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1. Introduction

The relevance of T cells in cancer control is now beyond 
doubt. The immunotherapy that encourages the T cell to ruin 
tumor cells has established therapeutic efficacy in human 

T cell immunotherapy holds significant challenges in solid tumors, mainly 
due to the T cells’ low activation and the decreased synthesis–release of 
therapeutic proteins, including perforin and granzyme B, which are present 
in lysosomes. In this study, a lysosome-targeting nanoparticle (LYS-NP) is 
developed by way of a mineralized metal–organic framework (MOF) coupled 
with a lysosome-targeting aptamer (CD63-aptamer) to enhance the antitumor 
effect of T cells. The MOF synthesized from Zn2+ and dimethylimidazole has 
good protein encapsulation and acid sensitivity, and is thus an ideal lyso-
somal delivery vector. Calcium carbonate (CaCO3) is used to induce MOF 
mineralization, improve the composite material’s stability in encapsulating 
therapeutic protein, and provide calcium ions with synergistic effects. Before 
mineralization, perforin and granzyme B—T cell-needed therapeutic proteins 
for tumors—are preloaded with the MOF. Moreover, T cells are pretreated 
with processed tumor-specific antigens to activate or produce memory 
before reprogramming the lysosomes, facilitating the T cell receptor (TCR) for 
release of the therapeutic proteins. Using T cells recombined by LYS-NPs, a 
significant enhancement of breast cancer control is confirmed.
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malignancies. The typical procedure is to 
isolate T cells from the patient’s periph-
eral blood, activate and enhance tumor 
specificity by biological or genetic engi-
neering techniques, and then inject back 
to peripheral blood after expansion. This 
immunotherapy based on the adoptive 
transfer of engineered T cells is called 
adoptive T cell therapy, including chimeric 
antigen receptor (CAR)-T cells, tumor-
infiltrating lymphocyte (TIL), and endog-
enous T cell (ETC) therapy.[1] Although 
adoptive T cell immunotherapy has been 
approved for B cell lymphoma treatment, 
it is less successful in solid tumors. This 
difficulty is partly due to the adoptive T 
cells are subjected to immunosuppres-
sion in the solid tumor. The suppressed 
T cells showing weak tumor targeting and 
low activation, resulting in a sharp reduc-
tion of potent toxins in the tumor area. 
These toxins, including perforin and gran-
zyme B, are mainly secreted by cytotoxic T 

lymphocytes (CTLs, T cells expressing CD8) and partly natural 
killer cells (NK cells) after activation.[2] Once the activated CD8+ 
T cells bind to the target cells (tumor cells), the former will 
release perforin and granzyme B into the attached cells’ inter-
stices. The interstices are called the immunological synapses.[3] 
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Perforating the tumor cell membrane should induce tumor cell 
apoptosis and kill them. Therefore, perforin and granzyme B 
are the core weapons of the immune system against tumors.

The latest advances in nanotechnology and bioengineering 
technology provide a new and promising strategy for solid 
tumors’ T cell immunotherapy.[4–8] Nanomaterials and bioengi-
neering methods have been successfully applied for engineered 
CD8+ T cells targeted to cancer sites or cancer cells.[9,10] These 
approaches focus on the specific activation of CD8+ T cells in the 
tumor immune response and target cell binding capacity. For 
example, Tyrel et al. used a DNA nanocarrier to infuse CD8+ T 
cells for DNA programming to enhance tumor cells’ effect and 
specificity.[11] In addition to this type of method that uses nano-
technology to program functional gene fragments of CD8+ T 
cells directly, Stephan and his colleagues first adopted a “back-
pack” technology. They coupled the nanoparticles loaded with 
drugs to the surface of CD8+ T cells to deliver drugs in the tumor 
area and enhance their immunotherapeutic effects.[12] Since then, 
the “backpack” technology of CD8+ T cells has made some pro-
gress in a short time for tumor immunotherapy.[13–15] However, T 
cell immunotherapy based on nano-engineering for solid tumors 
still faces enormous challenges because of the tumor solidity 
and immunosuppression. It shows deficient T cells targeting the 
tumor area and the sharp decline in the synthesis and release of 
cytotoxic proteins — including perforin and granzyme B located 
in lysosomes. Herein, we propose an effective anti-solid-tumor 
strategy to enhance perforin and granzyme B’s secretion by con-
structing a nano-engineered effector and memory CD8+ T cells.

Metal–organic frameworks (MOFs) are a kind of porous 
materials assembled from metal/metal clusters and organic 
ligands.[16] Due to their unique properties, MOFs have been 
intensely studied and applied in many fields, including gas 
storage, catalysis, and chemical separation.[17] Recently, MOFs 
have made significant progress in the medical field, especially 
in drug delivery, mainly due to their high stability, high drug 

loading capacity, and pH sensitivity.[18,19] Among them, scien-
tists found that ZIF-8 (made of Zn2+ ions connected by 2-methyl
imidazole (MIM) bridging units) can be synthesized by the  
co-precipitation method to encapsulate protein into the mate-
rial directly.[20,21] Compared with merely adsorbing protein on 
the surface of materials, this method has higher entrapment 
efficiency and more vital protection for protein. Simultaneously, 
the material can be synthesized in a short time in the aqueous 
environment at room temperature, which effectively avoids the 
inactivation of protein.[22] Therefore, ZIF-8 is an ideal protein 
encapsulation and delivery carrier.

As proof of concept, we designed a lysosome-responsive nano-
particle (LYS-NP) loaded with anticancer proteins, which can 
target adoptive T cell lysosomes. We named this T cell that uses 
lysosomes to carry anticancer proteins as adoptive T cell vectors 
(ATVs). The nanoparticle’s core is an acid-degradable metal–
organic framework (ZIF-8) prepared by the co-precipitation 
method, loaded with perforin that potently lyses tumor cells and 
a granzyme B that promotes apoptosis of tumor cells.[2,23] Since 
perforin and granzyme B are inherent glycoproteins in T cells’ 
lysosomes. These glycoproteins have a high glycosylation level, 
effectively preventing hydrolase in the lysosome from degrading 
them.[24,25] Next, calcium ions were deposited on the surface or 
inside of ZIF-8. The calcium ion or calcium carbonate (CaCO3) 
induces ZIF-8 mineralization with good biocompatibility and 
acid degradability, and its degradation product Ca2+ enhances 
the functions of perforin and granzyme B.[26] A CD63 aptamer 
(CD63-Apt) was modified by biotin on the surface mineralized 
ZIF-8 to give the LYS-NPs the ability to target cell lysosomes 
(Scheme 1a). Because the lysosome environment is acidic, pH 
of approximately 5.0, the LYS-NPs can be degraded. The deg-
radation products perforin, granzyme B, and Ca2+ stored in 
the lysosome (Scheme 1b; Movie S1, Supporting Information). 
When the major histocompatibility complex (MHC) of tumor 
cells does not activate the T cell receptor (TCR), ATVs remain 
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Scheme 1.  Schematic diagram of the design and synthesis of LYS-NPs and their function. a) Schematic diagram of LYS-NPs synthetic processes. b) Schematic 
illustration of preparing ATVs with LYS-NPs. Once LYS-NPs are taken up by ATVs, they target CD63+ lysosomes and degrade inside to release the contents 
stored in the lysosomes. c) Schematic of ATVs casting cytotoxic proteins and Ca2+ in reassembled lysosomes to kill target tumor cells.
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stable in the lysosome. Oppositely, when the MHC activates the 
TCR, the lysosome discharges its contents to immunological 
synapses.[27] Therefore, when ATVs reach the tumor site and 
are activated by tumor cells, they trigger the autonomously 
controlled release of perforin, granzyme B, and Ca2+ for tumor 
treatment (Scheme 1c; Movie S1, Supporting Information).

2. Results and Discussion

To confirm that the synthesized LYS-NPs have an ideal struc-
ture and function, we first characterized the materials. Through 

transmission electron microscopy (TEM), LYS-NPs have a 
mineralized polygonal structure and a relatively uniform layer 
of calcium carbonate coating visible on the surface of ZIF-8, 
with a thickness of approximately 25 nm. Combined with scan-
ning electron microscopy (SEM) observations, after the depo-
sition of calcium carbonate, the particles’ shape transformed 
from the original dodecahedron to an approximate cubic struc-
ture (Figure 1a; Figures S1 and S2, Supporting Information). 
Dynamic light scattering (DLS) measurements revealed that the 
nanoparticles’ hydrodynamic diameter showed a slight increase 
after coating. The overall particle size was 270.6  nm, with a 
reduced zeta potential (Figure  1b,c; Figure S3, Supporting 
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Figure 1.  Preparation and characterization of LYS-NPs. a) Morphology assessment of ZIF-8 and LYS-NPs using transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM). b) DLS measurements of hydrodynamic size (diameter) and c) zeta potential of ZIF-8, ZIF-8@CaCO3, 
and LYS-NPs. Data presented as mean ± s.d. (n = 3). d) EDS images showing the distribution for the elemental mapping of calcium (cyan), carbon 
(red), oxygen (purple), zinc(yellow), and sulfur (green). Scale bar: 200 nm. e) The XRD patterns of ZIF-8, ZIF-8@CaCO3, and LYS-NPs, respectively.  
f) Stability analysis of free Apt and LYS-NPs. Both were stored at 37 °C in 10% FBS medium for a time ranging from 0 to 36 h. g) Fluorescence emission 
profile of ZIF-8 and LYS-NPs encapsulated with TRITC-BSA.
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Information). To verify the correct assembly of the LYS-NPs, 
we successfully identified the essential elements contained in 
each layer structure through element mapping analysis. The 
zinc (Zn) contained in ZIF-8, the sulfur (S) contained in the 
loaded protein, and calcium (Ca), carbon (C), oxygen (O) of the 
calcium carbonate shells (Figure  1d). However, no prominent 
core–shell structure was observed by the element mapping 
test. Combined with the BET surface area test, LYS-NPs has 
higher BET surface area and smaller pore size than ZIF-8 itself 
(Figure S4, Supporting Information). We believe that calcium 
carbonate is deposited in the outer layer of the ZIF-8 structure 
and mineralized into it. X-ray diffraction (XRD) (Figure  1e) 
and Fourier transform infrared (FTIR) spectroscopy analysis 
(Figure S5, Supporting Information) were used to characterize 
the structure of LYS-NPs further. The use of tetramethylrhoda-
mine-labeled BSA (BSA-TRITC) provides evidence of protein 
encapsulation. Precisely, we scanned the fluorescence spectra 
of the BSA-TRITC-coated nanoparticles, and an emission wave-
length of 572  nm was detected, which is consistent with the 
characteristic peak of TRITC (Figure  1f). We then designed a 
biotin-conjugated CD63-Apt based on the lysosomal-specific 
marker CD63, coupling it to the calcium carbonate shell on the 
nanoparticle’s outer layer.[28] To verify the coupling of aptamers 
through hydrodynamic diameter and zeta potential detection, 
we found that aptamer coupling increased the nanoparticles’ 
diameter and decreased the zeta potential (Figure  1b,c). Also, 
the visualization of LYS-NP nucleic acid images verified the 
successful attachment of the aptamers. Because the protein 
contained in the serum may bind to the aptamer and interfere 
with its normal function,[29] we used nucleic acid electropho-
resis to detect the stability of aptamers in LYS-NPs stored in a 
medium under physiological conditions (37°C, 10% FBS). The 
results showed that the resistance of surface aptamers of LYS-
NPs to 10% FBS is at least 36 hours (Figure 1g). To ensure the 
biological safety of LYS-NPs against ATVs, we evaluated their 
cytotoxicity. In the process, after 24 hours of incubation with 
LYS-NPs and T cells, the relative viability of T cells was over 
85%, indicating that 2  mg mL−1 LYS-NPs and its degradation 
products had no significant cytotoxicity (Figure S6, Supporting 
Information). The above LYS-NP characterization and func-
tional results could therefore meet our application require-
ments. These characterization results indicate that the LYS-NPs 
are structurally consistent with our design and have ideal sta-
bility and biological safety.

We describe the LYS-NP multi-step synthesis process and 
characterization using ZIF-8 and CaCO3 to produce carrier nano-
particles that can target lysosomes. To verify the initial hypoth-
esis, we demonstrated the necessity of ZIF-8 and CaCO3 in the 
synthesis through protein encapsulation rate, leakage rate, and 
stability testing. Using the BCA method to measure the nano-
particles’ albumin concentration, the drug encapsulation rate of 
LYS-NPs reached 71.36% (Figure 2a), higher than CaCO3 alone. 
Also, we evaluated the kinetic curve of LYS-NPs dissolution 
at different pH values and the accompanying protein release. 
Among the values, pH 5.0 is similar to the pH of the intracel-
lular lysosomal environment. Within 4 hours, nearly 100% of 
calcium carbonate is dissolved. The experimental results also 
showed that LYS-NPs still had 74.0% calcium retained when 
stored in a pH 7.4 solution for one hour, and 68.8% calcium 

remained after 4 hours (Figure 2b; Figure S7, Supporting Infor-
mation). Even if a small number of calcium ions are lost during 
the journey, flow cytometry results can prove that LYS-NPs can 
successfully transport many of the calcium ions into the cells 
(Figure S8, Supporting Information). We observed that the 
levels of calcium ions released by the degradation of calcium 
carbonate and protein released by the structural collapse of 
ZIF-8 increased almost simultaneously (Figure  2b; Figure S9, 
Supporting Information). This observation indicates that the 
ZIF-8 structure and calcium carbonate shell of LYS-NPs have 
ideal acid sensitivity characteristics and exhibit pH- and time-
dependent Ca2+ and protein release patterns. TEM images can 
intuitively reflect the process of LYS-NPs disintegrating gradu-
ally over time. In the environment at pH = 6.3, the outer layer 
of LYS-NPs was partially dissolved and became rounded after 
15  min. The main components of LYS-NPs were mostly dis-
solved within 30 min and were dispersed into several small par-
ticles; after 45 min, only a few particles had not yet completely 
dissolved (Figure S10, Supporting Information). We noticed 
that when the pH = 7.4, calcium carbonate is partially dissolved 
even after a long time, but the protein is rarely released. This 
result may occur because the ZIF-8 material did not degrade 
in a neutral environment.[22] This characteristic also makes the 
material exhibit a specific protective effect on internal proteins. 
We confirmed that the loss rate of protein in LYS-NPs did not 
exceed 5% in the PBS storage environment for up to 7 days, 
much lower than using ZIF-8 or CaCO3 alone (Figure 2c). As 
we know, ZIF-8 alone can directly encapsulate proteins into the 
framework through the connection of MIM and Zn2+ bridging 
units. Although this method has high encapsulation efficiency 
and strong stability,[20,21] the mineralized ZIF-8 (ZIF-8 with 
CaCO3) seems to have more advantages, especially in transpor-
tation. Compared to “backpack” technology connecting nano-
materials to T cells’ surface, reassembling of the lysosomes 
may avoid the loss of backpacks or the inactivation of drugs 
during the complicated delivery process in vivo. We have not 
confirmed this.

To further confirm that LYS-NPs could successfully load pro-
teins into T-cell lysosomes, we performed the targeting ability 
and acid degradability of the LYS-NPs. To verify the ability of 
LYS-NPs coupled with CD63-Apt to target lysosomes, we also 
designed random-order aptamer (Random-Apt)-coupled nano-
particles and nanoparticles without any aptamers to serve as a 
control. Among them, CD63-Apt could specifically bind to lys-
osomes, while random-order aptamers only consist of a random 
nucleotide sequence that does not have a targeting function. 
The three nanoparticles were all loaded with BSA-TRITC flu-
orescent protein. After cocultivation with T cells for 4 h, the 
observation by fluorescence confocal microscopy revealed that 
the three groups of fluorescent proteins all entered T cells to 
varying degrees. It is worth noting that the CD63-Apt group 
exhibited the most robust targeting ability, showing the best 
coincidence of red fluorescence (BSA-TRITC) and green fluo-
rescence (lysosome). In contrast, the Random-Apt group and 
the pure nanoparticle group only had partial protein entry, 
with limited fluorescence coincidence observed (Figure  2d; 
Figures S11 and S12, Supporting Information). These nontar-
geted lysosomal affinity phenomena are due to the nonspecific 
endocytosis of nanoparticles or lysosomes’ defense mechanism 

Adv. Mater. 2021, 33, 2100616



© 2021 Wiley-VCH GmbH2100616  (5 of 11)

www.advmat.dewww.advancedsciencenews.com

against foreign bodies.[30] Also, the median fluorescence index 
(MFI) of BSA-TRITC inside the cells was detected by flow 
cytometry. We found that the nanoparticles’ MFI connected with 
the CD63-Apt and Random-Apt groups was significantly higher 
than that of the pure nanoparticle group. Still, there was no dif-
ference between the two (Figure S13, Supporting Information). 
We also investigated the fluorescent perforin and granzyme B 
weather work in this process and got a similar result to fluores-
cently labeled BSA (Figure S14, Supporting Information). This 
result indicated that the attachment of the aptamer increases 
the affinity of the material with the cells, allowing cells that do 
not initially possess phagocytic functions to internalize more 
nanoparticles.

Next, we envisaged that the use of dendritic cell (DC) 
antigen processing and presentation of mouse breast cancer 
cell lysates could prepare breast cancer-specific ATVs. The 
inspiration for this design comes from recent developments in 
immune cell membrane display technology. The primary pur-
pose is to enhance the function of specific receptors and cell 
functions on the surface of immune cells by pretreatment of 
immune cells, resulting in an enhanced immunotherapy effect 
on diseases.[31,32] This concept is similar to CAR-T therapy in 
tumor immunotherapy.[33] In this application, we constructed 
ATVs with memory for tumor cells. In detail, the antigen 
information of tumor lysates processed by DCs is presented 
to CD8+ T cells.[34] (Figure 3a) To test our hypothesis, we first 

Adv. Mater. 2021, 33, 2100616

Figure 2.  LYS-NPs with lysosomal targeting and pH sensitivity to release drugs and calcium ions. a) Protein encapsulation rate of three different nano-
materials. b) Calcium-ion release curve of the nanomaterials at pH = 7.4. c) The protein leakage curve of the nanomaterials at pH = 7.4. d) Confocal 
fluorescence microscopy images to monitor the uptake of LYS-NPs by 4T1 cells. The cells were lysosome stained with daylight 488 (green) and nuclei 
were stained with DAPI (blue). TRITC-labeled BSA (red) was encapsulated into nanoparticles, and they were incubated with T cells. The merged images 
show the internalization of the LYS-NPs inside the cell lysosome.
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stimulated DCs with lysates from mouse breast cancer cells. 
Flow cytometry detected a higher expression level of histocom-
patibility complex MHC and costimulatory molecule CD86 on 
the surface of DCs cells after stimulation (Figure S15, Sup-
porting Information), which is the basis for antigen presenta-
tion to activate T cells.[35] In addition, real-time polymerase 
chain reaction (PCR) confirmed that the expression of both 
MHC and CD86 mRNA was upregulated (Figure S16, Sup-
porting Information). Furthermore, we cocultured CD8+ T 
cells sorted in mice with the above two groups of DCs to obtain 
ATVs specific for breast cancer. To verify the effectiveness and 
specificity of the T cell vectors, we detected the TCR and Ki67 

expression in the two groups of T cell vectors by flow cytometry. 
We found that the ATVs presented by the antigen expressed 
higher TCR and Ki67 levels (Figure  3b–d), indicating that it 
has stronger tumor cell recognition ability[36] and proliferation 
ability.[37,38] At the same time, ATVs secrete more IL-2 and IFN-γ 
(Figure  3e–g), representing a manifestation of T cell effector 
activation.[39,40] The ATVs obtained by our pretreatment method 
have a strong tumor cell activation effect and binding ability, 
which is related to the high expression of TCR after treatment. 
TCR is a key receptor for CD8+ effector and memory T cells 
and is activated by MHC on the surface of tumor cells.[41–43] We 
used dendritic cells to present breast tumor antigens to CD8+ 

Adv. Mater. 2021, 33, 2100616

Figure 3.  Preparation of adoptive T cell vectors (ATVs) for tumor cells (breast cancer). a) Schematic of forming ATVs. The antigen information of 
tumor lysates was first processed by DCs and then presented to CD8+ T cells. b–d) Flow cytometry analysis of T cell ability to recognize antigens and 
proliferate. e–g) Flow cytometry analysis of T cell function. h) Representative Images showing CD8+T cells or ATVs interacting with tumor cells at 200× 
magnification, and i) the quantification of T cell numbers around the tumor cells is given. Data in (d,g,i) are expressed as the mean ± s.d., (n = 6), 
unpaired two-tailed t-test.
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T cells in advance to produce ATVs. In theory, ATVs have a 
strong specific recognition and binding ability for breast cancer 
cells. To verify this concept, we cocultured two sets of T cells 
(ATVs and CD8+ T cells) with breast cancer cells and observed 
the combination of the two cells with a light microscope. As 
a suspension cell, the round-shaped T cells should be free 
flowing in the culture medium, while the breast cancer cells are 
spindle-shaped adherent cells. After two days of cocultivation, 
the control group had only a small number of CD8+ T cells 
combined with breast cancer cells. In contrast, ATVs attach to 
breast cancer cells at high density and lose suspension fluidity 
(Figure 3h,i). Moreover, cell apoptosis test confirmed that ATVs 
have a stronger ability to kill breast cancer cells than CD8+ T 
cells that are not stimulated by DC (Figure S17, Supporting 
Information). Since we store anticancer drugs in lysosomes of 
T cells, their efflux is achieved through the activation of TCR.[27] 
As well known, TCR-controlled lysosome efflux can release per-
forin and granzyme B to immunological synapses, which is the 
ideal functional site of immunotherapy. Although the method 
of artificial controlled release of drugs can achieve regional 
drug release, the release of a large amount of drugs in ineffi-
cient surrounding areas may lead to off-target secondary drug 
effects.[44–46] Otherwise, to verify whether the protein-loaded 
into T cells will be released without stimulation by cancer cells, 
we performed and found that only a small amount of protein in 
the lysosome was released without the stimulus. This phenom-
enon of unstimulated protein release may be due to cell culture 
for a period that triggered non-TCR-dependent apoptosis.[47,48] 
The release rate of the cytotoxic protein in T cells for 48 hours’ 
culture was 31.0%, while the release rate after interacting with 
tumor cells was 77.1% (Figure S18, Supporting Information). 
This indicates that cancer cells play a key role in initiating the 
release of loaded protein in T cells. Overall, ATVs pretreated 
with specific antigens have stronger specificity for cancer cells. 
The ATVs can bind to cancer cells and release drugs, making 
them ideal LYS-NP delivery vehicles.

To determine whether the LYS-NPs carried by ATVs can 
effectively release anticancer drugs and induce cancer cell apop-
tosis, we constructed a coculture system with breast cancer cells 
in vitro.[49] We compared the assembly of ATVs and LYS-NPs 
(ATVs@LYS-NPs) with LYS-NPs alone and ATVs as controls. 
After coculturing with breast cancer cells for 24 h, the fluores-
cence of cancer cells after perforin and granzyme B uptake was 
observed. The appearance of perforin and granzyme B partly 
originated from the release of T cells themselves,[50] with the 
other part originating from the degradation of LYS-NPs. Con-
focal image observation revealed that the surface area of breast 
cancer cells cocultured with ATVs@LYS-NPs contained a 
large amount of perforin and granzyme B, much higher than 
that with the use of LYS-NPs or ATVs alone (Figure 4a,c,d;  
Figure S19, Supporting Information). The flow cytometry 
results also showed the same trend, proving that ATVs@LYS-
NPs enhanced the quantity of perforin and granzyme B in 
breast cancer cells (Figure  4b,e,f). We found that there was 
also a certain amount of drug intake when LYS-NPs were used 
alone, which may be due to the transmembrane effect or endo-
cytosis of nanoparticles in the tumor cell environment.[51] For 
the therapeutic effect, treatment with ATVs@LYS-NPs caused 
35.4% tumor cell apoptosis, which was increased by 2.3 times 

or 1.2 times, respectively, compared with LYS-NPs or ATVs 
alone, confirming an enhanced antitumor ability (Figure 4g,h). 
At the same time, it is also much higher than stimulated with 
protein-encapsulated ZIF-8 or CaCO3 materials (Figure S20, 
Supporting Information). The application of LYS-NPs alone 
also allowed their entry into tumor cells, though no significant 
effect was observed. This result may be due to the degradation 
products of LYS-NPs in tumor cell lysosomes, which are not 
inducers of lysosomal autophagy or apoptosis, although lys-
osomes are the targets of many cancer treatments.[52,53]

To investigate whether ATVs@LYS-NPs could achieve immu-
notherapy for breast cancer, we used a tumor-bearing model of 
the same strain of breast cancer. 4T1 breast cancer cells were 
injected into the bilateral breast fat pads of BALB/c mice. Seven 
days after injection, saline, ATVs@LYS-NPs, CD8+ T cells, and 
ATVs labeled with DiR iodide crimson fluorescent probe were 
injected through the tail vein for treatment. Those stained cells 
or vectors were visually imaged in mice the next day, and there 
was significant red fluorescence enrichment in the breast-
cancer-tumor-bearing parts of mice treated with ATVs@LYS-
NPs and ATVs alone (Figure 5a). It was confirmed that ATVs 
could be used as ideal tumor-targeting carriers in vivo. Since our 
method of preparing ATVs is based on the traditional process of 
preparing adoptive T cells. In the current experimental research 
and clinical application, this method is mature and can ensure 
the survival of T cells in mammals for more than 3 weeks.[54] 
Moreover, in the experiment, we can still detect the strong fluo-
rescence signal of ATVs in the tumor area after 3 weeks after 
injection of ATVs in mice (data not shown). Also, the material 
we designed (LYS-NP) has no apparent cytotoxicity to ATVs. In 
summary, we have reason to believe that the ATVs we prepared 
can survive in vivo for up to 3 weeks. We found that in addition 
to the tumor-bearing parts of mice, red fluorescence appeared 
in the internal organs such as the liver and spleen. This result 
is related to the characteristics of T cells as the critical cells 
of the immune system in the body. The liver and spleen are 
essential organs and are rich in immune cells.[55] Theoretically, 
ATVs only bind to tumor cells to activate drug release from 
lysosomes in vivo, but their enrichment in other organs may 
cause unexpected drug release or organ damage. Therefore, we 
evaluated the systemic impact of the application of ATVs@LYS-
NPs by H&E staining of the organs of each group. No obvious 
lesions were observed in the heart, liver, spleen, lung or kidney 
of the mice (Figure S21, Supporting Information). By con-
ducting routine blood tests to further assess the health status 
of mice, we found that their main cell contents (RBC, WBC, 
Lymph, Gran) were well within normal ranges (Table S1, Sup-
porting Information). The hemolysis test also showed that the 
NPs have no apparent toxicity (Figure S22, Supporting Infor-
mation). Based on histological and hematological analyses, it 
was demonstrated that the in vivo application of ATVs@LYS-
NPs has high biological safety. To further confirm the effect of 
in vivo cancer treatment, we showed that the ATVs@LYS-NPs 
treatment obviously hindered the growth of the tumor based 
on tumor volume measurement and tumor body photographs, 
and the tumor suppression rate reached 70.9% in 30 days. The 
inhibition rate of pure ATVs was only approximately 26.9% 
(Figure  5b,c; Figures S23 and S24, Supporting Information). 
The application of ATVs@LYS-NPs also significantly increased 

Adv. Mater. 2021, 33, 2100616
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Figure 4.  ATV@LYS-NPs targeted delivery of perforin and granzyme B to promote tumor cells apoptosis. a) Confocal fluorescence imaging of drug 
(perforin and granzyme B) entering in 4T1 cells (red = perforin, green = granzyme B, blue = nuclei; scale bars = 5 µm). b) Flow cytometry analysis of the 
amount of active protein inside 4T1 cells using different treatment. c,d) The mean fluorescence intensity (MFI) in confocal fluorescence imaging was 
measured and analyzed. e,f) Quantitative analysis of the positive rate of cells containing perforin and granzyme B is given. g) After incubation with PBS, 
LYS-NPs, ATVs, and ATVs@LYS-NPs for 24 h, flow cytometry analysis of 4T1 cells apoptosis level is shown, and the quantification of apoptosis rates is 
presented in (h). Data are presented as mean ± s.d. (c–f, n = 6; h, n = 3), one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test.
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Figure 5.  Targeted drug delivery and antitumor effect of ATVs@LYS-NPs in vivo. a) Fluorescence images of mice injected with: 1) saline+DiR, 2) CD8+T 
cells, 3) ATVs, 4) ATVs@LYS-NPs. T-cell migration at a region of interest (ROI, highlighted with blue circles) is shown. b) The images of tumors.  
c) The profiles of tumor volumes variation. Data are presented as mean ± s.d. (n = 5). d) Survival curves of mice receiving different treatments (n = 6). 
e) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (green) and CD8 staining (red) of tumor sections were observed 
by fluorescence microscopy. Cell nuclei were stained with DAPI (blue). Scale bars: 20 µm. f) MFI was measured and analyzed. Data presented as 
mean ± s.d. (n = 6), one-way ANOVA with Tukey’s multiple comparison test. g,h) enzyme-linked immunosorbent assay (ELISA) of plasma IFN-γ and 
IL-6 concentration in 4T1-tumor-bearing mice after different treatment. Data are presented as mean ± s.d. (n = 3), one-way ANOVA with Tukey’s multiple 
comparison test.
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the survival time of tumor-bearing mice (Figure 5d). Focusing 
on local tissue, compared with mice treated with vehicle alone, 
mice treated with ATVs@LYS-NPs showed more CD8+ T cell 
recruitment and more cancer cell apoptosis in tumor areas 
(Figure  5e,f; Figure S25, Supporting Information). Although 
the therapeutic effect observed in this challenging tumor model 
was modest, this was the effect that can be achieved with one 
injection, indicating that the method was expected to improve 
the treatment effect after repeated administration.[56] To further 
address whether ATVs@LYS-NPs can trigger systemic immune 
cell activation, we evaluated the antitumor cytokines interferon-
gamma (IFN-γ) and interleukin 6 (IL-6). We found that the 
peripheral blood IFN-γ and IL-6 levels in the ATVs@LYS-NP 
treatment group were not significantly different from those in 
the other treatment groups (Figure 5g,h). This finding suggests 
that the application of experimental doses of ATVs@LYS-NPs 
is within a safe range. These data demonstrate that ATVs@
LYS-NPs show superior tumor-targeted drug delivery ability and 
promote tumor cell apoptosis in tumor immunotherapy, sug-
gesting that this formulation has certain antitumor activity and 
biological safety.

3. Conclusion

We have developed reprogrammed CD8+ T Cells by lysosome-
targeting LYS-NPs to improve cancer immunotherapy. We have 
shown that LYS-NPs store perforin and granzyme B in the lys-
osomes of ATVs and the therapeutic proteins are released when 
the TCR of ATVs binds to tumor cells. Meanwhile, CaCO3 is 
degraded into Ca2+ in the lysosome, which can synergistically 
enhance the effects of perforin and granzyme B. These three 
elements possess the powerful ability to induce cell apoptosis 
and promote target cell lysis in immunological synapses.[57] 
Importantly, LYS-NPs reprogramming lysosomes of CD8+ T 
cells solves the major problems faced by anti-solid-tumor strate-
gies, namely, the insufficient targeting of T cells to the tumor 
area, and the sharp decline in the synthesis and release of cyto-
toxic proteins. Our work, constructing a “super-cytotoxic T lym-
phocyte” for targeting tumors and releasing cytotoxic proteins, 
has opened up new horizons for anti-solid-tumor-strategies by 
immunological methods.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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