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a b s t r a c t

It is cellular immunotherapy for the tumor that the in vitro modified immunocytes from patients or

donors are reinfused into patients to kill tumor cells. Chimeric antigen receptor T cell (CAR-T) ther-

apy, one of the most successful and representative tumor cellular immunotherapies, is now the weapon

for cancer after extensive research. Although CAR-T immunotherapy achieves success in treating re-

lapsed/refractory hematological tumors, its drawbacks, including the poor effect in solid tumors, cytokine

release syndrome (CRS) or CAR-T-related encephalopathy syndrome (CRES), on-target, off-tumor effect,

and high cost, cannot be overlooked. Nanotechnology is advantageous in the construction of CARs, the

transfection of T cells, the expansion, delivery, and antitumor effect of CAR-T cells, and the reduction

of CAR-T therapy-associated toxicities. Currently, introducing nanotechnology into CAR-T immunotherapy

has already been performed in numerous studies with highly promising results. In this review, we sum-

marized the nanotechnologies used in CAR-T immunotherapy and discussed the challenges and directions

of CAR-T immunotherapy combined with nanotechnologies in the future.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Tumor cells are deceitful and easily resistant to chemother-

apy through mutations and adaptations to their surroundings [1,2].

Chimeric antigen receptor T-cell (CAR-T) immunotherapy is an ad-

vanced approach for patients with tumors. Precisely targeted im-

munotherapy, CAR-T therapy is characterized by a single chain

variable fragment (scFv) that recognizes neoantigen epitopes inde-

pendent of the major histocompatibility complex (MHC) [3,4]. CAR-

T immunotherapy involves the following procedures: isolation of T

cells from donors, transfection of CAR genes into isolated T cells,

functional validation and expansion of CAR-T cells in vitro, and re-

infusion of CAR-T cells into patients (Fig. 1) [5,6].

The CAR comprises the extracellular domain (scFv and hinge

domain), transmembrane domain, and intracellular domain (cos-

timulatory and signaling domain) [7,8]. As soon as the extracellular

domain of the CAR recognizes the tumor-associated antigen (TAA),

the intracellular domain is activated and triggers downstream sig-

naling pathways that exert tumor-killing action [9,10]. To date, the

construction of CAR-T cells has undergone tremendous progress.
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Four generations of CAR-T cells have been designed and manu-

factured. The first-generation CAR-T cells were constructed with

scFv to recognize tumor antigens fused to the CD3ζ signaling do-

main and exert specific antitumor effects [11–13]. However, first-

generation CAR-T cells cannot expand efficiently, which results in

limited sustained antitumor effects due to the costimulatory path-

way not being activated. Thus, second-generation CAR-T cells were

born. Based on the first-generation CAR-T, the costimulated domain

(4–1BB/CD28) was added to the second-generation CAR-T cells to

present more durable and efficient antitumor effects [14]. Third-

generation CAR-T cells are second-generation CAR-T cells with an-

other costimulated domain [15]. As a result, third-generation CAR-

T cells are further boosted in proliferation and antitumor effects.

Fourth-generation CAR-T cells are designed to achieve fine-grained

control of the whole treatment via a constitutive or inducible ex-

pression cassette integrated for suicide switches or immunomodu-

lation, including interleukin (IL)-12 [16], IL-15 [17], IL-18 [18] and

suicide genes (Fig. 2) [17].

All CAR-T cells currently on the market are second generation.

Since Kymriah was the first CAR-T product approved by the Food

and Drug Administration (FDA) in 2017, another four CAR-T-cell

productions targeting CD19 or B-cell maturation antigen (BCMA)

have been launched in succession for relapsed/refractory hemato-

logical tumors [19–21]. The milestone event that advanced CAR-

T immunotherapy into clinical practice is the story of a young
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Fig. 1. Each step of CAR-T immunotherapy.

Fig. 2. Four generations of CAR-T-cell construction.

girl named Emily with relapsed acute lymphoblastic leukemia

(ALL). CAR-T immunotherapy saved the girl’s life and drew the

world’s attention. Emily has so far survived for 9 years without

relapse.

However, CAR-T immunotherapy currently has the following

shortcomings. First, CAR-T therapy is not as effective for solid tu-

mors as it is for hematological tumors. Numerous studies have

demonstrated that CAR-T-cell effectiveness is weakened due to

poor infiltration of CAR-T cells into solid tumor cells caused by

the tumor microenvironment (TME) and the inadequate traffick-

ing of CAR-T cells. In addition, the efficacy of CAR-T cells is limited

by the diversity of antigens on solid tumor cells [22–24]. Therein,

TME involves various complicated conditions, including hypoxia,

chronic inflammation and immunosuppression. The overproduc-

tion of hypoxia inducible factor (HIF) was shown to play roles in

many signaling pathways of immunosuppression and tumorigen-

esis, including upregulating PD-L1 and enhancing CXCR4/CXCL12

[25]. Inflammatory cytokines, such as IL-4, IL-6, and transform-

ing growth factor-β (TGF-β), appear in large numbers in the TME.

In addition to causing chronic inflammation, these cytokines de-

rived from tumor-associated macrophages (TAMs) help to produce

M2 macrophages and T helper 2 (Th2) cells and in turn promote

cancer [26,27]. Immunosuppression of the TME interferes with

the antitumor response of CAR-T cells via overactivation of check-

points (CTLA-4 and PD-1) [28] and overproduction of immune

suppressor cells (regulatory T cells, Tregs; myeloid-derived sup-

pressor cells, MDSCs; TAMs) [29–32]. The second shortcoming is

the severe CAR-T therapy-associated toxicities. Of these toxicities,

cytokine release syndrome (CRS) and CAR-T-related encephalopa-

thy syndrome (CRES) occur most frequently [33–36]. It has been

demonstrated that CRS is caused by a large number of proinflam-

matory cytokines secreted by activated T cells [37]. Patients suf-

fering from CRS usually present with constant fever, myalgia, hy-

potension and respiratory disorders [38]. Based on the rationale

of CAR-T immunotherapy, CRS is almost unavoidable and mani-

fests in various forms and degrees in different patients. Compared

to that of predictable CRS, the mechanism of CRES remains un-

clear. We need to be vigilant about CRES when headache, delir-

ium, or epilepsy symptoms present in patients [38]. CRES can oc-

cur either secondary to CRS or independently. Studies have re-

ported that cytokines and CAR-T cells are found in cerebrospinal

fluid [39,40]. Parker et al. found that compared with treatments

targeting other proteins on the surface of B cells, neurotoxicity

occurred more frequently in immunotherapy with anti-CD19 [41].

Their findings further inferred that, in addition to B cells, other

cells expressing CD19, such as blood–brain barrier cells, cause neu-

rotoxicity. Despite updated guidelines regarding CAR-T therapy tox-

icities [42], severe toxicities bring patients sequelae, such as B-

cell aplasia, hypogammaglobulinemia [43,44], or even death. For

these reasons, toxicity has always been a key concern in CAR-T

immunotherapy.

Considering these findings, a new approach should be intro-

duced into CAR-T-cell manufacturing. Nanotechnology has devel-

oped very rapidly in recent years. Compared with being used

alone, many traditional drugs and treatments combined with nan-

otechnology have emerged with better efficacy and lower toxicity.

Importantly, among the many nanotechnologies, nanoparticles pos-

sess unique qualities, including a large surface area, high deforma-

bility, good biocompatibility, photothermal effect and so on. Com-

pared with traditional drugs and treatments, nanotechnology can

significantly improve the properties of drugs to increase the drug

concentration in target organs and decrease the biodistribution in

healthy tissues, prolong drug retention at the tumor site via the

enhanced permeability and retention effect (EPR) [45–47], mimic

conditions in vivo, and so on. These benefits have contributed to

the combination of nanotechnology and CAR-T immunotherapy in-

creasingly appearing in various studies. Herein, based on the litera-

ture review and recent results in this field, we focus on the follow-

ing areas: (1) construction of CAR; (2) transfection of T cells; (3)

expansion of CAR-T cells in vitro; (4) modification of CAR-T cells;

and (5) visual monitoring of CAR-T cells in vivo.

2. Nanotechnology used in the construction of CAR

In the construction of CAR, the most commonly used nanotech-

nology is nanosized scFv, and replacing scFv with nanobody is

one of the most studied methods. Nanobody, also called the vari-

able domain of heavy chain of the heavy-chain antibody (VHH),

is a camelid-derived heavy-chain antibody fragment without the

CH1 domain and light chain (Fig. 3A) [48,49]. Compared with tra-

ditional scFvs, nanobodies are smaller, more stable and less im-

munogenic and comparable in affinity and specificity [50–52]. In

the construction of CAR, nanobodies can avoid misfolding and ag-

gregation of scFvs that will cause overexpression of cytotoxic sig-

naling, which in turn leads to early T-cell exhaustion [53,54]. Fur-

thermore, nanobodies bring enhanced tissue penetration to CAR-T

cells, which is beneficial to CAR-T therapy for solid tumors (Fig.

3B) [55–57]. Because of these advantages, nanobodies are easy to

mass produce, such as generation from Escherichia coli or yeast

[58]. To date, multiple studies referring to nanobody-based CAR-T

cells have been listed in Table 1.

2.1. Conventional nanobody-based CARs

Research on nanobody-based CAR-T cells had already begun

before CAR-T therapy was launched [59–61]. In 2008, Bakhtiari
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Fig. 3. (A) Difference between nanobody and scFv. Reproduced with permission [49]. Copyright 2022, Springer Nature. (B) Nanobodies applied in the construction of various

CARs. Reproduced with permission [57]. Copyright 2021, MDPI.

Table 1

Nanobodies in CAR construction.

Extracellular domain Transmembrane domain Intracellular domain Cancer Type Refs.

Target Hinge Costimulatory Signaling

MUC1 IgG3/Fcγ RII CD28 CD28/CD28-OX40 CD3ζ Breast cancer Mono [59,60,62]

TAG-72 IgG3 CD28 CD28/CD28-OX40 CD3ζ Breast/colon cancer Mono [61]

NBP IgG1 CD28 CD28 CD3ζ Prostate cancer Mono [64]

EIIIB CD8α CD8α CD28 CD3ζ Melanoma Mono [65]

VEGFR2 IgG1 CD28 CD28 CD3ζ Renal cancer Mono [66]

HER2 IgG3 CD28 CD28/CD28-OX40 CD3ζ Breast cancer Mono [67]

CD38 CD8α CD8α 4–1BB CD3ζ MM/Burkitt Mono [68]

BCMA CD8α CD8α 4–1BB CD3ζ MM Mono [69,77]

CD20 CD8α CD8α 4–1BB CD3ζ Lymphoma Mono [70]

CD22 CD8α CD8α 4–1BB CD3ζ Lymphoma Mono [71]

CD33 CD8α CD8α 4–1BB CD3ζ AML Mono [70]

Glypican-2 CD8α CD8α 4–1BB CD3ζ Neuro-blastoma Mono [63]

CD7 IgGFc CD8α 4–1BB/CD28 CD3ζ ALL/Lymphoma Mono [72,73]

CD72 CD8α CD8α 4–1BB CD3ζ ALL Mono [74]

CDH17 IgG4 CD8α 4–1BB CD3ζ Pancreatic/gastric cancer Mono [75]

CD105 CD8α CD8α 4–1BB CD3ζ Hepatic cancer Mono [76]

CD19/CD20 IgG4 CD8α 4–1BB CD3ζ Lymphoma Bispecific [79]

CD20/HER2 IgG1 CD28 CD28 CD3ζ ALL Bispecific [78]

EGFR CD28 CD28 CD28 CD3ζ Skin cancer Universal [81,82]

and colleagues first reported the application of nanobodies in

the construction of CARs [62]. In their study, the encoding se-

quence of the nanobody targeting MUC1 was integrated into

chimeric receptor genes instead of scFv and successfully expressed

on the surface of Jurkat cells. In the in vitro experiment, ly-

sis of MCF7 cells was observed in the coculture with receptor-

grafted Jurkat cells, whereas no similar result was found in the

coculture with non-transfected and control vector-transfected Ju-

rkat cells. In addition, compared with non-transfected and con-

trol vector-transfected Jurkat cells, receptor-grafted Jurkat cells

were shown to secrete more IL-2. However, there were no

in vivo experiments and no comparison between nanobody-

based CAR and scFv-based CAR on efficacy and safety in this

study.

Li et al. demonstrated that nanobody-based CAR-T cells could

inhibit tumor growth in mice with neuroblastoma in a study tar-
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geting glypican-2 [63]. They isolated anti-glypican-2 single-domain

antibody fragments to link to the transmembrane region and gen-

erated glypican-2-specific CAR. In an in vivo experiment, they built

a neuroblastoma mouse model with disseminated tumor lesions

surrounding the spine and bones, and after injection of glypican-

2-specific CAR-T cells, they found that metastatic tumors were ef-

fectively suppressed, and half of the mice were tumor-free. The ex-

cellent results of the in vivo experiments indicated that nanobody-

based CARs are very competitive candidates for clinical use. Addi-

tionally, many conventional CAR-T therapy targets, including CD38,

CD30, CD20, and HER2, have been successfully nanomodified, and

have shown good efficacy in the in vivo and in vitro experiments

[64–76].

Furthermore, nanobody-based CAR-T therapy has already been

applied to clinical trials. Han and coworkers published the re-

sults of a clinical trial regarding the safety and efficacy of anti-

BCMA nanobody-based CAR-T therapy in patients with multiple

myeloma (MM) in 2020 (NCT03664661) [77]. A total of nine pa-

tients with relapsed/refractory MM were included in the trial. Dur-

ing a median follow-up of 9.8 months, six patients achieved strin-

gent complete response (CR), two achieved very good partial re-

sponse (VGPR) and one showed a minimal response. Regarding

toxicity, no CRES was observed, and grade 1 CRS was observed in

four patients, grade 2 CRS was observed in two patients, grade 3

CRS was observed in only one patient, and no CRS was observed

in two patients. It seems that anti-BCMA nanobody-based CAR-

T therapy has good efficacy and safety in patients. Another reg-

istered clinical trial of CAR-T therapy for relapsed/refractory MM

has also been launched in China (NCT03661554). This BCMA CAR

comprises a BCMA nanoantibody, a CD8 strand region, a trans-

membrane region and 4–1BB costimulatory domain, and a CD3−
T-cell activation domain, aiming to overcome the disadvantages

of conventional CAR-T therapy for hematological tumors. The lat-

est clinical data from the trial are not currently available, how-

ever. There are currently no studies comparing scFv-based CAR-

T cells with nanobody-based CAR-T cells. Despite the theoreti-

cal advantages of nanobody-based CAR-T cells compared to tra-

ditional CAR-T cells, we did not know which one was better in

experiments or used in patients. Thus, further study on the ad-

vantages and disadvantages of these two CAR-Ts is needed in the

future.

2.2. Advanced nanobody-based CAR

In addition to the single-target CARs mentioned above, some

advanced CARs based on nanobodies have been developed and

studied, such as bispecific CARs and universal CARs. Compared

with traditional CARs, bispecific CARs are more specific and less

prone to the on-target, off-tumor effect. However, because of the

large size and ease of aggregation, scFv is not applicable for the

construction of bispecific CAR. The advent of nanobodies can very

well improve the situation. Munter et al. utilized nanobodies to

design a bispecific CAR targeting CD20 and HER2 [78]. They sub-

stituted a tandem of two nanobodies for scFv and successfully ex-

pressed it on the surface of Jurkat cells. However, in the in vitro ex-

periments, the advantages of bispecific nanobody-based CAR cells

were not shown. Compared with anti-CD20 or anti-HER2 CAR-

T cells, bispecific CAR-T cells did not exhibit higher efficacy and

affinity in either cytokine secretion or cytotoxicity assays. Addi-

tionally, as a result of only in vitro experiments, the safety and

efficacy of the bispecific CAR-T cells in vivo were not assessed.

Wang et al. subsequently designed another bispecific nanobody-

based CAR-T targeting CD19 and CD20 [79]. In this study, anti-

CD19 and anti-CD20 nanobodies were incorporated into basic CARs

in a tandem fashion. Compared to mock cells, bispecific CAR-T

cells exerted better tumor-killing effects on K562, Daudi, and hu-

man primary ALL cells in the cytotoxicity assay. However, as the

study did not involve at comparison with CD19 or CD20 CAR-T

cells and in vivo experiments, we did not know about the supe-

riority and safety of the bispecific nanobody-based CAR-T cells.

According to the limited studies available, bispecific nanobody-

based CAR-T therapy still has a long way to go for clinical use.

Nevertheless, bispecific nanobody-based CAR-T therapy remains a

promising method for enhancing efficacy and reducing toxicity,

and the authors also believe that optimally designed bispecific

nanobody-based CAR-T cells could perform well in the treatment of

tumors.

Universal CAR is a platform for retargeting T cells to TAAs. Un-

like traditional CARs, the extracellular domain of a universal CAR

does not recognize a certain antigen of the tumor but the short

peptide epitope used as the target module tag, which could re-

duce side effects and simplify the preparation process of CAR-

T cells [80]. Albert and colleagues developed a nanobody target-

ing epidermal growth factor receptor (EGFR) based on a univer-

sal CAR platform [81,82]. The EGFR-targeted nanobody was linked

to E5B9, an epitope of universal CAR-armed T cells, and suc-

cessfully redirected to EGFR+ tumors. In the cytotoxicity and cy-

tokine release experiments, the universal CAR performed better

than the α-EGFR target module. In the in vivo experiment, the

universal CAR-T cells exerted an excellent antitumor effect. Eight

days after administration, the luciferase activity of the mice re-

ceiving the universal CAR-T therapy was not detected via an in

vivo imaging system (IVIS), while the luciferase activity of the

mice in the control group was easily detected. The study demon-

strated that apart from scFvs, nanobodies were used for the

generation of target modules to redirect universal CAR-T cells,

which opens up new ideas for novel CAR-T development based

on a universal CAR-T-cell platform. In summary, the advantages

of nanobodies for CAR-T have been shown in animal experi-

ments, but further studies are needed to clarify their effects in

humans.

3. T-cell transfection with nanotechnology

3.1. Advantages and disadvantages of current T-cell transfection

techniques

Transferring cargo into T cells is the first major step of CAR-

T-cell manufacturing. The efficiency of transfection affects the ef-

fectiveness of the subsequent CAR-T therapy. Transfection with vi-

ral vectors and electroporation are the two transfer methods cur-

rently approved by the FDA [83]. Therein, the viral vector is the

most commonly used transfection technology, including lentivirus

and retrovirus [84]. Lentivirus and retrovirus vectors that have in-

herently low immunogenicity enable CAR genes to integrate into

the T-cell genome and sustain expression [85,86]. Overall, statistics

showed that approximately 54% of CAR-T cells were produced with

lentiviruses and 41% with retroviruses [87]. Nevertheless, transfec-

tion with viral vectors has weaknesses. There are, for instance, re-

ports of increasing risk of oncogenesis and lower cell viability dur-

ing viral vector transfection [88–90]. Multiple genes are also not

codelivered by viral vectors. Additionally, delivery of the large CAR

gene is reluctant for viral vectors due to their packaging size hav-

ing an upper limit [91]. Usually, a base pair longer than 7–15 kbp

is not allowed [92,93].

Electroporation is the second FDA-approved method that has

been in development for over 30 years. Electroporation can trans-

port cargo, mainly mRNA and plasmids, through pores on the

membrane transiently formed by high voltages, except for nu-

cleotides [94,95]. Moreover, different species of cargo can be si-

multaneously transported by electroporation [83,96]. Similar to

viral vectors, however, electroporation cannot deliver large CARs
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Table 2

Overview of nanoparticles used in T-cell transfection.

Materials Category Remarks Refs.

Poly(β-amino ester) Cationic polymer Polymers with MTAS and NLS facilitated fast-track

nuclear import of genetic cargo, and simplified storage

and reduced cost of T-cell transfection.

[105]

mPEG-bPEI-PEBP Cationic polymer The PEBP and mPEG parts as hydrophobic and

hydrophilic interfaces self-assembly into micelles;

interaction of PEI with DNA helps to cross the membrane.

[119]

Ad-PAMAM and CD-PEI Cationic polymer Efficient transfection and low cytotoxicity of plasmid

DNA-loaded self-assembled nanoparticles prepared from

Ad-PAMAM and CD-PEI in a simple manufacturing

process.

[120]

pHEMA-g-pDMAEMA Cationic polymer Transfection with efficiencies up to 50% and minimal

concomitant toxicity (>90% viability).

[109]

Polydopamine Polymer Transiently permeabilizes cells via nanoparticle-sensitized

photoporation; 2.5 times more living transfected T cells

than electroporation.

[123]

Imidazole-based lipoid Lipoid Synthesized based on lipid screening libraries; the effect

of lipoid structure on the efficacy of transfection.

[131]

PEG/cholesterol/phospholipid Ionizable lipid The mRNA-coated C14–4 with an equal level of

transfection to electroporation and lower cytotoxicity.

[132]

[83]. Electroporation can also decrease cell viability and the ef-

ficiency of transfection and impair the antitumor effect of CAR-T

cells [83,97,98]. Importantly, the expression of CAR via electropo-

ration is transient, which requires the prepared CAR-T cells to be

reinfused as soon as possible.

In recent years, the transposon system has also been explored

for T-cell transfection in CAR-T-cell manufacturing [99–101]. In the

presence of transposase, terminal inverted repeats (TIRs) are bound

and mobilize DNA flanked by TIRs [102]. Compared to viral vec-

tors and electroporation, the transposon system can generate sta-

ble transgenes with less toxicity but is not as efficient [103,104].

As a result of these issues, nanotechnology is starting to be used

for T-cell transfection.

3.2. T-cell transfection with nanoparticles

Nanoparticles, as vectors enveloped with cargo, are one of the

most common nanoforms for penetrating cell membranes. It has

been demonstrated that nanoparticles can deliver genes or pro-

teins into human T cells to increase the efficiency of transfection,

avoid immunogenicity, and enhance cancer-killing activity [105–

107]. While nanoparticles deliver cargo across the cell membrane

via endocytosis or membrane fusion [108], the exact mechanism

remains unclear. Generally, cationic nanoparticles are attached to

sulfated proteoglycans on the T-cell membrane and enter the cell

[109–111]. Then, the nucleic acid cargo is released after endosomal

escape and enters the host nuclear membrane via nuclear uptake

[112].

Due to the characteristics of high customizability [113], low

cost [114], and single route [115,116], research on nanoparticles in

T-cell transfection is now very prevalent (Table 2). The polymer

is one of the most commonly used nanoparticles. Tyrel et al.

reported that CAR genes could be imported into the nuclei of T

cells with the help of biodegradable poly(β-amino ester) nanopar-

ticles. These nanoparticles were functionalized with peptides

containing microtubule-associated sequences (MTAS) and nuclear

localization signals (NLS) via the microtubule transport machinery

[105]. Despite the comparable treatment results of traditional

viral vectors in the in vivo experiments, the nanoparticles sim-

plified storage and reduced cost. Researchers further found that

the cationic polyethyleneimine (PEI) polymer interacts with the

phosphate backbone of DNA to form a PEI-DNA complex that

crosses the cell membrane and delivers loaded DNA into the cell

[117,118]. Using the property of PEI, Fan and colleagues designed

a three-segment amphiphilic copolymer, methoxy poly(ethylene

glycol)-branched polyethyleneimine-poly(2-ethylbutyl phospho-

lane) (mPEG-bPEI-PEBP) with PEI [119]. This polymer could

transport CARs into Jurkat cells with approximately 25% transfec-

tion efficiency. Yu and coworkers took the approach a step further.

They used adamantane-grafted polyamidoamine (Ad-PAMAM)

dendrimers and cyclodextrin-grafted branched polyethylenimine

(CD-PEI) to construct a self-assembled nanoparticle, which

exhibited efficient gene transfection and low cytotoxicity in Ju-

rkat cells and a relatively simple manufacturing process [120].

Poly(2-dimethylaminoethyl methacrylate) (pDMAEMA) is another

common cationic polymer similar to PEI. pDMAEMA promotes

electrostatic binding to the negative cell membrane and is taken

up into cells and then internalized [121,122]. Olden and cowork-

ers have researched a series of pDMAEMA. They synthesized a

panel of polymers that can carry large plasmids and found that

comb- and sunflower-shaped poly(hydroxyethyl methacrylate)-g-

poly(2-dimethylaminoethyl methacrylate) (pHEMA-g-pDMAEMA)

polymers could significantly increase gene transfer efficiency by

up to 50% in Jurkat cells and 18%−25% in primary human T

cells, respectively, with high viability (Fig. 4A) [109]. Additionally,

nanoparticle-sensitized photoporation is an efficient method to

open pores on the cell surface, allowing external cargo to then

enter the cell. Recently, Harizaj and colleagues successfully trans-

fected mRNA into HeLa, Jurkat and human T cells by exploiting the

photosensitive properties of biodegradable polydopamine nanopar-

ticles, which could transiently permeabilize cells, and achieved

2.5 times more living transfected T cells than electroporation

(Fig. 4B) [123]. This technology, which exploits the photother-

mal properties of polymers, can efficiently produce therapeutic

engineered T-cells at a throughput easily exceeding 105 cells

per second.

Apart from polymers, lipid nanoparticles are another commonly

used type of nanovector. Lipid nanoparticles are often used for

the delivery of nucleic acids due to their excellent abilities to

concentrate large nucleic acid molecules and block the degrada-

tion of nucleic acids caused by widely available nucleases [124–

126]. There have been reports that lipid nanoparticles enveloped

with siRNA have efficiently entered dendritic, Jurkat, and natu-

ral killer (NK) cells [127,128]. Based on established construction

protocols, lipidic vectors for gene transfection are determined by

screening libraries of lipids, modifying current existing lipid ma-

terials, and developing new materials [129]. With the advance-

ment of nanomaterials, lipid nanoparticles have evolved to the
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Fig. 4. Different nanotechnologies for T-cell transfection. (A) Cationic polymers for gene delivery to human T cells. Reproduced with permission [109]. Copyright 2018,

Elsevier. (B) Schematic of polydopamine-sensitized photoporation for the delivery of mRNA into cells. Reproduced with permission [123]. Copyright 2021, Wiley. (C) Schematic

of the components used to generate lipid nanoparticles (LNPs) via microfluidic mixing. Reproduced with permission [132]. Copyright 2020, American Chemical Society. (D)

Bioorthogonal PEI-DBCO/azide–glucose system in CAR-T-cell manufacture and immunotherapy. Reproduced with permission [137]. Copyright 2019, Wiley.

point where there is no need to balance the charges of con-

stituent compounds for effective and efficient delivery into cells.

Lipid nanoparticles can also present a shell without a lipid bilayer

[130].

The lipidoid, a subtype of lipid nanoparticle that can be eas-

ily prepared, shares many of the physicochemical properties with

the lipid. Thus, lipidoids can also independently deliver nucleic

acids. One study reported that a lipoid containing imidazole group

delivered mRNA into mouse T cells, resulting in 8.2% of gene-

recombined cells being harvested [131]. This lipidoid was syn-

thesized based on lipid screening libraries. Researchers thought

the low efficacy was the result of the nanoparticle structure, es-

pecially the amine head part. Nonetheless, the authors believed

that the nanoparticle has great potential for cell transfection after

process optimization. Ionizable lipids are another subtype of lipid

nanoparticles that can change the cell surface charge according to

the environmental pH and have a certain ability to self-assemble.

Billingsley and colleagues screened out an ionizable lipid nanopar-

ticle, C14–4, with the B-10 formulation, and the mRNA-coated C14–

4 was delivered to primary human T cells with an equal level

of transfection to electroporation and lower cytotoxicity (Fig. 4C)

[132,133]. Furthermore, the CAR-T-cell engineering method elicited

similar antitumor activity against ALL cells in vitro as electropora-

tion or lentiviral vectors. Given that the nanoparticle was prepared

as a clinically approved precursor, the manufacturing of CAR-T cells

can be utilized soon. Nanotechnology, especially the nanoparticles,

is now very mature, and it also develops very rapidly in the field

of T-cell transfection. Currently, a nanoparticle platform from Tidal

Therapeutics is used for preclinical development [134]. Further-

more, Alnylam’s Onpattro, a lipid nanoparticle platform, has been

approved by the FDA for mRNA delivery [135].

3.3. T-cell transfection with combined methods

Nanotechnology combined with conventional transfection

methods, including viral vector or electroporation, could also

improve CAR-T-cell manufacturing. It was demonstrated that

bioorthogonal chemistry can selectively link two biological

molecules without interfering with other components [136]. Af-

ter complementary bioorthogonal motifs are anchored on the

surface of viruses and T cells, bioorthogonal chemistry can fa-

cilitate the binding of viruses and T cells, which significantly

improves the success rate of viral transfection into T cells. Pan

et al. reported that bioorthogonal chemistry was utilized to

achieve high-efficiency viral transduction into human primary T

cells [137]. The researchers anchored azide motifs on the T-cell

surface as ligands and then coated the lentiviral surface with

the complementary functional moiety dibenzocyclooctyl (DBCO)-

conjugated PEI1.8 K (PEI-DBCO) so that the virus coupled with T

cells as a nanocomplex via DBCO/azide bioorthogonal chemistry

(Fig. 4D). The virus–T-cell interaction helped the lentivirus in-

crease transduction efficiency from 20% to 80%, without affecting

T-cell function. Tay and coworkers combined nanomaterials and

electroporation to improve the transfection of a relatively large

DNA plasmid (12.5 kbp) into human primary T cells [138]. The

researchers developed a platform called nano-electro-injection

(NEI) that uses highly localized electric fields created by high

aspect-ratio nanostructures to transiently form pores on the mem-
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brane and directly inject mRNA or DNA. The findings showed a

stable net transfection efficiency (efficiency× viability) of 50% in

the absence of cell selection, and the researchers thought that

NEI was a powerful transfection technique that allows for mass

production of engineered T cells at a low cost with a short time

frame.

In addition, nanocarriers can deliver DNA efficiently and pre-

cisely, and facilitate the endosomal escape of DNA [139]. Zheng

et al. combined the polymeric nanomicelle carrier with electro-

poration and the transposon system to transport the CAR gene

into primary human T cells [140]. The researchers developed

novel stimuli-sensitive cationic nanomicelles based on the block

copolymer of methoxy poly(ethylene glycol)-poly(l-aspartate-

aminoethyl-disulphide-g-heptafluorobutyric) (mPEG-P(Asp-AED-g-

HFB)), denoted PAEF, to efficiently deliver and release DNA to the

expected site. PAEF carried the piggyBac transposon containing the

CAR gene in target cells with the help of electroporation, which

promoted persistent expression of the transgene (up to 55%). With

the widespread use of CAR-T immunotherapy, increasingly high

transfection efficiency is needed. The methods mentioned above

can work in this regard.

4. Expansion of CAR-T cells by nanotechnology

4.1. Expansion of CAR-T cells by gel-like nanomaterials

CAR-T cells are massively expanded to meet the requirements

for reinfusion into the body. Three proven and good manufacturing

practice (GMP)-compliant culture systems: WAVE bioreactor [141–

144], CliniMACS Prodigy culture system [145], and G-Rex biore-

actor [141,146,147], are currently used the most to expand ther-

apeutic T cells. However, the first two damage cells due to hy-

drodynamic stresses during production [142,148,149], while the

latter has no hydrodynamic stresses but a lower capacity [146].

Nanotechnology, especially nanomaterials, can alleviate these

deficiencies.

Gel-like materials with unique physical properties have been

demonstrated to significantly reduce hydrodynamic stresses and

increase the cell expansion capacity. Lin and coworkers demon-

strated that T cells were expanded substantially in microscale al-

ginate hydrogel tubes [150]. In the study, T cells were suspended

in a tube that had no hydrodynamic stresses so that cells with a

high growth rate, low DNA damage, high cell viability, and high

yield were harvested. Given the simplicity, low cost, excellent com-

patibility, and automation of the expansion system, a miniature de-

vice for automated T-cell production is possible in the future. Apart

from alginate hydrogels, other gel-like materials composed of fibrin

can promote the mass expansion of T cells. Coon et al. used mag-

netron sputtering to fabricate a nitinol-thin-film-coated fibrin gel

where CAR-T cells fostered rapid expansion. After the film loaded

with CAR-T cells was implanted into the tumor tissue, high den-

sities of CAR-T cells exerted powerful antitumor effects [151]. Cur-

rently, CAR-T cells expanded by this method are used for the local

treatment of solid tumors; further research is needed to achieve

systemic reinfusion.

4.2. Expansion of CAR-T cells by mimicking the T-cell environment in

vivo

Nanomaterials have also been used to mimic the T-cell in

vivo environment to promote the expansion of CAR-T cells. In-

teraction of antigen-specific lymphocytes with antigen-presenting

cells (APCs) can effectively promote T-cell activation and expan-

sion. Fadel et al. employed a carbon nanotube-polymer compos-

ite (CNP) as an artificial APC to perform environmental simula-

tions [152]. CNP was assembled from a neutravidin-absorbed car-

bon nanotube, biotinylated T-cell stimuli (MHC-Ⅰ and αCD28), and

loaded poly(lactic-co-glycolic) acid (PLGA) nanoparticles that en-

capsulated IL-2, biotin and magnetite. Due to many surface de-

fects and a pronounced aspect ratio, CNP could enhance the in-

teraction of cells. Utilizing CNPs, Fadel and colleagues expanded

T cells in vitro comparable to clinical standards with 1000-fold

less soluble IL-2. Moreover, in a mouse model of melanoma, the

expanded T cells significantly slowed tumor progression. In addi-

tion, Cheung and coworkers designed a system that mimics nat-

ural APC [153]. The system consists of a fluid lipid bilayer sup-

ported by mesoporous silica microrods formed at a high aspect

ratio that absorb cytokines and antibodies to stimulate T-cell ex-

pansion. The scaffold enabled a 5-fold expansion of CD19 CAR-

T cells compared to commercial expansion beads (Dynabeads),

with similar efficacy in the lymphoma model. The biomimetic

application of nanomaterials minimizes toxicity while expanding

CAR-T cells. In the future, nanobionics is a good direction for

CAR-T therapy.

5. Modification of CAR-T cells by nanotechnology

5.1. Enhanced efficacy of CAR-T cells by nanotechnology

5.1.1. Difficulties with CAR-T therapy efficacy

Despite the great success of CAR-T cells in the treatment of

hematological tumors, CAR-T immunotherapy for solid tumors re-

mains a challenge. Compared to hematological tumors, solid tu-

mors must overcome more difficulties in CAR-T therapy, such as

a few CAR-T cells trafficking to the tumor lesion [22], heteroge-

neous antigens on tumor cells [154], and immunosuppression of

the TME (Fig. 5) [155,156]. CAR-T cells reaching the tumor foci are

associated with chemokines, such as CXCL-9, CXCL-10, and CXCL-

11 [157]. It was demonstrated that, in many human cancers, a

few T cells infiltrated solid tumor foci due to the mismatch be-

tween chemokines from tumor cells and CAR-T cells [158,159].

Additionally, some studies have shown that an inhibitory path-

way involving the A2A adenosine receptor (A2AR) on the sur-

face of activated T cells is one of the underlying mechanisms for

T-cell loss of function, in both solid and hematological tumors

[160–162]. Importantly, the TME prevents CAR-T cells from con-

tacting tumor cells through dense tissues on the one hand and

inhibits the cytotoxic effect of CAR-T cells by changing the lo-

cal physiological conditions (e.g., hypoxia, low pH, immunosup-

pression) on the other hand [163]. Moreover, the antigen on solid

tumor cells is more complex than that on hematological tumor

cells. Therefore, conventional CAR-T cells do not work well in

solid tumors.

In hematological tumors, CAR-T immunotherapy also faces fail-

ure caused by antigen escape or lineage switching, which con-

tributes to relapse with unclear specific mechanisms [164–168].

Available CAR-T products showed that non-expression of CD19

and low expression of CD22 were detected in 11%−25% and

66% of relapsed patients, respectively [44,169–173]. In addition to

the above factors, studies have suggested that excessive MDSCs

may aid the immune escape of acute myeloid leukemia (AML)

via PD-L1 binding to PD-1 expressed on CAR-T cells [174,175].

Due to the disappointing solid tumor outcomes and relapsed

hematologic tumors after CAR-T therapy, many innovative ap-

proaches, including oncolytic viruses [176–179], genome editing

[180–185] and various nanotechnologies [186–188], have been de-

veloped in CAR-T-cell manufacturing to enhance antitumor effect.

Here, we primarily reviewed nanotechnologies that enhance CAR-T

immunotherapy.
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Fig. 5. Difficulties with CAR-T immunotherapy.

Table 3

Overview of nanoparticle-loaded drug delivery in CAR-T therapy.

Types Materials Size (nm) Loaded drugs Target Cancer Ref.

Liposome Egg phosphatidylcholine/cholesterol/PEG

(2000)-PE/iRGD-SH/DSPE-PEG-maleimide

/ PI-3065/7DW8-5 Treg cell/CAR-T cell Breast cancer [195]

DOPC/DOPG/MPB-PE / SCH-58261 A2A adenosine Ovarian cancer [196]

Lipids DOTMA/DOPE 200∼320 RNA vaccine CLDN6 Ovarian cancer [186]

Nanoparticle Alginate/Dextran 250 anti-PD-1 Treg cell/T cell Menaloma [197]

Platelet/Maleimide linker / anti-PD-L1 Tumor cell/APC Breast cancer [198]

BPLP-PLA 147 DOX IL13Rα2 Glioblastoma [189]

Archaeal ferritin / / TfR1 Cervical Cancer [190]

Amino-functionalized polystyrene 152.8 αFc/αPD-1/αPD-L1/mAb Tumor cell/CD8+ T cell Menaloma/breast

cancer

[191]

PLGA 250 DNA/anti-CD3/anti-CD28 CD3/CD28 ALL [192]

FITC-PEG–DSPE / Vaccine Car-T cell Glioma [193]

PLGA/PEG 370 SD-208 PD-1 Menaloma [194]

DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PEG(2000)-PE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; DOPC: 1,2-

dioleoyl-sn-glycero-3-phosphocholine; DOPG: 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt; MPB-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-

(p-maleimidophenyl)butyramide; BPLP: biodegradable photobleaching-resistant fluorescent polymer; PLA: polylactide; DOTMA: 1,2-di-O-octadecenyl-3-trimethylammonium

propane; DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; TfR: Transferrin receptor; DOX: Doxorubicin; mAb: monoclonal antibody.

5.1.2. Enhanced efficacy of CAR-T cells by drug-loaded nanoparticles

Nanoparticles are used widely in CAR-T immunotherapy. In

addition to promoting T-cell transfection, nanoparticles improve

the antitumor effect of CAR-T cells in various ways. Drug-loaded

nanoparticles are most commonly used (Table 3). These drug-

loaded nanoparticles are used to reverse immunosuppression by

disrupting cytokines and immunosuppressor cells scattered in the

TME [189–194]. Zhang et al. developed a nanoparticle loaded

with a tumor-targeting peptide, PI3K inhibitor, and T-cell stim-

ulant that could improve the suppression of the TME and con-

tinuously activate T cells. In a mouse model of breast cancer

infused with drug-loaded nanoparticles, CAR-T cells had an en-

hanced ability to infiltrate tumors and expand; the immuno-

suppressed state of the TME was also reversed. Compared with

conventional CAR-T immunotherapy, this sequential CAR-T ther-

apy based on nanoparticle-loaded drugs doubled the overall sur-

vival [195]. Researchers have also conducted studies to address

the current issues of CAR-T therapy for hematologic tumors. Siri-

won et al. reported that adjuvant drug-loaded cross-linked multil-

amellar liposomes (cMLVs) were maleimide-functionalized to the

surface of CAR-T cells to enhance the efficacy of CAR-T therapy

[196]. The cMLV loaded with the A2AR-specific small molecule

antagonist, SCH-58261 (SCH), blocked the inhibition of adeno-

sine on CD4+ and CD8+ T cells. In the K562 cell line experi-

ment, it was demonstrated that this drug delivery system could

efficiently transport drugs to the TME and rescue hypofunctional

CAR-T cells. In addition to conventional forms, nanoparticles com-

bine with drugs in other forms. Wang et al. synthesized mi-

croneedle patch-coupled anti-PD-1 antibodies for the treatment

of melanoma. The microneedle is composed of biocompatible

hyaluronic acid integrated with pH-sensitive dextran nanoparti-

cles. Under acidic conditions, nanoparticles degrade and contin-

uously release anti-PD-1 antibodies and thus improve the TME

and T-cell trafficking [197]. In another study, Wang and cowork-

ers conjugated PD-L1 antibodies with platelet-derived micropar-

ticles, and then T-cell trafficking was improved. The researchers

also found that PD-L1 siRNA coated with folic-acid-modified PEI

could reduce the expression of PD-L1 on the surface of tumor

cells and enhance the contact between T cells and tumor cells

in vitro [198].
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Table 4

Overview of hydrogels for cargo delivery in CAR-T therapy.

Hydrogel Materials Cargo Cancer Characteristics Refs.

i-G/MCs Alginate HEMOXCell/IL-15/CAR-T cell Ovarian cancer Improvement of

hypoxic TME

[214]

LVHydrogel Hyaluronic acid CAR-T cell Glioblastoma Low viscosity and

suspension of cell

[212]

Chitosan-PEG hydrogel Chitosan IL-15/CAR-T cell Retinoblastoma In situ gelling of tumor

and IL-15 restriction

[206]

CAR-T-P-aPDL1@gel Hyaluronic acid IL-15/anti-PDL1/CAR-T-cell Melanoma Enhanced distribution

of CAR-T cells and

platelet activation

[213]

MXene@hydrogel Agarose MXene nanosheet/DOX Melanoma Smart hydrogel-based

drug delivery system

[207]

Nanogel NHS-SS-NHS/H2N-PEG10K-

NH2/PEG5K-PLL33K

IL-15 Melanoma Higher doses of

cytokine without

toxicity

[260]

DOX@Gel mPEG DOX Melanoma Reprograming TME [208]

TSP PEGDA/GelMA IL-2/T-cell / Manipulation of TME [209]

Fibrin gel Fibrin CAR-T-cell Glioblastoma In situ gelling of fibrin

and local delivery

[210]

Gel-IFN Hydroxypropyl cellulose IFN-α2b Gastric cancer Stimulation of T cells [201]

GelMA GelMA CAR-T cells Ovarian cancer Spatiotemporal

examination of CAR-T

cell infiltration and

cytotoxicity

[204]

GEL α-cyclodextrin/PEG DOX/CpG Melanoma Regulating TME and

fluorescence imaging

[211]

IL-2/Fc nanogel NHS-SS-NHS/H2N-PEG10K-

NH2/PEG5K-PLL33K

IL-2 Melanoma Promoting

differentiation and

reducing exhaustion of

T cells

[259]

TSP: toroidal spiral particle; IFN: interferon; GelMA: gelatin methacryloyl; PLL: Polylysine; PEGDA: poly(ethylene glycol) diacrylate.

Additionally, some other drug-loaded nanoparticles have been

demonstrated to target immunosuppressive cells around the tu-

mor tissue and have some potential for enhancing CAR-T therapy.

Han et al. designed an M2-like TAM-targeted nanocomplex that

encapsulates baicalin and melanoma antigen Hgp peptide frag-

ments. The complex was loaded with cytosine-phosphate-guanine

(CpG) fragments and conjugated M2pep and α-pep peptides on

the surface based on PLGA nanoparticles as the backbone. The

researchers found that the nanocomplexes were effectively in-

gested by M2-like TAMs in vitro and in vivo, and reversed the M2-

like TAMs into the M1-like phenotype, which could release cy-

tokines and suppress tumor angiogenesis. In tumor-bearing mice,

it was shown that the nanocomplex could retard tumor growth

and further remodel the TME to kill tumor cells [199]. Apart

from TAMs, Treg cells are another very important negative reg-

ulatory target in tumor immune regulation. Ou et al. developed

tLyp1 peptide-conjugated hybrid nanoparticles for targeting Treg

cells in the TME. The hybrid nanoparticle targeted the down-

regulation of Treg cells via inhibition of STAT3 and STAT5 phos-

phorylation. In the in vivo experiment, the researchers observed

enrichment of the tLyp1 peptide-modified hybrid nanoparticles

around the tumor, decreased Treg cells and elevated CD8+ T cells.

Specifically, mice bearing melanoma lived longer after receiving

the nanoparticle combined with the immune checkpoint block-

ade. The authors thought that hybrid nanoparticles targeting Treg

cells could improve antitumor immunotherapy by modulating the

TME [200].

5.1.3. Enhanced efficacy of CAR-T cells by hydrogels

Hydrogels are special materials formed by large amounts of wa-

ter and a cross-linked polymer network. A high water content re-

sults in excellent biocompatibility. Hydrogels can be formed into

almost any size and shape with a high density of internal pores

and a large surface area [201]. As a new type of drug delivery

material, hydrogels are characterized by high efficiency and low

toxicity, prolonged tumor site retention, and customizable physic-

ochemical properties [202,203], all of which can free hydrogels

from the limitations of traditional drug delivery systems. Addition-

ally, hydrogels provide a three-dimensional growth space and spa-

tiotemporal examination of infiltration and cytotoxicity for CAR-T

cells [204]. Many studies have focused on nanoplatform-based hy-

drogels (Table 4).

In 2008, hydrogels were first demonstrated to be excellent car-

riers in immunotherapy [205]. Over the years, hydrogels combined

with CAR-T therapy have also been greatly developed with the sup-

port of nanotechnology [206–211]. Atik et al. recently synthesized

a hyaluronic acid-based low viscosity hydrogel carrier (LVHydro-

gel) [212]. The researchers found that CAR-T-cells are suspended in

the hydrogel without sedimentation, which greatly improves the

efficiency of CAR-T-cell delivery in vivo. Hu and coworkers took

the research a step further. They encapsulated CAR-T cells, IL-15,

and anti-PD-L1 using hyaluronic hydrogel, which efficiently trans-

ported CAR-T cells to target organs but also promoted CAR-T-cell

proliferation in vivo and reduced the immunosuppression of the

TME [213].

Luo et al. designed a more complicated and effective delivery

system [214]. The authors prepared the injectable alginate hydro-

gel and used it to coat CAR-T cells, HEMOXCell (marine extracel-

lular hemoglobin with a high oxygen storage capacity), and IL-15

(i-G/MC). Once contacting tumors, the outer hydrogel layer quickly

degraded. HEMOXCell was released to supply oxygen to reduce im-

munosuppression in hypoxic environments, and IL-15, a potent cy-

tokine that promotes the proliferation and memory of T cells, of-

fered a condition suitable for immunization to enhance the func-

tion of CAR-T cells. The researchers found that iG/MC enabled

drugs to stay in vivo longer and confirmed that, in ovarian cancer

models, the i-G/MC system can significantly improve the survival,

proliferation of CAR-T cells and the effect of tumor-killing (Fig. 6).
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Fig. 6. (A) Schematic of the injectable i-G/MC system for the intratumoral delivery of CAR-T cells. (B) Fluorescence IVIS images depicting the release profiles of molecule

payloads modeling Hemo and IL-15 in vivo. Reproduced with permission [214]. Copyright 2020, American Chemical Society.

Hydrogel is an excellent nano-delivery system that fits well with

CAR-T-cell therapy, and has almost no effect on CAR-T cells them-

self and enhances the efficacy of CAR-T cells to a certain extent.

Considering that hydrogels are easy to prepare, they may be used

on a large scale soon in the future.

5.1.4. Enhanced efficacy of CAR-T cells by photothermal therapy

Many nanomaterials have the photothermal property and this

property can be used to kill tumor cells, which is known as

photothermal therapy (PTT). PTT damages tumor cells based on

the heat generated by photothermal agents that can absorb

near-infrared (NIR) light (650–1350nm) [215–218]. Hyperthermia

(>42 °C) enables cell membrane rupture and DNA chain inhibi-

tion so that tumor cells undergo apoptosis, while healthy tissue

is not significantly affected [219–221]. Tumor cells are more sensi-

tive to heat than normal cells [222], and the tumor-killing mech-

anism does not result in resistance [223,224]. PTT can also stimu-

late the immune system to some extent [225,226]. However, due

to the limited penetration depth for NIR light [227] and reduced

photothermal efficiency after laser irradiation [216], PTT alone has

low efficacy in treating cancer and is generally used in combina-

tion with immunotherapy and nanomaterials [228]. Recent studies

on the combination of CAR-T immunotherapy and nanoplatform-

based PTT are listed in Table 5.

It was demonstrated that nanomaterial-based PTT does en-

hances CAR-T immunotherapy. NIR dye is needed as a photother-

mal agent to trigger the photothermal effect, which is modified

based on nanoplatforms [207,229,230]. Chen and colleagues cre-

ated PLGA nanoparticles loaded with indocyanine green (PLGA-

ICG) as a photothermal agent [231]. In the in vivo experiment,

tumor-bearing mice were injected with PLGA-ICG nanoparticles on

the tumor site and then exposed to infrared radiation and finally

infused with CAR-T cells. Compared to the mice receiving PTT or

CAR-T therapy alone, mice receiving PTT combined with CAR-T

therapy presented with significant suppression of the tumor for up

to 20 days (Fig. 7). The tumor mass was not observable with the

naked eye in two mice.

Other novel nanoparticles are also used as photothermal agents

to trigger the PTT effect and thus enhance CAR-T therapy. Zhu

and coworkers reported that a combination with nanozymes en-
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Table 5

Overview of photothermal therapy combined with CAR-T cells.

Photothermal agent Wavelength (nm) Nanocarrier Cargo Cancer Refs.

ICG 808 PLGA / Melanoma [231]

/ Lymphoma [233]

MXene 808 Agarose gel DOX Melanoma [207]

AuNRs 808 PEG-AuNRs / Lymphoma [229]

IR780 808 MSNs CAR-T vesicle Hepatic cancer [230]

Cu2+ 808 PHCN Granzyme NSCLC [232]

MB 671 MPVs Pt Breast cancer [188]

PDA 800 PDA-Mn2+ Mn2+ Breast cancer/cervical cancer [301]

ICG: indocyanine green; AuNRs: gold nanorods; MB: methylene blue; PDA: polydopamine; MSNs: mesoporous silica nanoparticles; PHCN: hyaluronic acid@Cu2-xS-PEG; MPVs:

nanovesicles; Pt: cisplatin.

Fig. 7. (A) Schematic illustration showing the effects of the mild heating of the tumor. (A) Representative bioluminescence of the WM115 tumors. Reproduced with permis-

sion [231]. Copyright 2019, Wiley.

hances CAR-T therapy for non-small-cell lung cancer (NSCLC) by

remodeling the TME [232]. Nanozymes, as photothermal agents,

were synthesized from the pegylation of Cu2+, S2– and hyaluronic

acid. After laser irradiation, nanozymes induced reactive oxygen

species (ROS) production and damaged the tumor extracellular ma-

trix so that CAR-T cells could effectively infiltrate tumor lesions.

In the NSCLC model, tumor eradication and the overall survival of

nanozymes combined with CAR-T therapy were twice as much as

those of CAR-T therapy alone.

In addition to this sequential administration of PTT and CAR-

T cells, another approach is the conjugation of CAR-T cells with

a nanophotosensitizer via nanoplatforms. Recently, one study re-

ported that CAR-T cells enhanced the efficacy of lymphoma via

bioorthogonal conjugation with a nanophotosensitizer (indocya-
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nine green nanoparticles, INPs) [233]. In this study, researchers im-

mobilized N3 and DBCO on CAR-T cells and INPs, respectively, and

then bound these two by a click chemistry reaction (CT-INPs). CT-

INPs successfully elicited a photothermal effect upon stimulation

with an NIR laser, which disintegrated the protective barrier of the

solid tumor and boosted CAR-T therapy. The CAR-T biohybrid cre-

ates an immunologically active TME conducive to the behavior of

CAR-T cells.

5.2. Mitigation of CAR-T therapy toxicity by nanomaterials

5.2.1. Current status of CAR-T-cell toxicity treatment

Cytokines play a vital role in CAR-T therapy-associated toxicities

[234]. A large number of cytokines are produced when CAR-T cells

recognize and kill tumor cells [235]. Additionally, some cytokines

are injected to maintain the proliferation and viability of CAR-T

cells [236]. Of all the adverse events during CAR-T therapy, CRS and

CRES occur the most frequently [38]. Studies demonstrated that

CRS was associated with the level of IL-1 or IL-6 that was induced

to be released by damage-associated molecular pattern molecules

(DAMPs) from tumor cell pyroptosis [237–239], and despite un-

known mechanisms, CRES was shown to be associated with the

accumulation of cytokines and T cells in the cerebrospinal fluid,

which was triggered by proinflammatory cytokines disrupting the

blood–brain barrier [39,40,240]. Currently, tocilizumab (IL-6 recep-

tor antagonist) [241–243], siltuximab (IL-6 antagonist) [244], in-

fliximab (TNF-α antagonist) [245], and etanercept (TNF antagonist)

[246] are employed to reduce CRS, and high-dose corticosteroids

are used with a delay against CRES [247]. Additionally, IL-1 antag-

onist [248] and granulocyte-macrophage colony stimulating factor

(GM-CSF) inhibition [249] have been shown to somewhat mitigate

CRS and CRES. Nevertheless, these drugs also bring other toxicities.

For example, one study reported that tocilizumab may cause cy-

topenias and infections among patients with rheumatoid arthritis

[250].

In addition to the antagonists of cytokines, researchers are con-

sidering modifying the structure of CAR to mitigate the toxicity of

CAR-T therapy. CARs on the surface of engineered T cells are ad-

justed to inactivate pathways downstream in some ways [251] and

can fundamentally prevent toxicity. Weber et al. degraded CARs

by binding CARs with a small molecule [252]; Juillerat et al. dis-

abled CARs under hypoxic conditions [253]. In these systems, the

status of CAR-T cells is “off” by default. When the constraints are

removed, CAR-T cells are activated upon antigen stimulation. An-

other way to prevent toxicity is by implementing the suicide gene.

Herpes simplex virus thymidine kinase (HSV-TK) was designed to

be expressed on CAR-T cells, and is eliminated once it comes in

contact with ganciclovir [254]. Nevertheless, HSV-TK itself can re-

sult in some immune responses. In addition, it was demonstrated

that the inducible caspase 9 (iCasp9) suicide gene could remove

>90% of CAR-T cells within a short time [255]. AP1930, an oth-

erwise bioinert small-molecule dimerizing drug, can also activate

fused caspase 9 and induce the apoptosis of cells expressing the

iCasp9 protein [256]. However, transgene integration still has the

risk for carcinogenicity.

5.2.2. Cytokines encapsulated by nanomaterials

The modification of monoclonal antibodies or the delivery

of cytokines by the nanoparticle can also effectively mitigate

cytokine-induced toxicity. Since 2013, Irvine’s team has done a lot

of work on this approach. At first, they anchored anti-CD137 and

IL-2, which can promote T-cell proliferation, to the surfaces of PE-

Gylated liposomes [257]. It was demonstrated in the melanoma

model that, compared to soluble anti-CD137 and IL-2, anti-CD137

liposomes and IL-2 liposomes did not cause systemic toxicity

with significant tumor suppression. This team then continued to

apply a similar approach to the TGF-β inhibitor, and a reduc-

tion in toxicity was also observed in murine models [258]. Sub-

sequently, Irvine and colleagues took the approach a step fur-

ther. They bound nanogels containing cytokines as a backpack

directly to T cells [259]. A redox-responsive nanogel was pre-

pared through chemical cross-linking of cytokines and then linked

to T cells via a click chemistry reaction. When the T-cell sur-

face reduction potential increased upon antigen recognition, cy-

tokines were released from the backpack, which ensures that cy-

tokines do not work in circulation, decreases the level of vari-

ous cytokines, and subsequently reduces the potential risk of sys-

temic cytokine release. This nanogel-encapsulated approach was

successfully used in the delivery of IL-15 [260], IL-21, and IL-2

[261]. Compared to free cytokines, nanogel-encapsulated cytokines

achieved a higher safe dose with no overt toxicity in the mouse

model.

5.2.3. Local administration of CAR-T cells

The systemic toxicity of CAR-T therapy can also be alleviated

by optimizing administration methods for solid tumors, such as

local treatment. Biodegradable scaffolds are common forms of lo-

cal administration of CAR-T cells. Biodegradable scaffolds have

good biocompatibility and release T cells locally after degrada-

tion in vivo, thus limiting systemic CRS. Smith et al. synthesized

an alginate scaffold loaded with CAR-T cells and stimulator of

IFN genes (STING) agonists and placed the scaffold at the le-

sion in a mouse model of pancreatic cancer. No significant or-

gan toxicity was observed while triggering host antitumor im-

munity [262]. In another study, Stephan and coworkers created

macroporous scaffolds by polymerized alginate integrated with

GFOGER (a synthetic collagen-mimetic peptide (CMP) that binds

to lymphocytes via the α2β1 collagen receptor) and lymphocytes.

In a mouse model of breast cancer, localized elevated cytokine

levels did not cause systemic CRS [263]. Additionally, the thin

film was used for local delivery of CAR-T cells. Coon et al. de-

veloped thin films with complex designs, high structural resolu-

tion and excellent biocompatibility. Thin films loaded with CAR-

T cells were implanted in the mouse model of ovarian cancer.

Thin films released numerous CAR-T cells locally once they con-

tacted the tumor. The results indicated that there were no sig-

nificant changes in blood biochemical parameters while improv-

ing the efficacy [151]. Although many studies have confirmed that

local delivery can significantly reduce the incidence of systemic

toxicities, for hematological tumors and metastatic tumors, the lo-

cal approach is not desirable since tumor cells spread all over the

body.

Currently, a clinical trial aimed at mitigating CRS is recruiting

patients (NCT03854994). In this trial, a KD-019 CAR with FMC63,

which is demonstrated to release a relatively low level of cy-

tokines, was integrated into synthetic biology optimizing nanovec-

tor T cells. We are looking forward to the results on how nanotech-

nology performs in CAR-T clinical trials, which we expect to pro-

duce positive results.

6. Visual monitoring of CAR-T cells in vivo by nanoparticles

After CAR-T cells are imported back into patients, doctors are

eager to know the distribution, visualization, and survival of these

cells in vivo to improve dosing regimens. To achieve this pur-

pose, researchers usually take samples from serially sampled tis-

sues or peripheral blood to undertake quantitative PCR and flow

cytometry, which, despite the novel technique of droplet digital

polymerase chain reaction for absolute quantification and higher

precision [264,265], do not provide real-time monitoring of CAR-

T cells in vivo [266]. Imaging of genetically engineered T cells

by positron emission tomography-computed tomography (PET-CT)
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or magnetic resonance imaging (MRI) has been used for trials

of CAR-T cells in vivo [267–269]. Engineered T cells are modi-

fied with a direct or indirect label to be recognized by imaging

devices [270]. For the direct labeling of cells, exogenous mark-

ers are transfected into the cytoplasm of T cells with either a

transfection agent or a positively charged peptide. However, imag-

ing will diminish over time due to dilution during cell division

[271]. For the indirect labeling of cells, reporter genes, which

encode receptors, fluorescent proteins, or enzymes to activate

the imaging probe, modified cells via transfection with a vector

[272–275]. Although imaging does not decay over time, complica-

tions arising from transfection with viral vectors are not ignored

[276].

6.1. Tracking CAR-T cells in vivo by metal nanoparticles and CT

It has been demonstrated that nanoparticles can be cou-

pled to nuclides as tracers to track CAR-T cells. Bhatnagar and

colleagues functionalized gold nanoparticles (GNP) with 64Cu2+

using the macrocyclic chelator (1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid, DOTA) and polyethyleneglycol (GNP–
64Cu/PEG2000). Then, they electrotransferred the nanoparticle into

the prepared CAR-T cells that contained luciferase [277]. Re-

searchers have found that CAR-T cells can be tracked in real-time

using μPET/CT. Bhatnagar et al. also highlighted that the procedure

can be seamlessly integrated into the current CAR-T-cell manufac-

turing for phase I/II trials, despite the impact of an electropora-

tion process on T-cell death and the contribution of free GNP–
64Cu/PEG2000 released from necrotic cells. Similarly, Li et al. trans-

ferred surface-modified gold nanoparticles radiolabeled with 111In

or 64Cu into T cells via electroporation [278]. The researchers sub-

sequently demonstrated that imaging of the cells injected into

nude mice was observed using micro-SPECT/CT, although they also

admitted that the functions of these T cells should be further in-

vestigated, such as their ability to release specific nanoparticle pay-

loads.

Furthermore, a study demonstrated that the technetium-99m

pertechnetate (99mTcO4
−) radiotracer helped SPECT/CT imaging

track CAR-T cells [279]. After human sodium iodide symporters

(hNIS) were incorporated into a CAR-encoding vector, the trans-

duced T cells acquired radiotracer kinetics, and SPECT/CT imaging

with 99mTcO4
− radiotracer confirmed the methodology for CAR-T-

cell tracing in prostate cancer models. Nonetheless, this approach

cannot be used for thyroid and stomach tumors due to organ-

specific tracer uptake by hNIS.

6.2. Tracking CAR-T cells in vivo by nanocontrast agent and MRI

In addition to PET/CTs, MRIs can be used to monitor CAR-T-

cell movement, despite the need for a specially designed MRI con-

trast agent. Chapelin and coworkers adopted nanoemulsion and

nuclear magnetic resonance (NMR) with the nuclide of 19F to

trace CAR-T cells [280]. The researchers employed a kind of per-

fluorocarbon (PFC) nanoemulsion tracer that labels cells by co-

culturing with CAR-T cells. After CAR-T cells were reinfused into

mice with subcutaneous human U87 glioblastomas, the biodis-

tribution and pharmacokinetics of cells were quantitated. How-

ever, the label level of PFC and the sensitivity of NMR were

subject to limitations due to a small cytoplasmic volume and

the weak phagocytosis of lymphocytes. Therefore, for the sake

of boosting cell labeling, in another study, the researchers in-

corporated the transactivator of transcription (TAT), which helped

PFC nanoemulsions display a cell-penetrating peptide, into the

nanoemulsion [281]. Compared to the PFC nanoemulsion with-

out TAT, the cell-penetrating peptide enables more fluorine atoms

to enter the CAR-T cells (more than 8-fold) while maintain-

ing the high cell viability (∼84%) and intact antitumor effect of

the cells.

In addition to nanoemulsions, radiolabeled nanoparticles are

expected to be used for CAR-T-cell tracking via MRI. Liu and

coworkers first reported IOPC-NH2 series particles, superparamag-

netic nanosized iron-oxide particles coated with PEG, with high

transverse relaxivity (250 L mmol−1 s−1) [282]. They found that

IOPC-NH2 nanoparticles could label human T cells at over 90%

efficiency with no measurable effects on T-cell properties. A fur-

ther study in a rat model undergoing heart-lung transplantation

demonstrated that MRI could detect T cells labeled with IOPC-NH2

nanoparticles. This finding showed that nanosized IOPC-NH2 par-

ticles serving as contrast agents have the potential for effective

tracking of CAR-T cells.

6.3. Tracking CAR-T cells with reporter nanoparticles and an in vivo

imaging system

Other nanoparticles, such as “reporter nanoparticles”, also have

the potential for in vivo tracking of CAR-T cells. Reporter nanopar-

ticles contain a polymeric backbone conjugated to a cytotoxic

chemotherapeutic agent or an immunotherapy agent as an effector

element and an enzyme-activatable reporter element engineered

from a quenched fluorescent dye [283]. The study reported that

the effector and reporter elements in a single nanoparticle en-

hanced the maximum fluorescence signal and captured apoptosis

with time, which could present antitumor efficacy in real time via

an IVIS. In addition to monitoring efficacy, the reporter nanopar-

ticle efficiently promoted the delivery of the effector to tumors.

The findings confirmed that reporter nanoparticles promote T-cell

trafficking and a strong fluorescence signal in the immunother-

apy. Thus, reporter nanoparticles have the potential to track CAR-

T cells. Nonetheless, an IVIS, unlike CT and MRI, which are imag-

ing devices that can be used for patients, is only currently used

for research. It also remains unclear whether various fluorescent

dyes are harmful to the human body. Thus, reporter nanoparticles

have a long way to go as transactivators used to clinically monitor

CAR-T cells.

7. Challenges and outlooks

The sophisticated nano-CAR-T characterization technique has

advanced the understanding of the interaction of nanotechnology

and CAR-T cells and the benefits it brings. However, the weakness

of any novel treatment cannot be ignored at the beginning, and

nano-CAR-T therapy is no exception. As a result of the stronger mi-

gration, proliferation, and activation of nano-CAR-T cells, the sever-

ity and frequency of the corresponding toxicities should first be

considered. Some studies have reported that nanotechnology en-

hances the function of cells or drugs while causing toxicity to cells

in vitro [284–289]. Although there are no reports of significant tox-

icity in animal experiments, we do not know whether nanoma-

terials or nanotechnology-treated cells are harmful to humans or

whether there are any long-term cumulative toxic effects because

different species have different organ accumulations of nanoma-

terials [290,291] and responses [292,293]. Currently, due to the

lack of relevant studies, whether nanomaterials themselves impair

the human body is not yet clear. Second, after entering the body,

nanoparticles are inevitably attenuated by various blood compo-

nents [294,295] and the reticuloendothelial system during deliv-

ery [296,297]. Under these circumstances, nanoparticles must in-

crease the accumulation in the tumor foci via the improvement of

specific targeting [298,299]. Last, the cost of nano-CAR-T therapy

should also be considered. CAR-T therapy on the market today can

cost hundreds of thousands of dollars. Nano-CAR-T cells are also at

a disadvantage compared to existing techniques in terms of expe-
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rience and mechanistic understanding. It will be a long time be-

fore this medical product is approved for clinical use. Researchers

still need to spend a great deal of labor, material resources and

financial powers to fill this gap. Moreover, in the future, it is

also important that marketed nano-CAR-T therapy be affordable

for each patient. Although nanotechnology can help to construct

universal CARs, simplify the manufacturing of CAR-T cells, and

achieve mass production of CAR-T cells, the price orientation of fu-

ture marketed CAR-T therapy remains an issue worthy of careful

consideration.

Although a combination of nanotechnology with CAR-T im-

munotherapy is still developing, the enthusiasm of researchers and

doctors will not wane. Numerous CAR-T immunotherapies com-

bined with nanotechnology have already entered the clinical trial

stage. In addition to the nanotechnologies presented above, other

nanotechnologies that perform well in combination with other im-

munotherapies (vaccines, immunoadjuvants, immune checkpoint

blockades, monoclonal antibodies, etc.) have not been introduced

into CAR-T therapy for the time being. These nanotechnologies in-

clude various cell membrane-coated nanoparticle cores that deliver

drugs [300–303], photodynamic therapy that generates ROS to kill

cancer cells [304–307], and some biomaterials, such as nanoscale

metal-organic frameworks, Fe-TBP (constructed from Fe3O clus-

ters and 5,10,15,20-tetra(p-benzoato)porphyrin) [308], CpG DNA

nanococoons [309], PEGylated and imidazoylated poly(β-amino es-

ters) [310], polydopamine-coated spiky gold nanoparticles [220],

and others that all induce tumor cell death by enhancing tumor-

specific immunogenicity. These nanotechnologies have great po-

tential for CAR-T-cell manufacturing, trafficking, and tracing. Fur-

ther studies will help to understand the interactions between

CAR-T cells, the immune system and nanosystems in vivo, ac-

celerate CAR-T-cell manufacturing in nanoplatforms, and broaden

the scope of nano-CAR-T immunotherapy. Once nano-CAR-T-cell

therapy completes GMP-level sublimation and the corresponding

preparation process is well established, we believe that nano-

CAR-T-cell therapy has better prospects for clinical application

in the future.

8. Conclusion

CAR-T immunotherapy is a prime example of basic research

translated into clinical practice. Currently, some immunothera-

pies with nanotechnologies have already entered the clinical study

phase. The manufacturing, delivery and efficacy of CAR-T cells have

developed rapidly, while nanotechnology has been introduced into

CAR-T therapy in recent years. To improve CAR-T immunotherapy,

nanotechnology can be seen in almost every step of manufac-

turing. Initially, nanoparticles improved transfection efficiency as

vectors, and degradable biomaterials increased the production of

CAR-T cells. As CAR-T cells return to the body, the delivery sys-

tem based on nanomaterials achieves efficacy enhancement and

toxicity mitigation by utilizing the special effects of nanoparticles,

such as the EPR effect. After CAR-T immunotherapy is completed,

nanomaterials help facilitate endocytosis or themselves act as ra-

diological markers to assess the long-term efficacy of the treat-

ment. There is no doubt that nanotechnology is already boosting

CAR-T immunotherapy. A deepening understanding of CAR-T ther-

apy and increasing advances in nanotechnology will be increas-

ingly combined more intricately and will help patients achieve bet-

ter outcomes. We therefore believe that nano-CAR-T immunother-

apy will bring about a radical change in cancer treatment in

the future.
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