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ABSTRACT

The limited infiltration and persistence of chimeric antigen receptor (CAR)-T cells is primarily responsible

for their treatment deficits in solid tumors. Here, we present a three-dimensional scaffold, inspired by the

physiological process of T-cell proliferation in lymph nodes. This scaffold gathers the function of loading,

delivery, activation and expansion for CAR-T cells to enhance their therapeutic effects on solid tumors. This

porous device is made from poly(lactic-co-glycolic acid) by a microfluidic technique with the modification
of T-cell stimulatory signals, including anti-CD3, anti-CD28 antibodies, as well as cytokines. This scaffold

fosters a 50-fold CAR-T cell expansion in vitro and a 15-fold cell expansion in vivo. Particularly, it maintains

long-lasting expansion of CAR-T cells for up to 30 days in a cervical tumor model and significantly inhibits

the tumor growth. This biomimetic delivery strategy provides a versatile platform of cell delivery and

activation for CAR-T cells in treating solid tumors.
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INTRODUCTION

Chimeric antigen receptor (CAR)-T cells are al-
tered T cells that can eliminate tumor cells inde-
pendently of the major histocompatibility complex
(MHC) [1-5]. To date, this therapy has shown un-
precedented success in patients with hematologic
malignancies but limited clinical efficacy has been
achieved in solid tumor treatments so far [6-10].
Due to the dense extracellular matrix and abnormal
vascular system of solid tumors, limited therapeutic
cells could successfully access and infiltrate to the
tissues [ 11-13]. In addition, the immunosuppressive
tumor microenvironment (TME) hinders retention
and activity of the infiltrated cells [14-16]. To tackle
these challenges, various cell-delivery strategies that
include assisting CAR-T cells in penetrating solid tu-
mors, implanting and releasing them locally to pro-
long effectiveness of treatment, and co-delivering cy-
tokines/platelets to reverse the TME have been de-
veloped [17-25].

Lymph nodes are small, bean-shaped, encapsu-
lated organs that house a wide range of immune cells

and generate multiple immune responses [26-28].
The specific reticular microarchitecture of lymph
nodes established by the fibroblastic reticular cells
provides favorable mechanical strength for persis-
tent recruitment, survival and spatial organization
of immune cells [29,30]. The T-zone, also known
as the paracortex is microdomain found in lymph
nodes. It is where antigen-presenting cells (APCs)
come and display antigens to T cells. The interac-
tion results in rapid stimulation and growth of T cells
[31,32]. Herein, we demonstrated a scaffold that
mimicked the lymph node environment, including
the porous bulk structure in three dimensions and
bio-functional stimulatory signals for CAR-T cell de-
livery. This scaffold gathered the function of load-
ing, delivery, activation and proliferation of CAR-T
cells, thereby significantly improving their effective-
ness in treating solid tumors (Fig. 1A). In detail,
this porous scaffold was made from poly(lactic-co-
glycolicacid) (PLGA), abiocompatible polymer, via
a microfluidic technique. The average sizes of the
pores and the scaffolds were 25 and 570 pm, re-
spectively, thus allowing efficient loading of cells and

© The Author(s) 2024. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.


https://doi.org/10.1093/nsr/nwae018
mailto:guzhen@zju.edu.cn
mailto:hongjun@zju.edu.cn
mailto:sunj4@zju.edu.cn
https://creativecommons.org/licenses/by/4.0/

Natl Sci Rev, 2024, Vol. 11, nwae018

s
.aCD3

Intratumor injection

9
TumeE--. /
o
. O
‘;\\G
\
K
Tumor microenvironment
umormicrognvironme CAR-T cell
B C D
700 60 'd 207 — Microsphere
E E - Py — Lymph node
45 15
2 600 2 & <
7] [} 10
5 500 S 15 5
Sl P H
400 T T 0 100 200 300
Particle size Pore size Displacement (um)
G 5
“ ko =]
gt T‘\“ |
L 35 4
82
=X
[0}
© 5 2]
o w
S @ 14
zZ o
0 T T T T
0
CAR-T Cell density
[ (x107 cells/mL)
Day9 Day 12 Day 18 100

Day 27 Day 39 Day 49

Remain of scaffold (%)

757
504
25

O

18 27 36 45
Low High Days after treatment

Figure 1. Characterization of scaffold for CAR-T cell delivery and proliferation. (A) Schematic of the artificial lymph node-like scaffold. The scaffold
is constructed using the aCD3 and aCD28 antibodies functionalized porous microspheres and provides stimulatory and co-stimulatory signals for T-
cell expansion. (B) Representative images of the porous microsphere. Scale bar, 100 .m. (C) Microsphere size and pore size analysis. (D) Mechanical
behavior of the scaffold and mouse lymph node. (E) Confocal images of fluorescein isothiocyanate (FITC)-modified PLL-Biotin and rhodamine B-modified
IgG-modified porous microspheres. Scale bar, 50 .«m. (F) Confocal images of CAR-T cells within the microspheres. Cells were labeled using CFSE. Scale
bar, 50 em. (G) The quantitative flow cytometry analysis of loaded CAR-T cells. n= 3, mean =+ s.d. (H and |) /n vivo degradation of the scaffold. (H) The
representative fluorescent signal and (1) their quantitative analysis of the Cyb-labeled scaffold after subcutaneous administration. n =5, mean % s.d.
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injection of scaffold directly into tumor sites with-
out surgery. In addition, the scaffold was modified
using the T-cell stimulatory anti-CD3 antibodies
(aCD3) and co-stimulatory anti-CD28 antibodies
(aCD28) signals, as well as cytokines (interleukin-
7 and interleukin-15), which mimicked key signal
molecules provided by APCs to activate T cells [33—
35]. The artificial lymph node-biomimetic scaffold
(ALS) demonstrated superior CAR-T cell prolifer-
ation both ex vivo and in vivo. Notably, the injected
cells were able to maintain strong killing activity af-
ter 50-fold expansion, and the scaffold could sup-
port sustained CAR-T cell activation and expansion
within tumors for up to 30 days. This biomimetic cell
delivery strategy was further demonstrated to be ef-
fective at delaying tumor progression when applied
to a xenograft tumor model.

RESULTS

Characterization of artificial lymph
node-like scaffold

The porous polymeric microsphere is a potential cell
delivery system to provide sufficient cavity and me-
chanical force for the loading and retention of cells
[36]. Previous research has demonstrated that the
microspheres prepared by using microfluidic tech-
nology can be adjusted precisely and form a uni-
form morphological structure compared with those
prepared by using the traditional solvent evapora-
tion method [37]. In this work, we fabricated the
biodegradable PLGA porous microspheres via mi-
crofluidic technology (Fig. S1). The microspheres
displayed a spherical morphology and a reticular mi-
croarchitecture as observed by using scanning elec-
tron microscopy (SEM) imaging (Fig. 1B). They
also showed a diameter of ~570 wm with intercon-
nected pores ranging from 3 to 60 (um in spacing, en-
abling the potential high loading efficiency of CAR-
T cells (Fig. 1C). The microspheres also showed a
force of 15 N at a displacement of 300 pm, which
protected encapsulated cells and ensured the sta-
bility of the scaffold within the tumors (Fig. 1D).
The stimulatory antibodies, aCD3 and aCD28, were
conjugated to porous microspheres through biotin-
streptavidin systems to enhance CAR-T cell prolif-
eration in vivo [38]. After treatment by using alka-
line hydrolysis (Fig. S2), the biotin-modified poly-
L-lysine (PLL-Biotin) was bound to the surface of
the microspheres (Fig. $3). To verify the grafting of
the antibodies, PLL-Biotin and IgG (as mock anti-
bodies) were modified using fluorescent dyes. The
confocal microscopy images of the microspheres
(Fig. S4) and their cryo-sections (Fig. 1E) verified
the feasibility of the modifications. We also quanti-
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tatively calculated the grafting efficiency of the an-
tibodies and the results demonstrated that >90%
of the antibodies in the solution could be attached
to the microspheres (Fig. SS). The lymph node-like
scaffold was assembled by using several functional-
ized porous microspheres.

We hypothesized that CAR-T cells could enter
the interior of the microspheres through micron-
sized pores and confirmed the distribution of cells
by using confocal microscopy (Fig. 1F). Each mi-
crosphere could load >38 000 CAR-T cells when
there were 8 x 107 cells per milliliter in the initial cell
suspension (Fig. 1G). It is crucial that the function-
alized scaffold exists over the duration of the treat-
ment. Thus, to validate the persistence of the scaf-
told in vivo, we developed visualizable microspheres
from CyS5-modified PLGA and injected them into
NOD.Cg-Prkdc*““I12rg®™!$m°¢ (NSG) mice subcu-
taneously. The degradation of the scaffold was mea-
sured via an in vivo imaging system (IVIS). The sig-
nals of the scaffold were still detected for 49 days,
aligning with the duration of tumor therapy (Fig. IH
and ).

Evaluation of the influence of the scaffold
on CAR-T cell proliferation

The CAR-T cells were co-cultured within the scaf-
fold or aCD3- and aCD28-coated cell culture plate
(aCD3/CD28 plate) for 3 days. Light microscopy
(Fig. 2A) and SEM (Fig. 2B) imaging revealed that
high-density clusters between cells and materials
were formed, which suggested the activation and
proliferation of CAR-T cells [39]. The number of
cells was counted during proliferation. As shown
in Fig. 2C, the scaffold facilitated a 50-fold total
number of cells after activation for 20 days. Besides,
the CAR-T cells were marked using carboxyfluores-
cein succinimidyl ester (CFSE) before co-culturing
[40]. Flow cytometry analyses were conducted
every week after treatment and the CFSE dilution
was observed for 3 weeks, suggesting the sustained
cell division (Fig. 2D). By day 21, the mean fluores-
cence intensity (MFI) values of cells in the scaffold
group were only half of those in the aCD3/CD28
plate group (Fig. 2E). We also demonstrated the
expansion by using quantitative polymerase chain
reaction (QPCR) assays with CAR-specific primers
(Fig. S6). The results were further supported by
enzyme-linked immunosorbent assay (ELISA)
kits. The secretion of inflammatory cytokines
interferon-gamma (IFN-y) and interleukin-2 (IL-
2)—contributing to CAR-T cell proliferation—was
also elevated (Fig. 2F and G). Moreover, the
scaffold-activated CAR-T cells maintained en-
hanced functionality after experiencing improved
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Figure 2. Scaffold promotes CAR-T cell ex vivo proliferation and activity. (A) Representative bright-field microscopy images and (B) SEM images
of CAR-T cells after 3 days of culture within the scaffold. Scale bar, 50 wum. (C) The expansion curve of CAR-T cells that were untreated (mock),
activated with aCD3/CD28 plate or scaffold. (D and E) CFSE-based cell proliferation analysis of CAR-T cells cultured under different conditions.
(D) Representative flow cytometry histograms and (E) their relative MFl. n = 5, mean £ s.d. (F and G) The concentrations of human IL-2 and IFN-y
after co-culturing of CAR-T cells with aCD3/CD28 plate or scaffold. Cell number, 5 x 10° CAR-T cells; microsphere number, 50 microspheres. n =5,
mean = s.d. (H) The killing activity of CAR-T cells after activation on indicated days. n= 4, mean = s.d. (I) Representative flow cytometric plots (left) and
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Figure 2. (Continued) relative quantification (right) of CD8* and CD4* CAR-T cells among CD3* CAR-T cells after 10 days of activation. n = 5,
mean = s.d. (J) Representative flow cytometric plots (left) and the average ratio (right) of PD-1TLAG-3" CAR-T cells among CD3* CAR-T cells after
10 days of activation. n =5, mean = s.d. Statistical analysis was performed using one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.

expansion. The cytotoxicity assay was conducted
and demonstrated that CAR-T cells activated by
the scaffold showed enhanced antitumor efficacy
compared with those activated by aCD3/CD28
plate conditions (Fig. 2H). To figure out how the
scaffold affected CAR-T cell properties, we analysed
the phenotype and exhaustion markers of the pro-
liferated cells. The percentage of CD8" and CD4"
subsets among the CD3" cells in the scaffold group
was higher than those in aCD3/CD28 plate group
at day 10 and 14, which may have enabled the per-
sistent function of CAR-T cells (Fig. 2I and Fig. S7).
Notably, while the CAR-T cells in the scaffold group
experienced a rapid expansion, the cells exhibited
reduced levels of exhausted markers LAG-3 or/and
PD-1 (Fig. 2]). Lactic acid, the degradation product
of PLGA, may affect the metabolism of T cells,
leading to the changes in the phenotype [41].

Scaffold serves as a CAR-T cell
expansion niche in vivo

We engineered the luciferase-encoding CAR-T cells
that could be visible in vivo using a bioluminescent
imaging method (Fig. S8). Free CAR-T cells or
cells delivered by ALS were injected into the sub-
cutaneous tumor sites in NSG mice. The results
suggested that, at the initial time points, T cells were
released from scaffolds and experienced a slight
expansion, but from day 15 to 30, improved T-cell
signals were observed (Fig. 3A and B). Ultimately,
the CAR-T cells displayed a 15-fold expansion in the
ALS-treated mice. After treatment for 3 or 4 weeks,
the cells in the peripheral blood or spleens were
stained with specific antibodies. Different subsets
of cells were identified through such an indicated
gating strategy (Fig. S9). The results demonstrated
that the number of CAR-T cells in mice treated with
ALS@CAR-T is 3-fold higher compared with that
treated with free cells (Fig. 3C and D). In addition,
we evaluated the concentration of inflammatory cy-
tokines within the mice plasma. The results showing
the enhanced concentration of IL-2 and IFN-y in
the ALS group were consistent with the quantitative
analysis results above (Fig. 3E and F).

In vivo anti-solid tumor activity of
ALS@CAR-T

Cytokines such as interleukin-7 and interleukin-15
are considered the third critical factor for the ac-
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tivation of T cells. Thus, we also developed mi-
crospheres loaded with these two cytokines to fur-
ther enhance the therapeutic effects (Fig. S10).
Although the half-life of free cytokines is only
several hours, the cytokines encapsulated in the mi-
crospheres demonstrated sustained retention over
16 days in vivo (Fig. S11). The scaffold containing
functionalized porous microspheres and cytokine-
encapsulated microspheres was used in the subse-
quent in vivo treatment.

We established a tumor model by subcutaneous
injection of luciferase-encoding HeLa cells, which
expressed high levels of mesothelin (Fig. $12). When
the size of the tumor reached ~50 mm?, the mice
were injected with free CAR-T cells IT@CAR-T)
or CAR-T cells loaded in ALS (ALS@CAR-T) in-
tratumorally (Fig. 4A). Mice that were untreated or
injected with bare ALS were represented as the con-
trols. Tumor burdens were quantified using IVIS
(Fig. 4B). We also plotted the tumor growth curves
of each group (Fig. 4C and D). At the end of
treatment, the tumors were dissected and weighed
(Fig. 4E and F). The results showed that IT@CAR-
T showed negligible therapeutic effects in xenograft
tumor models, while ALS@CAR-T displayed bet-
ter tumor rejection. In addition, this therapy can
be co-operated with immune checkpoint inhibitors,
such as PD-1 antibodies, to synergistically yield in-
creased therapeutic efficiency. No significant differ-
ence in the body weight and in the hematoxylin
and eosin (H&E)-stained histological section im-
ages were found, indicating the negligible toxicity of
the materials (Fig. 4G and Fig. S13).

DISCUSSION

CAR-T cell therapy remains challenging when ap-
plied to solid tumors. This is in part because of the
dense physical extracellular matrix and the immuno-
suppressive TME within tumors, which limit the in-
filtration, inhibit the expansion and cripple the activ-
ity of CAR-T cells [42]. To tackle these challenges,
some engineered hydrogels or metal thin films are
proposed to support the sustained release of thera-
peutic T cells in vivo. The porous microneedle patch
aids in breaking down the physical obstacles of tu-
mors, which supports improved locoregional deliv-
ery of cells [43,44]. In our work, we drew inspiration
from lymph nodes and developed a scaffold to es-
tablish an appropriate structural microenvironment
for the maintenance of injected cells. The micron-
sized scaffold can be injected into tumors without
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Figure 3. ALS enhances CAR-T cell expansion in vivo. (A) The bioluminescence imaging of luciferase-encoding CAR-T cells after injection. (B) Quanti-
tative analysis of the bioluminescence imaging data. n = 4, mean = SEM. (C and D) The representative flow cytometry analysis images (left) and the
relative quantified number of CAR-T cells (right). Samples were derived from (C) mouse peripheral blood 21 days post injection and (D) mouse spleen
28 days post injection. n = 6, mean =s.d. (E) Human IL-2 and (F) IFN-y in the peripheral blood 21 days after injection. n = 6, mean + s.d. Statistical
analysis was performed using Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

surgery, broadening the application of this system to
some inaccessible solid tumors [45]. The scaffold is
decorated with stimulatory and co-stimulatory sig-
nals, promoting both the delivery and proliferation
of cells.

APCs in the specific area of lymph nodes provide
T-cell receptor stimulation and costimulation to
trigger antigen-specific T-cell activation. Several
biomaterials were engineered using T-cell activat-
ing cues to boost the rapid proliferation of T cells
[46,47]. Commercial microbeads (Dynabeads) are
the only FDA-approved devices for T-cell activation
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ex vivo and have become indispensable materials in
CAR-T cell manufacturing. However, Dynabeads
exhibit significant toxicity to humans and should be
separated from CAR-T cells before injection. In our
research, the scaffold was also decorated with crit-
ical signals of APC (including aCD3 and aCD28),
enabling a 50-fold increased ex vivo expansion as well
as a 15-fold increased expansion of CAR-T cells in
vivo. We demonstrate that the artificial lymph node-
like scaffold can be a safe alternative to Dynabeads
and can be injected into patients along with the pre-
pared CAR-T cells without separation. The scaffold
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can be not only capable of expanding CAR-T cells; = manufacturing periods currently required to achieve
it can also be employed as a delivery system to load  therapeutic effects. In this study, we demonstrate
and reserve CAR-T cells. Moreover, the effects of the  the therapeutic success in subcutaneous tumors.
scaffold enable a reduced number of initial cells to  However, applying the system to other types of
meet treatment requirement, thereby reducing the  cancers, especially to those tumors that are difficult
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to reach by using surgery, remains to be assessed. Be-
sides of the favorable organ structure and APC, some
chemokines and adhesion molecules in lymph nodes
are also necessary factors for generating immune
responses. So, in order to provide more realistic con-
ditions of lymph nodes, the artificial scaffold can be
engineered to present some other functional factors
such as CCL21, CCL19, CCRS8 and ICAM-1 [48].

Overall, the artificial lymph node-like scaffold
serves as a depot for enhancing CAR-T cell expan-
sion and prolonging the efficacy of cells in vivo that
augments solid tumor treatment efficacy. Further-
more, the preserved ability of the scaffold could be
manipulated by coupling microspheres with other
materials that convert the immunosuppressive envi-
ronment within solid tumors.

MATERIALS AND METHODS
Fabrication of porous microspheres

A coaxial needle (18 G/25 G) and syringe pump
were used to prepare porous microspheres. The
emulsion was injected into a syringe as the non-
continuous part, which was attached to the inner of
the coaxial needle. 1% poly(vinyl alcohol) (PVA) so-
lution was connected to the outer diameter of the
coaxial needle, represented as the continuous phase.
The two syringes were driven by syringe pumps
with a flow rate ratio of 1:20. The microspheres
were collected in a beaker containing 100 mL of
2% PVA solution and gently stirred in an ice bath
overnight. Then the beaker was moved to a warm
bath (45°C) and stirring was continued for 4 hours.
The porous microspheres were collected, freeze-
dried and stored.

In vitro cell proliferation assay

In total, SO0 uL of aCD3 and aCD28 (2 j1g/mL)
were added to a 24-well plate overnight (4°C)
and S x 10° CAR-T cells were cultured in the
coated plate or in an uncoated plate with 50 am-
plified microspheres. All samples were cultured in
X-VIVO™ 15 medium with cytokines supplemen-
tation. Throughout the incubation period, medium
was added to maintain the density of cells at
<2 x 10° cells/mL. CAR-T cells were counted ev-
ery week using a blood cell counter (Thermo Fisher)
after homogeneous mixing.

The CFSE-labeled CAR-T cells (5 x 10° cells)
were cultured using ALS (S0 microspheres per well)
or in the coated plate. Cytokines (IL-7 and IL-15)
were added to the medium. After co-culturing, we
collected the cell suspension and the microspheres

Page 8 of 10

were placed in 300 uL of phosphate-buffered saline
(PBS) four times to release the cells inside. CAR-T
cells were harvested from all suspensions by using
centrifuge and analysed by using flow cytometry.

Genomic DNA of expanded cells was ex-
tracted using a blood genomic DNA miniprep kit
(Uelandy). Extracted DNA, Tag DNA polymerase
and CAR-specific primers (all purchased from
Sangon) were mixed and underwent three basic
thermal cycling steps of polymerase chain reaction
(PCR) (Thermo Fisher).

In vivo antitumor efficacy studies

Once the tumor volume reached ~50 mm?, mice

were distributed to several groups randomly and
experienced treatment; 2 x 10° free CAR-T cells
or ALS loaded with the same amount of CAR-T
cells were injected into the tumors via an injection
syringe (syringe needle, 1.6 mm). PBS or bare ALS
were injected in the same manner to serve as a con-
trol group. Some of the mice bearing CAR-T cells
delivered by ALS were treated with a combination
of 10 ug of anti-human PD-1 antibodies via intra-
venous injection. The tumor size was monitored
using vernier calipers or IVIS every 3 days. At the
end of the treatment, the tumors were dissected,
weighed and imaged.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

ACKNOWLEDGEMENTS

We appreciate the help from the Center of Cryo-Electron Mi-
croscopy, the Research and Service Center of College of Pharma-
ceutical Sciences and the Core Facilities of Zhejiang University
School of Medicine in Zhejiang University, particularly from D.
Song and G. Zhu. We also would like to acknowledge the Labora-
tory Animal Center of Zhejiang University, particularly Z. Wang.

FUNDING

This work was supported by the National Natural Science Foun-
dation of China (52233013 and 52173142), the National Key
R&D Program of China (2021YFA0909900) and grants from the
Startup Package of Zhejiang University and China Postdoctoral
Science Foundation (2022M712718).

AUTHOR CONTRIBUTIONS

7.G.,, HLL, Jie S. and Z.L. conceived the idea and designed the
experiment. Z.L. and ]J. designed the scaffold and CAR-T cells,

carried out the experiments, and collected the data with the help


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae018#supplementary-data

Natl Sci Rev, 2024, Vol. 11, nwae018

of WW, J.S., YW,, YY,, TS, Feng L., WL. and FL. Z.L,, J.J. and
H.L. wrote the manuscript. All authors discussed the data and

revised the manuscript.

Conflict of interest statement. The relative patent has been applied
(No.202211366647.7). Z.G., H.L. and Z.L. are listed as the inven-
tors of this patent. Z.G. is the co-founder of Zenomics Inc., ZCap-

sule Inc. and ptZen Inc. The other authors report no conflict of

interest.

REFERENCES

1

. Labanieh L, Majzner RG, Mackall CL. Programming CAR-T cells

to kill cancer. Nat Biomed Eng 2018; 2: 377-91.

. Rosenberg SA and Restifo NP. Adoptive cell transfer as person-

alized immunotherapy for human cancer. Science 2015; 348: 62—
8.

. June CH, O'Connor RS, Kawalekar OU et al. CAR T cell im-

munotherapy for human cancer. Science 2018; 359: 1361-5.

. Lim WA and June CH. The principles of engineering immune

cells to treat cancer. Cel/2017; 168: 724-40.

. Wang Y, Li Z, Mo F et al. Chemically engineering cells for preci-

sion medicine. Chem Soc Rev 2023; 52: 1068—102.

. Brentjens RJ, Davila ML, Riviere | et al. CD19-targeted

T cells rapidly induce molecular remissions in adults with
chemotherapy-refractory acute lymphoblastic leukemia. Sci
Transl Med 2013; 5: 177ra38.

. Fraietta JA, Lacey SF, Orlando EJ et al. Determinants of re-

sponse and resistance to CD19 chimeric antigen receptor (CAR)
T cell therapy of chronic lymphocytic leukemia. Nat Med 2018;
24: 563-71.

. Grupp SA, Kalos M, Barrett D et al. Chimeric antigen receptor-

modified T cells for acute lymphoid leukemia. N Engl J Med
2013; 368: 1509-18.

. Milone MC, Xu J, Chen SJ et al. Engineering enhanced CAR

T-cells for improved cancer therapy. Nat Cancer 2021; 2:
780-93.

. Newick K, O'Brien S, Moon E et al. CAR T cell therapy for solid

tumors. Annu Rev Med 2017; 68: 139-52.

. Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to

overcome the current roadblocks in CAR T cell therapy. Nat Rev
Clin Oncol 2020; 17: 147-67.

.FuR, Li H, Li R et al. Delivery techniques for enhancing CAR

T cell therapy against solid tumors. Adv Funct Mater 2021; 31:
eabn8264.

. LiuL, QuY, Cheng L et al. Engineering chimeric antigen recep-

tor T cells for solid tumour therapy. Clin Trans/ Med 2022; 12:
e1141.

. Hou AJ, Chen LC, Chen YY. Navigating CAR-T cells through the

solid-tumour microenvironment. Nat Rev Drug Discov 2021; 20:
531-50.

. Liu G, Rui W, Zhao X et al. Enhancing CAR-T cell efficacy in solid

tumors by targeting the tumor microenvironment. Cel/ Mol Im-
munol 2021; 18: 1085-95.

. Chen Q, Hu Q, Dukhovlinova E et al. Photothermal therapy pro-

motes tumor infiltration and antitumor activity of CAR T cells.
Adv Mater2019; 31: e1900192.

Page 9 of 10

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

3

32.

33.

34.

3

[33]

. Hu Q, Li H, Archibong E et al. Inhibition of post-surgery tu-

mour recurrence via a hydrogel releasing CAR-T cells and
anti-PDL1-conjugated platelets. Nat Biomed Eng 2021; 5:
1038-47.

. Grosskopf AK, Labanieh L, Klysz DD et al. Delivery of CAR-T cells

in a transient injectable stimulatory hydrogel niche improves
treatment of solid tumors. Sc/ Adv2022; 8: eabn8264.

. Agarwalla P, Ogunnaike EA, Ahn S et al. Bioinstructive im-

plantable scaffolds for rapid in vivo manufacture and release
of CAR-T cells. Nat Biotechnol 2022; 40: 1250-8.

Coon ME, Stephan SB, Gupta V et al. Nitinol thin films func-
tionalized with CAR-T cells for the treatment of solid tumours.
Nat Biomed Eng 2020; 4: 195-206.

Wang K, ChenY, Ahn S et al. GD2-specific CAR T cells encapsu-
lated in an injectable hydrogel control retinoblastoma and pre-
serve vision. Nat Cancer 2020; 1: 990—7.

Stephan SB, Taber AM, Jileaeva | et al. Biopolymer implants
enhance the efficacy of adoptive T-cell therapy. Nat Biotechnol
2015; 33: 97-101.

Pérez Del Rio E, Santos F, Rodriguez RX et al. CCL21-loaded 3D
hydrogels for T cell expansion and differentiation. Biomaterials
2020; 259: 120313.

Li H, Wang Z, Archibong E et al. Scattered seeding of CAR T
cells in solid tumors augments anticancer efficacy. Nat/ Sci Rev
2022; 9: nwab172.

Wu'Y, Liu'Y, Huang Z et al. Control of the activity of CAR-T cells
within tumours via focused ultrasound. Nat Biomed Eng 2021;
5:1336-47.

von Andrian UH and Mempel TR. Homing and cellular traffic in
lymph nodes. Nat Rev Immunol 2003; 3: 867—78.

Jalkanen S and Salmi M. Lymphatic endothelial cells of the
lymph node. Nat Rev Immunol 2020; 20: 566—78.

du Bois H, Heim TA, Lund AW. Tumor-draining lymph nodes: at
the crossroads of metastasis and immunity. Sci /mmunol 2021;
6: eabg3551.

Fletcher AL, Acton SE, Knoblich K. Lymph node fibroblastic retic-
ular cells in health and disease. Nat RevIimmunol2015; 15: 350—
61.

Krishnamurty AT and Turley SJ. Lymph node stromal cells: car-
tographers of the immune system. Nat /mmunol 2020; 21: 369—
80.

. Gerner MY, Torabi-Parizi P, Germain RN. Strategically localized

dendritic cells promote rapid T cell responses to lymph-borne
particulate antigens. /mmunity 2015; 42: 172-85.

Bousso P. T-cell activation by dendritic cells in the lymph
node: lessons from the movies. Nat Rev Immunol 2008; 8:
675-84.

Harding FA, McArthur JG, Gross JA et al. CD28-mediated sig-
nalling co-stimulates murine T cells and prevents induction of
anergy in T-cell clones. Nature 1992; 356: 607-9.

Zhou J, Jin L, Wang F et al. Chimeric antigen receptor T (CAR-T)
cells expanded with IL-7/IL-15 mediate superior antitumor ef-
fects. Protein Cell 2019; 10: 764-9.

. Vella AT, Dow S, Potter TA et al. Cytokine-induced survival of

activated T cells in vitro and in vivo. Proc Nat/ Acad Sci USA
1998; 95: 3810-5.


http://dx.doi.org/10.1038/s41551-018-0235-9
http://dx.doi.org/10.1126/science.aaa4967
http://dx.doi.org/10.1126/science.aar6711
http://dx.doi.org/10.1016/j.cell.2017.01.016
http://dx.doi.org/10.1039/D2CS00142J
http://dx.doi.org/10.1126/scitranslmed.3005930
http://dx.doi.org/10.1038/s41591-018-0010-1
http://dx.doi.org/10.1056/NEJMoa1215134
http://dx.doi.org/10.1038/s43018-021-00241-5
http://dx.doi.org/10.1146/annurev-med-062315-120245
http://dx.doi.org/10.1038/s41571-019-0297-y
http://dx.doi.org/10.1002/adfm.202009489
http://dx.doi.org/10.1002/ctm2.1141
http://dx.doi.org/10.1038/s41573-021-00189-2
http://dx.doi.org/10.1038/s41423-021-00655-2
http://dx.doi.org/10.1002/adma.201900192
http://dx.doi.org/10.1038/s41551-021-00712-1
http://dx.doi.org/10.1126/sciadv.abn8264
http://dx.doi.org/10.1038/s41587-022-01245-x
http://dx.doi.org/10.1038/s41551-019-0486-0
http://dx.doi.org/10.1038/s43018-020-00119-y
http://dx.doi.org/10.1038/nbt.3104
http://dx.doi.org/10.1016/j.biomaterials.2020.120313
http://dx.doi.org/10.1093/nsr/nwab172
http://dx.doi.org/10.1038/s41551-021-00779-w
http://dx.doi.org/10.1038/nri1222
http://dx.doi.org/10.1038/s41577-020-0281-x
http://dx.doi.org/10.1126/sciimmunol.abg3551
http://dx.doi.org/10.1038/nri3846
http://dx.doi.org/10.1038/s41590-020-0635-3
http://dx.doi.org/10.1016/j.immuni.2014.12.024
http://dx.doi.org/10.1038/nri2379
http://dx.doi.org/10.1038/356607a0
http://dx.doi.org/10.1073/pnas.95.7.3810

36.

37.

38.

39.

40.

41.

Natl Sci Rev, 2024, Vol. 11, nwae018

Xu'Y, Gu Y, Cai F et al. Metabolism balance regulation via antagonist-
functionalized injectable microsphere for nucleus pulposus regeneration. Adv
Funct Mater 2020; 30: 2006333.

Su'Y, Zhang B, Sun R et al. PLGA-based biodegradable microspheres in drug de-
livery: recent advances in research and application. Drug Deliv2021; 28: 1397—
418.

Dundas CM, Demonte D, Park S. Streptavidin-biotin technology: improve-
ments and innovations in chemical and biological applications. App/ Microbiol
Biotechnol 2013; 97: 9343-53.

Hommel M and Kyewski B. Dynamic changes during the immune response in
T cell-antigen-presenting cell clusters isolated from lymph nodes. J Exp Med
2003; 197: 269-80.

Quah BJ, Warren HS, Parish CR. Monitoring lymphocyte proliferation in vitro
and in vivo with the intracellular fluorescent dye carboxyfluorescein diacetate
succinimidyl ester. Nat Protoc 2007; 2: 2049-56.

Johnson S, Haigis MC, Dougan SK. Dangerous dynamic duo: lactic acid and
PD-1 blockade. Cancer Cell 2022; 40: 127-30.

42.

43.

44.

45.

46.

47.

48.

MaL, Dichwalkar T, Chang TYH et al. Enhanced CAR-T cell activity against solid
tumors by vaccine boosting through the chimeric receptor. Science 2019; 365:
162-8.

Wang H and Mooney DJ. Biomaterial-assisted targeted modulation of immune
cells in cancer treatment. Nat Mater 2018; 17: 761-72.

Liao Z, Zhang W, Zheng H et al. Leveraging biomaterials for enhancing T cell
immunotherapy. J Control Release 2022; 344 272—-88.

Wen P, Wu W, Wang F et al. Cell delivery devices for cancer immunotherapy.
J Control Release 2023; 353: 875-88.

Wang C, Sun W, Ye Y et al. Bioengineering of artificial antigen presenting cells
and lymphoid organs. Theranostics 2017; 7: 3504—-16.

Cheung AS, Zhang DKY, Koshy ST et al. Scaffolds that mimic antigen-
presenting cells enable ex vivo expansion of primary T cells. Nat Biotechnol
2018; 36: 160-9.

Ulvmar MH, Werth K, Braun A et al. The atypical chemokine receptor CCRL1
shapes functional CCL21 gradients in lymph nodes. Nat Immunol/2014;15: 623—
30.

© The Author(s) 2024. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

Page 10 of 10


http://dx.doi.org/10.1002/adfm.202006333
http://dx.doi.org/10.1080/10717544.2021.1938756
http://dx.doi.org/10.1007/s00253-013-5232-z
http://dx.doi.org/10.1084/jem.20021512
http://dx.doi.org/10.1038/nprot.2007.296
http://dx.doi.org/10.1016/j.ccell.2022.01.008
http://dx.doi.org/10.1126/science.aav8692
http://dx.doi.org/10.1038/s41563-018-0147-9
http://dx.doi.org/10.1016/j.jconrel.2022.02.023
http://dx.doi.org/10.1016/j.jconrel.2022.11.041
http://dx.doi.org/10.7150/thno.19017
http://dx.doi.org/10.1038/nbt.4047
http://dx.doi.org/10.1038/ni.2889
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS
	Characterization of artificial lymph node-like scaffold
	Evaluation of the influence of the scaffold on CAR-T cell proliferation
	Scaffold serves as a CAR-T cell expansion niche in vivo
	In vivo anti-solid tumor activity of ALS@CAR-T

	DISCUSSION
	MATERIALS AND METHODS
	Fabrication of porous microspheres
	In vitro cell proliferation assay
	In vivo antitumor efficacy studies

	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

