to myelosup-

pression. This intolerable side effect makes strategies

targeting CD33 or CD123 a double-edged sword; there-

fore, two promising approaches have been proposed to

take full advantage of this type of tumor-associated anti-

gen (TAA). The first approach is based on an RNA carrier

that expresses a CAR that avoids long-term myelosuppres-

sion. Preclinical experiments showed promising results,

but a clinical trial showed no observable myelosuppression

or antitumor effects on a cohort of 7 patients [16–18].

The other approach is based on protecting the bone mar-

row stem cells using hematopoietic stem cell transplant-

ation (HSCT) to eliminate the anti-CD123/CD33 CAR-T

cells. Using this approach, leukemia cells are eliminated,

but the CD33-silent hematopoietic stem cells are pro-

tected from apoptosis induced by the CAR-T cells. The

feasibility of this approach has also been reported in pre-

clinical studies [19], but its effectiveness remains to be

verified in clinical trials. We undoubtedly hope to identify

a more specific TAA to serve as the binding domain for a

CAR that is able to kill tumor cells while minimizing dam-

age to normal cells, but in practice, the discovery of this

TAA remains the main challenge to the extensive use of

CAR-T cells as a treatment for the majority of tumors and

must be resolved in the coming years.

The interaction of a CAR and its binding target deter-

mines the tumor-killing effect and the proliferation of

the constructed CAR-T cells, which depend on the dens-

ity of the antigen, the binding affinity, and the binding

strength of the antigen. In other words, the stability of

the target antigen determines the persistence of the re-

sponse to some extent. Malignant cells may downregu-

late the target antigen to avoid CAR-T cell-induced

death, which is one of the major drivers of antigen-

positive relapse [20]. One promising strategy to solve

this complex problem involves lengthening CAR-T cell

persistence by re-engineering the intracellular region,

which is discussed later in the section describing the

endodomain. Another mechanism by which tumors

evade treatment is through their heterogeneity, which is

particularly effective when the coverage of the target

antigen is limited and is the main reason for antigen-

negative relapse after CAR-T cell therapy because

unpredictable mutations can cause a loss of the target

antigen. Therefore, as explained above, the chosen anti-

gen must be universally expressed in the tumor. A small

number of residual tumor cells can cause the disease to
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relapse with full resistance to the CAR-T cells targeting

the specific epitope. Fortunately, this type of relapse is

overcome using dual-target or combined-target CAR-T

cells [20]. The primary outcome of dual-target CAR-T

cell therapy in B cell malignancies is summarized in

Table 1, which indicates the responses to suitable dose

levels compared to the responses observed after treat-

ment with single-target CAR-T cells. Notably, in the

clinical trials cited, antigen-negative relapse was rare,

suggesting that dual CAR-T cell therapy is a promising

method to prevent the relapse caused by antigen escape.

As shown in the table, several methods are currently

available to produce a dual-target CAR-T cell involving

a bispecific CAR and two different CARs carried by one

or two carriers, but more clinical data are needed to

select the best method to achieve dual-target CAR-T cell

therapy. In addition to B cell malignancies, trials of dual

anti-CD19 plus BCMA CAR-T cells for MM have also

delivered promising results, with 20 (95%) of 21 patients

achieving an overall response, including nine (43%) with

a stringent complete remission (CR), three (14%) with a

CR, five (24%) with very good partial remission (VGPR),

and three (14%) with PR [31]. Another clinical trial of

CD38 plus BCMA CAR-T cells for patients with R/R

MM resulted in 14 (87.5%) patients achieving an overall

response, 8 (50%) achieving sCR, 2 (12.5%) achieving

VGPR, 4 (25.00%) achieving PR, and 14 (87.5%) achiev-

ing a bone marrow MRD-negative status. The longest

duration of a sCR exceeded 51 weeks, and 5 of 8 patients

(62.5%) maintained sCR, 2 progressed to VGPR, and 1

Fig. 1 Innovation orientation and goals for transforming CAR-T cell engineering. Each cell in the inner rings with black letters represents an

orientation of CAR-T cell transformation. The emerging benefits are shown in the outer rings with white letters. Clearly, in addition to improving

the efficacy, the bulk of these endeavors consists of identifying the appropriate targets of the ectodomain and improving manufacturing to

increase the efficacy of CAR-T cell therapy toward more diseases and ensure that is faster, safer, and more economical to satisfy more patients’

needs. After discovering the vital role of a costimulation domain choice, the importance of the transmembrane and hinge domains, as recently

discovered, must be considered, as these choices affect binding and active signal transduction. As shown in this figure, substantial efforts have

been devoted to develop fourth-generation and next-generation CAR-T cells. Additional areas of research were added to overcome the TME (one

of the major causes of resistance to traditional CAR-T cell therapy, particularly in solid tumors). Fourth-generation and next-generation CAR-T cells

are an effective tool to reconstruct the immune system of patients after the elimination of tumor cells
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to a PR. The PFS rate at 9 months was 75% [32]. Fur-

thermore, the combined-target CD22 CAR-T cells have

been proven capable of treating patients who are resist-

ant to CD19 CAR-T cells [14]. Nine of ten patients who

had previously received CD19-directed immunotherapy

achieved CR, including all five patients who had enrolled

with CD19dim- or CD19-negative B-ALL and one pa-

tient who was refractory to both CD19 CAR T cell and

blinatumomab therapies. Although no side-by-side com-

parison of single-target CAR-T cells and dual-target

CAR-T cells are available to compare their levels of effi-

cacy, multitarget CAR-T cell therapy might improve

clinical outcomes by decreasing the relapse rate. How-

ever, for dual CAR-T cell therapy, managing the target

epitopes to include molecules other than those in B cell

lineage diseases is the next challenge to minimize the

possible damage caused by the “on-target off-tumor” ef-

fect and prolong persistence to avoid antigen-positive re-

lapse. In contrast to patients carrying only the universal

target antigen, a fraction of patients carrying a mutation

that causes the expression of a specific antigen that is

not normally expressed in the tumor-origin tissue, such

as CD7 or Lewis Y on AML cells, is able to receive

CAR-T cell therapy that is relatively highly specific and

that does not harm the normal myeloid cells; for ex-

ample, Lewis Y is an antigen expressed on T cells but

not on normal myeloid cells. The first clinical trial of

anti-Lewis Y CAR-T cells for AML, in which 5 patients

were treated, revealed that only one patient achieved a

transient CR, while two achieved PR and the other two

maintained a stable disease throughout the trial. How-

ever, all the subjects died within 1 year because of

disease progression [33]. Based on these results, a satis-

factory therapeutic effect may difficult to achieve when

treatments rely solely on these rare target epitopes, and

combining these epitopes with other widely covered tar-

gets may be a more promising strategy.

To date, the identification of effective targets remains

a slow procedure, but with the development of sequen-

cing techniques, we remain optimistic that an effective

target for each type of tumor will be discovered in the

future.

The development of single-chain variable fragment

(scFv) CARs was also revolutionary. Currently, most

available CAR-T cell therapies have adapted murine

CARs, which are recognized by the immune system as

foreign antigens; this source of antigen is also the main

reason for the short persistence of CAR-T cells. Human-

ized CAR-T therapy has been proposed to minimize the

influence of murine CARs and prolong the persistence

of CAR-T cells. In a clinical trial of patients with B-ALL,

after 14 days of CAR-T cell infusion, 19/23 (82.6%) pa-

tients achieved CR/CRi, 12/23 (52.2%) patients achieved

CR, and 18 (78.3%) patients were MRD-negative. The

other 4 patients were evaluated as NR. One of the NR

patients achieved CR after 2 months of infusion with

anti-CD22 CAR-T cells [34]. Another similar clinical

trial was able to evaluate the response of all 10 patients

with R/R ALL recruited for the study, and all achieved

CR; six remained in a CR state for more than 18 months

without further treatment. Long-term persistence of hu-

manized CAR-T cells was observed in most of the pa-

tients [35]. Although the primary outcome of the

humanized CAR-T cells showed a similar response rate

to murine CAR-T cells, the humanized CAR-T cells ap-

peared to provide greater long-term benefits than the

murine CAR-T cells by persisting longer. Furthermore, in

another clinical trial, 4 of 5 patients with B-ALL who re-

lapsed after treatment with murine CAR-T cells or who

had no initial response to murine CAR-T cells successfully

achieved CR after being infused with humanized CAR-T

cells [36]. The human-derived CAR structure may be an

efficient and promising method to prolong the persistence

of CAR-T cells, and the longer persistence indeed im-

proves the duration of the response.

As explained above, multiple-target CAR-T cell ther-

apy may improve the antitumor efficiency and prevent

the relapse caused by antigen loss. The CAR structure is

separated and the sequence that encodes only the inner

and connecting parts is implanted into T cells to in-

crease the coverage provided by the manufactured T

cells. Then, the binding sequence is injected into the pa-

tients, and a specific CAR target that depends on the

molecule injected into the patients and achieves univer-

sal coverage is produced. The potential for universal

CARs, which can shift the binding epitope through bio-

tin/avidin and leucine zippers, has also become a topic

of significant interest. Lohmueller et al. created AT-

CARs using an affinity-enhanced monomeric streptavi-

din 2 (mSA2) biotin-binding domain that, when

expressed on T cells, targets cancer cells coated with bi-

otinylated antibodies, while Cho et al. presented a split,

universal, and programmable (SUPRA) CAR system that

simultaneously encompassed multiple critical “upgrades,

” such as the ability to switch targets without re-

engineering the T cells, fine-tune the T cell activation

strength, and sense and logically respond to multiple an-

tigens [37, 38]. However, antigen shifting requires the

persistent activation of CAR-T cells. In addition, a bispe-

cific T cell engager with activated T cells has proven ef-

fective in some patients with advanced tumors, and

these treatments are “off the shelf” and inexpensive. Fur-

ther improvements are needed in the inner part of the

CAR to make in vitro manufacturing worthwhile.

Hinge domain

The ectodomain of a CAR normally has a similar struc-

ture to a monoclonal antibody (mAb), namely, the Fc
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region in Ig. The Fc domain mediates the antigen-

antibody reaction, leading to the elimination of antibodies

in a normal immune reaction. However, the Fc region ex-

erts a negative effect on CAR-T cell persistence and func-

tion. This outcome may result from Fc-FcγR interactions

between CAR-T cells and other immune cells that lead to

tonic signals that accelerate T cell aging. This interaction

is prevented by blocking the aging caused by the hinge

and increasing the flexibility of the CAR. For example, an

initially designed IgG1 Fc region has a strong affinity for

FcγR, which induces tonic apoptosis-promoting signals in

the CAR-T cells, for which the CH2 region is required

[39]. Furthermore, knock out of the CH2 region decreased

the tonic signal and prevented activation-induced T cell

death. This outcome is achieved by including only the

CH3 segment of an Fc region or by replacing the whole Fc

region with IgG2, which has a low affinity for FcγR. This

strategy avoids Fc-FcγR interaction-induced exhaustion,

which prolongs the persistence of the CAR-T cells. A

CD19 CAR-T cell therapy in which the Fc region was de-

leted also showed a high binding affinity for CD19+ malig-

nant cells in vivo [40]. Recently launched clinical trials will

clarify whether this strategy enhances the persistence and

antitumor activity.

The hinge domain can also be based on linkers of

membrane receptors, providing a flexible and long con-

nection between binding sites and contributing to the

binding affinity. Ectodomain linkers of CD8 alpha and

CD28 were compared in CD19 anti-CAR-T cells [41], and

the CD8 alpha linker generated better results, as it led to

lower levels of cytokine release and less activation-

induced cell death. Moreover, in a recent study, the use of

NGFR as a hinge resulted in a very low affinity for FcγR

and suggested that NGFR potentially represents a great

traffic marker for CAR-T cell detection [42]. The flexibil-

ity of a CAR is related to its length, which contributes to

the affinity of a CAR and a target antigen. In a preclinical

experiment, an IgG4 CH3 hinge domain was inserted to

connect the CD28 linker, and the CAR-T cells showed in-

creased growth, migration, and CD4 subtype expansion.

Researchers have not clearly determined whether the anti-

tumor efficacy of anti-CD19 CAR-T cells is increased after

the implementation of this approach. However, the

addition of linkers may result in a significant increase in

the activity of anti-mesothelin CAR-T cells since some

target epitopes, such as CD22, require additional flexibility

to achieve optimal affinity. Thus, this approach represents

a promising method to improve the effects of CAR-T

cells. The hinge domain was previously neglected, but the

aforementioned preclinical experiment has proven that a

comparable hinge domain might play a vital role in modu-

lating the binding affinity and signal transduction, particu-

larly for targeting dim antigens or low-affinity malignant

cells.

Transmembrane domain (TM)
The transmembrane domain connects the ectodomain

and endodomain and serves as the anchor to the cell

membrane. It is normally derived from a transmembrane

receptor protein. The choice of the transmembrane do-

main influences the activating signal transmitted to the

intracellular domain. In vivo comparisons indicate that

the insertion of the CD8-alpha transmembrane region

leads to lower levels of CD19-specific annexin V expres-

sion in T cells expressing an anti-CD19 CAR with a

CD8 TM than in T cells expressing anti-CD19 CAR with

a CD28 TM because the CD8-alpha TM results in lower

levels of T cell activation-induced death than the CD28

TM [41]. The inhibition of AICD in this manner might

prolong the circulation of the CAR-T cells. The CD8

TM has been adapted for use in most current products.

However, further exploration indicates better regulatory

effects of the ICOS TM on the antitumor activity and in-

creased persistence compared to the effect and persist-

ence induced by the CD8 TM. In a third-generation

in vivo test, cells with a CD8 TM or a 4-1BB TM dis-

played similar, modest antitumor activities, whereas cells

with an ICOS TM induced 100% tumor regression

within 35 days in NSG mice. Importantly, CAR-T cells

with an ICOS TM showed increased expansion and per-

sistence in vivo compared with cells with a CD8 TM or

4-1BB TM [43]. The TM of the TNFRS family exhibits

increased tumor-killing ability compared the CD8-alpha

TM [44]. The primary clinical outcome of a trial of anti-

CD19 CAR-T cells with TNFRS19 TM for use in pa-

tients with R/R B cell NHL achieved an overall response

rate of 83% (10/12) and a complete response rate of 67%

(8/12) [45, 46]. Larger clinical trials and longer observa-

tion time are needed to verify the persistence of these

cells. Furthermore, changes in the length of the ectodo-

main and endodomain connecting regions will change

the structure, leading to changes in signal transduction.

According to a preclinical study, changing the length of

the TM may also slow the proliferation of CAR-T cells

without attenuating their tumor-killing activity, enabling

patients to process inflammatory cytokines over a rela-

tively long period [47]. Similar to the hinge domain, the

advantages of the TM remain to be proven in additional

clinical trials, but a reformulation of the TM might be a

universal strategy for all CAR-T cell therapies and it is

important for decreasing tonic signals and prolonging

CAR-T cell persistence.

The endodomain
Development of the costimulation domain

Innovative approaches to modifying the intracellular do-

main have been the primary driver of revolutionary

changes in CAR-T cells across generations to date. First-

generation CAR-T cells with only the ITAM segment of
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CD3 became obsolete because they lacked persistence

and a proliferation capacity. Second-generation anti-

CD19 CAR-T cells showed strong antitumor efficacy in

patients with B cell ALL and NHL and were formulated

to contain one endodomain of a stimulation epitope,

such as CD28 or 4-1BB [4–6]. Studies exploring the po-

tential of costimulation domains are ongoing, and new

costimulation domains, such as ICOS and CD27, have

shown efficacy in eliminating tumor cells in preclinical

experiments [48, 49]. However, these domains have con-

sistently been shown to decrease inner tonic signaling,

which causes T cell exhaustion, with 4-1BB exerting a

greater effect than CD28 in preclinical and clinical trials.

The CD28 costimulation domain responds quicker than

the 4-1BB costimulation domain, but the population of

CAR-T cells with the 4-1BB costimulation domain peaks

at a higher level after a relatively slow expansion [50].

Additionally, a preclinical trial revealed that the 4-1BB

costimulation domain promotes the formation of the

memory Tcm subtype, while the CD28 costimulation

domain promotes the formation of the Tem subtype

[51], and thus, CAR-T cells with the 4-1BB costimula-

tion domain persist longer than the CAR-T cells with

the CD28 costimulation domain. In addition, compared

with the CD28 CAR-T costimulaion domain, the 4-1BB

CAR-T costimulation domain induces weaker tonic sig-

naling, which means that exhaustion transpires more

slowly for the CAR-T cells with the 4-IBB costimulation

domain than for CAR-T cells with the CD28 costimula-

tion domain [52–54]. However, the persistence and re-

lapse problems associated with CAR-T therapies, in

general, are unable to be solved by a single costimulation

domain. Therefore, the third generation of CAR-T cells

was designed with two costimulation domains. Preclin-

ical testing showed increased persistence, proliferation,

and antitumor activities. In clinical trials of the third-

generation anti-CD19 CAR-T cells with 4-1BB and

CD28 endodomains, the primary response rate did not

show enhanced efficacy compared to the second-

generation CAR-T cells in treating subjects with R/R B

cell malignancies. Furthermore, for patients with MRD+

or a small burden of B cell malignancies at the time of

the infusion, third-generation CAR-T cells exhibited bet-

ter proliferation [55–58]. Additional preclinical experi-

ments discovered more combinations, such as ICOS

plus 4-1BB, TLR2 (Toll/interleukin-1 receptor domain

of Toll-like receptor 2) plus CD28, and 4-1BB plus

OX40, all of which exhibited better performance than

the combination of CD28 and 4-1BB costimulation do-

mains in vivo and in mathematical models [43, 59]. Des-

pite these promising results, the rate of cytokine release

syndrome (CRS) increased, which may be attributed to

the repeated signal delivered by both costimulation do-

mains. In summary, third-generation CAR-T cells may

benefit from combining complementary costimulation

domains. On the other hand, the simple addition of a

costimulation domain may produce severe side effects

and accelerate the aging of the CAR-T cells. Additional

clinical trials are needed to assess and monitor the risk

of side effects due to overactivation to realize the opti-

mal potential of third-generation CAR-T cells.

The costimulation domains contribute substantially to

the expansion and persistence of CAR-T cells for ther-

apy. Currently, CAR-T cells with the CD28 and 4-1BB

costimulation domains are the most commonly used

CAR-T cell products. However, 4-1BB has several ad-

vantages compared with CD28. New costimulation do-

mains have been discovered and tested, but the tonic

signaling problem remains unresolved. The use of more

than one costimulation domain may increase the tumor-

killing activity and persistence of CAR-T cells, but a

poor match might lead to increased tonic signaling,

which would result in more severe side effects and faster

T cell exhaustion.

Fourth-generation and next-generation CAR-T cells

With the expansion of clinical trials, checkpoint inhibi-

tor therapy has shown the ability to reverse the exhaus-

tion of CAR-T cells in the short-term in relapsed

patients and to shape the tumor environment through

the inducible release of transgenic immune modifiers.

CAR-T cell therapies based on these principles are

known as fourth-generation CAR-T cell therapies [60].

In addition, with the exception of immune modifiers, T

cell engagers and some membrane receptors are also

transduced with second-generation CAR-T cells, which

are generally called next-generation CAR-T cells. These

CAR-T cells are not limited by T cell cytotoxicity and

represent a powerful tool to re-establish the immune

system after infusion. As the most highly anticipated

advancement to date, fourth-generation and next-

generation CAR-T cells CAR-T cells are divided into

two categories, cells that utilize secreted molecules and

cells that utilize membrane receptors (Fig. 2). Both types

are described below.

Secreted molecules

The TME reduces the antitumor and proliferative activ-

ities of CAR-T cells. A sequence that encodes a secreted

peptide is transfected into the T cells during manufac-

turing to improve the resistance of CAR-T cells to

TME-induced effects and activate the immune system.

When these CAR-T cells are activated, the sequence is

transcribed and secretes an immune modifier into the

extracellular fluid, where it not only persistently stimu-

lates CAR-T cells to remain active and induce the for-

mation of T memory cells but also reactivates the host

immune system to respond to restimulation. In theory,
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the concentration of the secreted protein is related to

the distribution of CAR-T cells and their activation

levels; in other words, the secreted protein delivers drugs

precisely to the tumor TME. Therefore, the current cod-

ing sequence includes a T cell engager, cytokines, and

an agonist or inhibitor of cell receptors.

Bispecific T cell engager (BiTE) and bispecific

antigens BiTE and bispecific antigens have two different

functions. One binds to the TAA, and the other has a

high affinity for a T cell epitope, normally CD3, which is

an adaptor that recruits T cells to the tumor. Compared

to BiTE, the bispecific antigen contains a complete anti-

gen structure through which Fc activates T cells, which

may improve the CAR-T cell tumor-killing activity. In a

clinical trial of AMG 420, the BCMA-CD3 BiTE used in

CAR-T cell therapy for patients with R/R MM, the over-

all response rate was 31% (13/42), and 9 patients

achieved CR, 2 achieved VGPR, and 2 achieved a partial

response; the median response time was 8.4 months

[61]. However, in the group of patients who received the

maximum tolerated dose (400 μg/d), the response rate

was 70% (n = 7 of 10). Five of these patients experienced

an MRD-negative complete response, 1 achieved PR,

and 1 achieved VGPR. All 7 patients responded during

the first cycle, and some responses lasted > 1 year [62].

Combined with their “off the shelf” character, BiTEs are

close to receiving clinical approval for use in patients

with R/R MM. One possible explanation for the nonre-

sponding cases may be the anergy of the T cells, al-

though T cells were recruited to the TME. The response

rate of the patients with R/R MM to CAR-T therapy is

moderately high, with an 85% objective response rate, of

which approximately 30% of the 33 patients exhibited a

complete response [12]. In an attempt to salvage a pa-

tient who relapsed after anti-CD22 CAR-T cell therapy,

blinatumomab successfully re-expanded the anti-CD22

CAR-T cells and induced complete remission, which

prolonged the patient’s life span in this case [63]. Based

on this outcome, the combination of BiTEs and CAR-T

cell strengthens the effects of each treatment. The se-

quence encoding BiTE is transfected into T cells with

the CAR sequence and BiTE-armored CAR-T cells are

produced to take full advantage of CAR-T cell tumor in-

filtration and overcome the tumor heterogeneity. CD3/

EGFR BiTEs were adapted for an anti-EGFRIII CAR-T

cell treatment of neuroblastoma. The preclinical studies

were promising in terms of both safety and efficacy and

showed that EGFR, a tumor-associated antigen expressed

on most epithelial cells, is able to be selected as a target of

BiTE [64]. The potential explanation for this success is

that EGFRIII is a tumor-specific antigen that only presents

Fig. 2 The antitumor mechanisms of fourth-generation and next-generation CAR-T cells. With the aid of transduced cytokines and the agonist of

the T cell receptor, CAR-T cells self-activate through autocrine and paracrine mechanisms and stimulate host T cells to regain antitumor efficacy.

In addition, blockade of the inhibitory receptor prevents the apoptosis induced by receptors such as PD-1, which reconstructs the host immune

system. Furthermore, a BiTE facilitates CAR-T cell and host T cell infiltration into tumor sites and the interaction between T cells and tumor cells.

For tumors with a strong TME, artificially transduced CXCRs guide CAR-T cells to the tumor and express chemokines at high levels, a key method

by which the tumor modulates other immune cells and forms the TME. Last but not least, we illustrate switch receptors, which are assembled

from the extracellular domain of the inhibitory receptor and the intracellular domain of the activating receptor
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the direct activation signal to the CAR-T cells. This ex-

ample represents the safe adaption of the widely expressed

TAA, which provided CAR-T cells with a primary homing

and recruitment signal to facilitate the infiltration of CAR-

T and host T cells into tumors that had been activated by

the CAR signal. For hematological malignancies, secreted

BiTE-armored CAR-T cells have already shown efficacy

against leukemia in mice [65]. BiTE or bispecific antigen-

armored CAR-T cells may be another approach to over-

come tumor heterogeneity and take full advantage of the

TAAs that are expressed on normal cells as primary tar-

gets for T cells. Unfortunately, clinical trials of BiTE and

CAR-T cell therapy have both indicated the possibility of

severe side effects during treatment. In a clinical trial of

blinatumomab as a treatment for B cell ALL and NHL,

the pooled occurrence rate of grade ≥ 3 CRS was 0.04,

and the pooled occurrence rate of grade ≥ 3 neurological

events was 0.12 [66]. In another trial of anti-CD19 CAR-T

cells for B cell ALL, NHL and CLL, 133 patients com-

pleted a toxicity assessment. CRS had developed in 71% of

the patients (60% grades 1–2, 4% grade 3, and 8% grade ≥

4). NT was observed in 40% of the patients (19% grades

1–2, 16% grade 3, and 5% grade ≥ 4) and grade ≥ 3. NT

manifested at a median of 4.5 days after CRS onset. There-

fore, the combination of BiTEs and CAR-T cells may re-

quire the mitigation of the possible side effects, a solution

that must be obtained before BiTE-armored CAR-T cells

can be adapted for use in the clinic. However, for solid

hematological tumors, such as R/R lymphoma and R/R

MM, the use of a secreted BiTE may be a strategy to en-

hance engraftment and promote infiltration to improve

treatment efficiency.

Pro-inflammatory cytokines Cytokines are the main

regulators of inflammation in the normal immune state.

However, the TME may attenuate the functions immune

cells, such as defective APCs in the tumor milieu,

tumor-associated macrophages (TAMs), and myeloid-

derived suppressor cells (MDSCs), to inhibit them on

contact, or it may secrete immunosuppressive molecules

to prevent the immune system from efficiently respond-

ing to the tumor. T cell therapy is unable to achieve a fa-

vorable response in a solid tumor when the TME is

actively working against it. Regarding hematological ma-

lignancies, in clinical trials of anti-CD19 CAR-T cell

therapy for R/R B cell lymphoma, the concentration of

IL-15 after CAR-T cell infusion was a strong predictor

of the patients’ prognosis [67, 68]. Interleukin-7 (IL-7)

and IL-15 enrich select early lineage cells and rescue T

cell expansion; thus, IL-15 is a strong stimulator of the

maintenance of T cell stemness [69]. Therefore, IL-7, IL-

12, IL-15, and other proinflammatory cytokines have

been combined with several immune therapies, including

CAR-T cells, to endow CAR-T cells with a strong

tumor-killing activity and the capacity to modulate the

immune system. According to clinical trials, this strategy

is effective at mitigating the effects of the TME, but the

trials also exposed the disadvantages of these inflamma-

tory mediators. For example, in primary clinical trials of

IL-2 with anti-PSMA CAR-T cell therapy, CAR-T cell

engraftment was greater than 20%, and IL-2 signaling

was restrained. However, an increase in the dosage

through I.V. administration might cause systematic tox-

icity, which may increase the risk of vascular

hemorrhage. Therefore, the sequences encoding the se-

lected molecules were added to the CAR sequence and

transduced into the T cells. When these cytokine-

armored CAR-T cells were activated, their stemness was

retained, and they were able to resist the TME by acti-

vating autocrine and paracrine mechanisms, which

transform a “cold” tumor into a “hot” one. Cytokine-

armored CAR-T cells have also been shown to improve

the effectiveness and persistence of the cells in treat-

ments of some solid tumors and hematological malig-

nancies [70–79]. Newly discovered molecules, such as

IL-23, have also shown promise in improving CAR-T

cell efficacy by increasing the persistence and anti-TME

activity of CAR-T cells [80]. For cytokine-armored CAR-

T cells, the concentration of the cytokine positively cor-

relates with the number and activity level of the CAR-T

cells, which may increase the accuracy and efficacy at

the same time. In addition, these cytokines also promote

the formation of T memory cells, which increase the

persistence of CAR-T cells and reactivate the host T

cells to respond to the tumors. However, for patients

with hematological malignancies, the careful selection of

the armored cytokine is required to prevent disease

progression.

Agonists and blockers of T cell receptors Intrinsic ag-

onists of T cell receptors, such as 4-1BB and OX40, im-

prove T cell proliferation and cytotoxicity, increasing the

activity of T cells and their ability to induce an immune

response to the tumor. In the intracellular domain, these

agonists provide a second stimulatory signal for CAR-T

cells. The efficiency of this strategy has been reported in

preclinical studies, and the ligand of 4-1BB (4-1BBL) is

currently one of the most commonly adopted costimula-

tion domains. Compared with the fixed intracellular do-

main of the CAR, the secreted ligand confers resistance

to the suppressive effect of the TME and reactivates T

cells in a state of anergy to allow them to respond. Prior

to the administration of CAR-T cell therapy, the ligand

of the costimulation receptor is added to the vaccine to

stimulate the T cells [81, 82]. For example, the efficiency

and safety of a mAb against the ligand 4-1BB have been

confirmed in clinical trials. The ratios of active T cells

and memory T cells that were able to infiltrate the
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tumors were both increased in this clinical trial [83].

Moreover, the agonist of 4-1BB induces CD8+ T cells to

upregulate enzyme-B and IFN-gamma during tumor kill-

ing and to maintain the stemness of Tem [43]. Based on

these findings, therapies in which a specific ligand is

transduced into CAR T cells during manufacturing, the

so-called agonist-armored CAR T cells, are currently be-

ing investigated in trials for patients with R/R NHL and

CLL. The initial results showed no significant difference

in the efficiency or safety of the anti-CD19 4-1BBL-

armored CAR-T cells. The overall CR rate was 57% (16/

28), and the CR rates were higher in patients with large

cell lymphoma (78%) than in patients with CLL (20%)

[84]. The modest outcome for the patients with CLL

might be related to the low dose administered. In the

aforementioned clinical trial of anti-CD19 CAR-T cells

as a treatment for CLL/SLL, an MRD-CR rate of 60%

was obtained in 30 days at doses of 50 × 10e6 and 100 ×

10e6; however, the anti-CD19 4-1BB-armored CAR-T

cell trial administered only 5 × 10e6 CAR-T cells per pa-

tient. Therefore, the verification of the long-term re-

sponse rate and its specific features will require more

subjects and time. A phase I trial of CD19-targeted

EGFRt/19-28z/4-1BBL-armored CAR-T cells in patients

with relapsed or refractory CLL will begin soon [85].

Although CD137 (4-1BB) activates CAR-T cells and in-

creases their proliferation and persistence, further ex-

ploration of the pathway that regulates metabolism and

differentiation of T cells on these activating receptors

will undoubtedly increase the accuracy and specificity of

clinical applications for different types of hematological

malignancies.

For most solid tumors, the main obstacle to effective

treatment is the TME, which coerces the immune sys-

tem to tolerate the tumor and provides an environment

in which the tumor can grow. Among CAR-T cell ther-

apies, a distinct population of T cells manifests anergy

differently in patients who achieve a complete response

and patients who are nonresponsive. The critical

markers on T cells that determine their exhaustion are

PD-1, LAG3, and TIM3 [3, 83]. The mAbs against PD1/

PDL1 represent the most popular checkpoint inhibitor

immune therapies and have been widely adopted in clin-

ical trials for advanced tumors. For patients with

hematological malignancies, classic HL exhibits an excel-

lent response (ORR of approximately 87% and PFS of

86% at 24 weeks for classic HL) to the PD-1 blocker

nivolumab [86], similar to MM and NHL, but not pri-

mary mediastinal B cell lymphoma (PMBCL), for which

the response rate is somewhat modest [87]. The mAb

against the PD-1 blocker is a consolidation drug used

after ASCT for MM and HL that has also generated fa-

vorable data [88, 89]. Therefore, the inhibitor of PD-1

reverses the effects of the TME to some extent and helps

prevent T cell exhaustion. Although disrupting the PD-1

receptor using the clustered regularly interspaced short

palindromic repeats (CRISPR)/CAS9 system enables

CAR-T cells to resist the TME and increases the tumor-

killing efficiency [90], the secreted PD-1 blocker rescues

the “bystander” T cells and reconstructs the immune

system in patients [91–94]. The PD-1 blocker showed

the ability to rescue PD-1-overexpressing (exhausted)

CAR-T cells [95], but ongoing clinical trials will reveal

whether the secreted PD-1 blocker is effective in CAR-T

cells. Moreover, blockers of LAG3 and other inhibitory

receptors are also being developed.

In contrast to cytokines, agonists and blockers of T

cell receptors target only one specific receptor, decreas-

ing the likelihood of uncontrollable inflammatory side

effects; however, based on the experience of using inhib-

itors of the PD-1 pathway, the nonresponse rate is rela-

tively high, even when patients show substantial disease

progression. Therefore, the treatment still requires fun-

damental research, and more subjects are needed to ex-

plore the best modular structure.

Membrane receptors

Chemokine receptors Chemokines and their receptors,

which are expressed on immune cells and noninnate im-

mune cells such as epithelial cells, have important con-

tributions to immune cell migration and infiltration.

However, in the TME, IL-8 and the chemokine receptor

CXCR2 exert deleterious effects on the recruitment and

modulation of immune cells. For example, human hepa-

tocellular carcinoma (HCC) tumor tissues and cell lines

express the CXCR2 ligand at high levels to regulate

TAMs. T cells intrinsically lack CXCR2. Therefore, the

sequence that encodes CXCR2 is introduced during

manufacturing to improve CAR-T cell homing to HCC

tissues. This approach has generated favorable outcomes

compared to cells without the trafficking chemokine re-

ceptor [96]. CXCR2 is also expressed on tumors, includ-

ing melanoma, renal cell carcinoma, non-small-cell lung

cancer, pancreatic tumors, breast tumors, and ovarian

cancer [97]. Regarding hematological malignancies, al-

though receptors such as CXCR4 are key molecules for

MM, ALL, and CLL cell trafficking into and out of the

bone marrow [97], more research is needed to determine

whether they represent effective target chemokines and

to ensure that they will not alter the niche for the bone

marrow stem cells or misdirect CAR-T cells into attack-

ing normal lymphoid organs. However, similar to BiTEs,

the proper choice of the chemokine receptor might in-

duce CAR-T cells to enter the tumor site, particularly

solid tumors or tumors have assembled together, which

increases the efficacy of the CAR-T cells.
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Switch receptors As explained above, CD28 is a prom-

ising costimulation domain, and PD-1 is one of the main

checkpoint inhibitors in T cells. A preclinical study is

combining the sequence of the ectodomain of PD-1, and

the intracellular domain of CD28, which is called a

“switch receptor.” When CAR-T cells are activated, these

PD-1/CD28 receptors are expressed at high levels on the

CAR-T cells, through which the TME was modified, and

these cells were able to infiltrate tumors in vivo, particu-

larly expressing PD-L1. A clinical trial was conducted

with CD19 CAR-T cells expressing the PD-1/CD28

chimeric switch receptor in patients with R/R B cell

lymphoma. The overall response rate was 58.8% (10/17),

and the CR rate was 41.2% (7/17) [98]. Based on the

same theory used in the clinical trial, a switch for inhi-

biting IL-4 and activating IL-7 or IL-21 has been tested

in preclinical experiments and has also shown promising

anti-TME activity [99]. Because the mechanism of the

TME is more complex than we currently understand,

the actual function of the switch requires further testing

in different tumor models to avoid the overactivation of

CAR-T cells and damage to the healthy tissue.

Currently, clinical trials on fourth-generation and

next-generation CAR-T cell therapy are in progress

worldwide, and the results of these studies are highly an-

ticipated (Table 1). Clearly, fourth-generation and next-

generation CAR-T cell therapy will provide hope to

combat B cell malignancies and other hematological ma-

lignancies, even advanced solid tumors. However, most

of the characteristics of fourth-generation and next-

generation CAR-T cells used in the clinic remain un-

clear, and further endeavors are needed for the transla-

tion of fourth-generation and next-generation CAR-T

cells into the clinic.

Manufacturing technology
Most currently available CAR-T therapies are manufac-

tured using lentiviruses. Due to the time-consuming

manufacturing process, approximately 10% of patients

die because their disease progresses before they can re-

ceive treatment. A decrease in the manufacturing time

has therefore attracted considerable attention because it

will enable patients with an aggressive disease to receive

treatment and will help patients maintain the stem sub-

type ratio of T cells [100]. A new technology called FasT

CAR-T decreases the manufacturing time to only 24 h

and has been subjected to phase I clinical trials (NO:

ChiCTR1900023212) at Xinqiao Hospital in China. Pa-

tients can be treated with this type of CAR-T cell within

a short period, and the first trial resulted in all 10 pa-

tients achieving CR 4 weeks after the CAR-T cell infu-

sion; 9 of these patients were also negative for MRD.

The major adverse event was CRS, which was observed

in 9 patients. Three patients experienced CAR-related

encephalopathy syndrome (CRES) after CAR-T infusion.

All the patients who developed CRS or CRES recovered

after intervention (unpublished data). The latent risk of

the viral infection and possible random insertions might

lead to the loss or gain of function of T cells, which may

lead to unlimited proliferation; a case report of improp-

erly cultured leukemic CAR-B cells leading to fatal re-

lapse has been published, which spurred research into

nonvirus-mediated transduction methods [20]. Sleeping

Beauty and PiggyBac transposition are nonvirus-based

technologies that enable T cells to be processed in less

time while producing a higher ratio of central memory T

cells with limited DNA damage [101–104]. In theory,

this process prolongs the persistence of CAR-T cells and

avoids the latent risk of DNA damage. The initial out-

comes of CAR-T cells manufactured using the Sleeping

Beauty system based on a shorter culture time showed

antitumor efficiency in 6 patients without eliciting clinic-

ally significant CRS [102]. PiggyBac has been used to

manufacture HLA-matched anti-CD19 allo-CAR-T cells,

and in a clinical trial, all 7 subjects achieved CR, suggest-

ing similar safety and activity to CD19 CAR-T cells gen-

erated with viral vectors [105]. However, the long-term

benefits must be verified through further clinical trials.

In addition to decreasing the risks associated with virus

vectors and the manufacturing time, manufacturing

technology reformation is also regarded as an efficient

method to lower the cost.

The evolution of manufacturing technology is not lim-

ited to CAR gene transduction. Gene editing technology

has also been adopted to improve the ability of CAR-T

cells to resist the TME and decrease the immunogen-

icity. The most popular pathway is the PD-1 pathway.

The next-generation CAR-T cells include several gene

editing methods such as CRISPR/CAS9 to disrupt the

inhibitory effect of this pathway on CAR-T cells by si-

lencing or knocking out the gene encoding PD-1. Based

on the proven increase in the tumor-killing efficacy de-

rived from the results of preclinical studies of several

PD-1-disrupted CAR-T cell therapies for solid tumors

[106, 107], the clinical trials of PD-1 knock out CAR-T

cells have begun to enroll patients (Table 2). The pri-

mary outcome of a clinical trial of PD-1 KO engineered

anti-MUC1 CART cells for the treatment of patients

with advanced non-small-cell lung cancer (NSCLC)

showed that 11 of the 20 assessed patients presented

with stable disease, while 9 experienced disease progres-

sion. All patients experienced significant improvements

in their symptoms after the infusion. However, the ap-

propriate dosage and cycle remain to be explored [108].

Additionally, more specific editing was proposed to

minimize the latent risk of off-target side-effects of gene

editing. A reduction in the N-linked glycosylation of PD-1

may decrease PD-1 expression and relieve its inhibitory
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effects on CAR-T cells. Therefore, a preclinical study

using an adenine base editor (ABE) to reduce PD-1 sup-

pression by changing the glycosylated residue in CAR-T

cells downregulated the expression of PD-1 in CAR-T

cells and enhanced cytotoxic functions in vitro and in vivo

[11]. Although silenced PD-1 promotes the efficacy of

CAR-T cells, the negative effect on persistence may harm

the total benefit of CAR-T cell therapy. In a preclinical

study, better antitumor function was not presented by

PD-1-blocked CAR-T cells in vitro or in vivo. PD-1 knock

down might impair the antitumor potential of CAR-T

cells because it inhibits T cell proliferation and accelerates

the early differentiation of T cells and prevents effector T

cells from differentiating into effector memory T cells.

Thus, PD-1 might play an important role in maintaining

the proper proliferation and differentiation of T cells, and

PD-1 silencing would impair the antitumor function of T

cells by inhibiting their proliferation [109]. Therefore, the

next goal is to partially suppress the PD-1 signaling path-

way to maintain the proliferation and differentiation of

CAR-T cells while improving the efficacy and resistance

to the TME. Additionally, with the exploration of the

intracellular network, adjustments to the activation by al-

tering the expression of transcription factors such as

NR4A [110] may be more accurate, which also produced

notable results in preclinical studies and revealed the fu-

ture of the next-generation CAR-T cells based on epigen-

etic modifications. However, the risks associated with

gene editing should always be a concern, as all products

should remain vulnerable to chemotherapy or other ther-

apies to ensure the control of the infused cells. A suicide

gene should also be considered to ensure safety, as we do

not completely understand the effects of gene editing.

The sources of T cells
Most of the currently available CAR-T cells are obtained

from T cells harvested from patients, which are manu-

factured into CAR-T cells. However, patients with R/R

hematological malignancies who are treated with CAR-T

therapies usually have undergone a series of chemother-

apies, some of whom suffered a frank relapse after

HSCT. The high tumor burden and a deficiency in a

population of T cells increase the difficulty of acquiring

a sufficient number of qualified T cells upon apheresis,

particularly for patients with T cell malignancies. For pa-

tients who have suitable donors, allo-CAR-T therapy has

been shown to be suitable in phase I clinical trials and

people receiving assistive allo-HSCT [111–114]. The

speculation that allo-HSCT causes severe graft-versus-

host disease (GVHD) was shown to be an unnecessary

concern [115]. After a systematic review of 72 patients

who received anti-CD19 allo-CAR-T cells after relapse

of frank B cell malignancies, only 5 patients experienced

GVHD [116, 117]. Furthermore, allo-CAR-T cells have

the potential to facilitate the implantation for haploidentical

HSCT (haplo-HSCT); for example, they successfully helped

a 71-year-old patient in need of allo-transplantation [114].

After transplantation, anti-CD19 allo-CAR-T cells have also

salvaged patients after frank B cell tumor relapse or pre-

vented them from relapsing [112, 113]. As explained above,

anti-CD123 CAR-T cells may damage the bone marrow

stem cells while eliminating AML cells, rendering them of

limited clinical use. However, a case study reported the use

of donor-derived anti-CD123 CAR-T cells as part of a con-

ditioning regimen for haplo-HSCT in a patient with FUS-

ERG+ AML who relapsed within 3 months after the first

allogeneic transplantation and failed to achieve CR multiple

times or to manifest full donor chimerism [118]. However,

allo-CAR-T cell therapy remains expensive and time-

consuming, even for patients who meet the donor-

matching criteria. For patients without matched donors,

“off the shelf” CAR-T cells from healthy donors may be the

only choice available. Primary universal CAR-T (U-CAR-T)

cells derived from a healthy donor were eliminated too

quickly to function during the first study examining their

feasibility, in part because hostile host natural killer (NK)

cells and T cells kill incompatible (including but not limited

to the T cell receptor) infused cells. However, some exam-

ples are available in which U-CAR-T cells were successfully

implanted into patients due to weak resistance from the pa-

tient’s immune system. In the ideal model, U-CAR-T cells

survive when the target antigen on malignant cells provides

sufficient stimulation. When malignant cells are eliminated

and the host immune system recovers, U-CAR-T cells

would then be eliminated. In addition to using a relatively

strong preconditioning chemotherapy, several methods

have been proposed to improve engraftment. The solution

is based on the selection of specific subtypes of T cells that

are able to avoid the host immune response. Among these

subtypes, T cells that express innate EBV-specific T cell re-

ceptor (TCR) and γδ-T cell subtypes are promising and do

not require gene editing. The mechanism by which donor

T cells with an EBV-specific TCR escape host rejection is

unknown but is apparently related to naive T cells. The

clinical application of donor EBV-specific T cells indicates a

low rate of GVHD in patients after HSCT. Anti-CD19

EBV-specific CAR-T cells have shown antitumor efficacy

against CD19+ malignant B cells [119]. The primary results

in terms of efficacy and safety of 19-28z CAR EBV-CTL

showed CR in 70% (7/10) of the treated patients, including

100% (4/4) with NHL and 83% (5/6) of recipients with

third-party cells, and CRS or neurotoxicity were not ob-

served, providing hope to patients with no alternative treat-

ments [120]. For γδ-T cells without the limitation of HLA

matching, the most abundant γδ-T cells expressed the Vγ9

Vδ2 TCR that recognizes isopentenyl pyrophosphate (IPP),

which is overproduced in cancer cells. Costimulation

domain-CAR γδ-T cells have been considered a safer
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therapy because the CAR follows only one pathway to

stimulate the immune response, and the cytotoxicity was

limited to the reaction induced by the IPP antigen [121,

122]. Furthermore, a large expansion platform has been

successfully established, which has the potential to make

γδ-T cells an off-the-shelf product and a possible source of

U-CAR-T cell therapy [123].

Another method to generate cells that avoid the host

immune system is gene editing. Zinc finger nuclease

(ZFN), transcription activator-like effector nuclease

(TALEN), and CRISPR/CAS9 technologies are capable of

knocking out the TCR and other rejection-related epi-

topes, such as CD52. Initial clinical trials (NCT 02746952

and NCT02808442) of anti-CD19 TALEN-edited TRAC

and CD52-KO U-CAR-T cell therapy for adult and

pediatric patients with B cell malignancies resulted in CR

or CRi in 88% of the evaluable patients (14/16) by day 28

or day 42 after transplantation, and 86% (12/14) of these

patients were MRD-negative, as determined by flow PCR

or qPCR. Two patients failed to respond and showed no

expansion of U-CAR-T cells [124]. Another type of allo-

CAR-T cell called PBCAR0191 was manufactured by

inserting an anti-CD19 CAR sequence into the TCR se-

quence to disrupt it, but it exhibited limited antitumor ef-

ficiency when administered to a low-dosage group [125].

Although U-CAR-T cells are derived from healthy do-

nors, implantation, and secondary expansion are vital for

the antitumor response. The U-CAR-T cell platform for

T-ALL and MM treatment has shown efficacy in preclin-

ical experiments [126, 127]. An ongoing trial of anti-CD7

U-CAR-T cells for patients with T cell lymphoma

(NCT04264078) in Xinqiao Hospital indicated that 80%

(4/5) of the patients displayed robust CAR-T cell expan-

sion and achieved persistent MRD-CR. Genetically modi-

fied CAR-T cells can be used to avoid the main rejection

from the host immune system and to increase engraft-

ment, although the latent risk of the unlimited expansion

of infused foreign CAR-T cells is a concern. However, U-

CAR-T cells are derived from healthy donors, and thus,

they are sensitive to glucocorticoids and chemotherapy.

Furthermore, the modification is rather conservative, and

host resistance is not completely eliminated; based on our

experience, U-CAR T cells were undetectable in blood

samples from recovered patients. In our opinion, current

genetically modified U-CAR-T cell therapy is relatively

safe. In summary, further studies are needed to explore

the lymphocyte depletion protocol and appropriate dos-

age of U-CAR-T cell therapy to ensure antitumor efficacy.

Furthermore, in contrast to auto-CAR-T cells, U-CAR-T

cells are unlikely to persist in patients for a long time due

to the heterogeneity involving more epitopes than we are

able to delete. Therefore, treatments with U-CAR-T cells

potentially represent a powerful method to achieve CR in

time to benefit patients rather than serving as a persistent

solution without further treatment. Potential follow-up

treatments, which currently mainly include transplant-

ation, require further exploration.

Additionally, immune cells, such as NK cells, with less

immunogenicity and promising tumor-killing activity

represent a potentially promising cell type to replace T

cells and for use in universal immune cell therapy, and

thus, researchers have focused on the development of

CAR NK cells. However, the proliferation and persist-

ence of NK cells are reduced compared with those of T

cells. NK92 cells (a type of stable leukemic NK cells

derived from patients with NK cell lymphoma) showed

potential in eliminating several hematological and solid

tumors in preclinical studies [128] , and the clinical

grade manufacturing platform of NK92 cells has also

been established to satisfy the required quality and

quantity to overcome this problem [129]. A clinical trial

of anti-CD33 CAR NK92 cells expressing the 4-1BB

costimulation domain in the treatment of AML enrolled

3 patients, one of whom experienced MRD+ remission

for a short period. The poor response rate may be attrib-

uted to the insufficient dosage and the limited number

of subjects [130]. Moreover, the effective costimulation

domain for NK cells is different from T cells. Therefore,

the development of a stimulation domain as such 2B4

may be the solution to increase the engraftment and

prolong persistence [131] . Additionally, the model used

for the fourth generation might also be effective in CAR

NK therapy. For example, the secreted IL-15 is also

capable of increasing the response of patients to CAR

NK cell therapy. With the enhancement, the aphesis of

NK cells from healthy adult donors and induced by cord

blood stem cells was an efficient and inexpensive source

of CAR NK cell therapy [132, 133]. The CAR NK cells

were successfully designed and tested in hematological ma-

lignancies and solid tumors in preclinical studies [134–

136]. Clinical trials have been launched worldwide

(Table 3). The primary outcome of anti-CD19 IL-15 se-

creted CAR NK cell therapy in patients with B cell

lymphoma and CLL indicate that 8 (73%) of the 11 pa-

tients with relapsed or refractory CD19-positive cancers

achieved a response; of these patients, 7 (4 with lymphoma

and 3 with CLL) achieved CR, and 1 achieved remission of

the Richter’s transformation component but had persistent

CLL. Responses were rapid and observed within 30 days after

the infusion at all dose levels. The infused CAR-NK cells ex-

panded and persisted at low levels for at least 12 months

[137]. In summary, CAR NK cell therapy showed promising

potential as a universal cell therapy, and similar to UCAR-T

cell therapy, the subsequent treatment should be considered.

Conclusion and future perspectives
The fourth-generation and next-generation of CAR-T

cells have been designed to increase their ability to kill
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tumors, extend their persistence in vivo, increase their abil-

ity to infiltrate solid tumor tissues, and increase their ability

to modulate the immune microenvironment. The evolution

of these strategies as treatments for hematological malig-

nancies should include a consideration of the characteristics

of different types of disease. For B cell ALL, the problem is

not only based on methods to improve the initial efficacy

but also involves needed improvements in CAR-T cell per-

sistence and helping patients regain an immune response

to the tumor. On the other hand, CAR-T cells for MM with

solid tumors require increased trafficking and infiltration

abilities and enhanced resistance to the TME. For AML,

the specific target epitope is not easy to determine; there-

fore, all possible antigens, such as CD33 and CD123, may

be necessary to combine transplantation and RNA-based

transient CAR-T cells or costimulation CARs to salvage pa-

tients. Importantly, the interpretation of clinical trials may

be limited by the enrollment of small numbers of subjects;

therefore, ensuring the safety and efficacy of each variety of

CAR-T cells requires clinical trials with a larger scope and

long-term follow-up. In addition, a cure for hematological

malignancies will never be achieved by relying on only one

therapy; therefore, combined treatments and disease moni-

toring methods should be developed in parallel. Last but

not least, the cost of CAR-T cell therapy should be reduced

by technological advances and the development of universal

CAR-T cell and CAR NK cell therapy to be accepted by the

majority of patients and payors.
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Table 3 Clinical trials of CAR NK cell therapies around the world

Number Disease Binding epitope Location Start time Study completion Number enrolled Status

NCT03692767 B cell lymphoma CD19 NA 2019/3/1 2021/11/1 9 Not yet recruiting

NCT03690310 B cell lymphoma CD22 NA 2019/3/1 2021/11/1 9 Not yet recruiting

NCT03824964 B cell lymphoma CD19/CD22 NA 2019/2/1 2021/1/1 10 Not yet recruiting

NCT03056339 B lymphoid malignancies CD19 Texas, USA 2017/6/21 2022/6/1 36 Recruiting

NCT03692663 Prostate cancer PSMA NA 2018/12/1 2021/12/1 9 Not yet recruiting

NCT03692637 Epithelial ovarian cancer Mesothelin NA 2019/3/1 2021/11/1 30 Not yet recruiting

NCT03383978 Glioblastoma HER2 Frankfurt, Germany 2017/12/1 2020/8/1 30 Recruiting

NCT03940833 Multiple myeloma BCMA Jiangsu, China 2019/5/1 2022/5/1 20 Recruiting

NCT04004637 NK/T cell lymphoma, ALL CD7 Henan, China 2019/6/1 2021/6/1 10 Recruiting

NCT03941457 Pancreatic cancer ROBO1 Shanghai, China 2019/5/1 2022/5/1 9 Recruiting

NCT03940820 Solid tumor ROBO1 Jiangsu, China 2019/5/1 2022/5/1 20 Recruiting

NCT03415100 Solid tumors NKG2DL Guangdong, China 2018/1/2 2019/12/1 30 Recruiting
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