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ABSTRACT: Glioblastoma (GBM) is an aggressive brain
cancer that is highly resistant to treatment including chimeric
antigen receptor (CAR)-T cells. Tumor-associated microglia
and macrophages (TAMs) are major contributors to the
immunosuppressive GBM microenvironment, which promotes
tumor progression and treatment resistance. Hence, the
modulation of TAMs is a promising strategy for improving
the immunotherapeutic efficacy of CAR-T cells against GBM.
Molecularly targeting drug pexidartinib (PLX) has been
reported to re-educate TAMs toward the antitumorigenic M1-
like phenotype. Here, we developed a cell−drug integrated
technology to reversibly conjugate PLX-containing liposomes
(PLX-Lip) to CAR-T cells and establish tumor-responsive
integrated CAR-T cells (PLX-Lip/AZO-T cells) as a combination therapy for GBM. We used a mouse model of GBM to show
that PLX-Lip was stably maintained on the surface of PLX-Lip/AZO-T cells in circulation and these cells could transmigrate
across the blood−brain barrier and deposit PLX-Lip at the tumor site. The uptake of PLX-Lip by TAMs effectively re-educated
them into the M1-like phenotype, which in turn boosted the antitumor function of CAR-T cells. GBM tumor growth was
completely eradicated in 60% of the mice after receiving PLX-Lip/AZO-T cells and extended their overall survival time beyond
50 days; in comparison, the median survival time of mice in other treatment groups did not exceed 35 days. Overall, we
demonstrated the successful fusion of CAR-T cells and small-molecule drugs with the cell−drug integrated technology. These
integrated CAR-T cells provided a superior combination strategy for GBM treatment and presented a reference for the
construction of integrated cell-based drugs.
KEYWORDS: glioblastoma, CAR-T cells, re-educated TAMs, blood−brain barrier, cell−drug integrated technology

INTRODUCTION
Glioblastoma (GBM) is the most common and fatal malignant
brain tumor in adults. Even when treated aggressively with
conventional surgery combined with radiotherapy and
temozolomide chemotherapy, the median survival of patients
with GBM is less than 2 years.1−3 Cancer immunotherapy has
brought newfound hope to patients with GBM.4−6 Among the
available modes of cancer immunotherapy, those involving the
manipulation and engineering of antitumor effector cells,
particularly chimeric antigen receptor (CAR)-T cell therapy,
have been most successful in treating GBM.7,8 Many early
clinical trials have shown that CAR-T cells can transmigrate
across the blood−brain barrier (BBB) and thus exert a

therapeutic effect on GBM.9,10 However, the five-year overall
survival rates of patients with GBM receiving CAR-T cell
therapy remain below 10%.2 Increasing evidence highlights the
vital role of the immunosuppressive tumor microenvironment
(TME) in promoting treatment tolerance.4,11 This barrier
must be overcome to fully unleash the antitumor capabilities of
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immune effector cells. As a major cellular component of the
immunosuppressive microenvironment of GBM, tumor-
associated microglia and macrophages (TAMs), which include
peripheral macrophages derived from hematopoietic stem cells
(HSCs) and brain-resident microglia derived from immature
yolk sac progenitors, are a key driver of both immunosup-
pression and therapy resistance in GBM.12,13 Given that 30−
50% of cells in a GBM mass are TAMs, there are intriguing
possibilities for re-educating these cells to function as
antitumor effector cells.14 Such an approach promises to
boost the therapeutic efficacy of CAR-T cell therapy for GBM.
It has been reported that microglia and macrophages are

recruited to the GBM tumor and develop a tumor-promoting
phenotype primarily through signaling molecules produced by
GBM cells, stromal fibroblasts, and the macrophages
themselves.15 These signaling molecules include transforming
growth factor-β (TGF-β), macrophage colony-stimulating
factor-1 (CSF-1), monocyte chemotactic protein-1 (MCP-1,
also called CCL-2), interleukin-4 (IL-4), immune complexes
recognized by receptors targeting the Fc portion of
immunoglobulin G (FcγRs), and complement.15 Among
them, CSF-1, released by GBM cells, acts as a microglia and
macrophages chemoattractant and converts microglia and
macrophages into protumorigenic M2-like microglia and
macrophages. These M2-like microglia and macrophages in
turn release epidermal growth factor (EGF), which induces
glioma-promoting activity and stimulates the growth and
invasion of GBM cells.14,16 Thus, interfering with CSF-1
signaling represents a potential strategy for targeting the
TAMs-mediated regulation of GBM growth. Several studies of
preclinical GBM models have shown that CSF-1R inhibition

induces the apoptosis of M2-like microglia and macrophages
and repolarization toward M1-like microglia and macro-
phages.17,18 Moreover, in animal models, CSF-1R inhibition
improved the efficacy of several immunotherapeutic modalities,
including immune checkpoint blockade and adoptive T-cell
therapy.18

Pexidartinib (PLX3397, PLX), a marketed small-molecule
CSF-1R inhibitor (CSF-1Ri), has been reported to re-educate
TAMs toward the antitumorigenic, M1 phenotype.19 Blockade
of the CSF-1/CSF-1R axis by PLX decreased the expression of
protumorigenic genes in TAMs and upregulated the expression
of genes associated with antigen presentation and lymphocyte
activation.20 Moreover, PLX reshaped the immune micro-
environment and induced positive crosstalk between TAMs
and T cells, thereby maintaining a network of antitumor
responses.21 However, the results of a phase II clinical trial
showed that although PLX was well tolerated, it had little
therapeutic effect in patients with GBM (NCT01349036).
This disappointing result was likely due to the insufficient
accumulation and persistence of PLX in the GBM mass after
oral administration.22

Therefore, we would like to develop a cell−drug integrated
technology that integrates the CAR-T cells and PLX to
construct integrated CAR-T cells for the combination
treatment of GBM. This therapeutic strategy of combining
PLX with CAR-T cells might contribute to an increase in
antitumor efficacy and potentially reduce the nonspecific
distribution of PLX in healthy tissues, alleviating any toxicity
associated with the administration of higher doses of the drug.
Meanwhile, PLX shed from CAR-T cells would be taken up by
TAMs to remodel the GBM microenvironment and improve

Figure 1. Integrated CAR-T cells (PLX-Lip/AZO-T cells) re-educate tumor-associated microglia and macrophages and enhance glioblastoma
immunotherapy. (A) Schematic illustration of the cell−drug integrated technology to construct the PLX-Lip/AZO-T cells. An azide-bearing
lipid was inserted into the lipid bilayer of the CAR-T cell membrane, which contains the hypoxia-responsive moiety azobenzene (AZO). The
subsequent click reaction between the azide on the CAR-T cell surface and the DBCO-containing liposomal PLX (PLX-Lip) contributes to
the generation of the integrated CAR-T cells (PLX-Lip/AZO-T cells). (B) Schematic mechanism of PLX-Lip/AZO-T cells for enhancing
glioblastoma immunotherapy. PLX-Lip/AZO-T cells re-educated TAMs to the M1-like antitumorigenic phenotype by effectively crossing the
BBB and releasing PLX-Lip at the GBM site. The alleviation of TAMs-mediated immunosuppression in turn increased the immune potency
and therapeutic effect of the integrated CAR-T cells.
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the efficacy of the CAR-T cells. Hence, the aim of the present
study was to develop an integrated form of GBM therapy that
combines the antitumor properties of CAR-T cells and PLX.
To this end, we construct tumor-responsive integrated CAR-T
cells by the cell−drug integrated technology. Specifically, PLX
was reversibly conjugated to the surface of CAR-T cells via a
lipid-containing hypoxia-responsive moiety because hypoxia is
a key feature of the GBM microenvironment.23,24

As shown in Figure 1A, this cell−drug integrated technology
was a two-step approach involving lipid anchoring and a click
reaction. Briefly, the hypoxia-responsive moiety azobenzene
(AZO)25 was introduced into an azide-bearing lipid, which was
inserted into the lipid bilayer of the CAR-T cell membrane.
Then, the integrated CAR-T cells (PLX-Lip/AZO-T cells)
were generated via a click reaction26 between the azide on the
CAR-T cell surface and the DBCO-containing liposomal PLX
(PLX-Lip). We showed that PLX-Lip cells were retained on
the surface of CAR-T cells in circulation, could cross the BBB,
and were released from CAR-T cells in the hypoxic GBM
microenvironment. Subsequently, the uptake of free PLX-Lip
by TAMs led to their re-education toward the antitumorigenic
phenotype, which in turn boosted the antitumor activity of the
integrated CAR-T cells. Overall, integrated CAR-T cells based
on the cell−drug integrated technology of combining CAR-T
cells and PLX are expected to achieve the optimized CAR-T
cell immunotherapy for GBM (Figure 1B). This study will
provide a therapeutic strategy for combining cell drugs with
small-molecule drugs and has great potential for rapid
translation into clinical practice.

RESULTS AND DISCUSSION
Design and Construction of PLX-Lip/AZO-T Cells. The

azide-bearing lipid (DSPE-PEG2K-AZO-N3) containing AZO
and complementary DBCO-derived lipid (SA2-DBCO) were
designed and synthesized (Figure S1); their structures were
verified by proton nuclear magnetic resonance (1H NMR,
Figure S2). Under hypoxic conditions, the UV absorbance of
AZO at 380 nm gradually decreased over time and almost
completely disappeared at 9 h (Figure S3). This result
indicates that, under hypoxic conditions, the AZO bond in
DSPE-PEG2K-AZO-N3 was rapidly cleaved and fully reduced
within 9 h. Next, PLX-Lip were prepared using SA2-DBCO and
the film dispersion method; the resulting particles had an
average diameter of 200 nm and a positive charge of +21 mV.
The drug-loading efficiency (DL%) and entrapment efficiency
(EE%) of PLX-Lip were 3.2 and 94.2%, respectively (Figure
S4A,B). Transmission electron microscopy (TEM) showed
that PLX-Lip had a uniform spheroid morphology (Figure
S4C). In addition, PLX-Lip remained stable in vitro for 48 h
under different conditions including T cell medium, physio-
logical conditions (i.e., PBS), and serum-containing medium
(to simulate conditions in the blood, Figure S5). Moreover, the
GD2 CAR-T cells were constructed and characterized
according to previous reports (Figure S6).27

Next, we generated the PLX-Lip/AZO-T cells by conjugat-
ing PLX-Lip to the GD2 CAR-T cells via the cell−drug
integrated technology. We investigated a series of cellular
anchor-click parameters, including anchor-click feeding con-
centrations and time. We found that during the anchoring of
DSPE-PEG2K-AZO-N3 to the membrane of CAR-T cells, the
Cy5 fluorescent intensity of DSPE-PEG2K-AZO-N3 on CAR-

Figure 2. Successful construction of integrated CAR-T cells (PLX-Lip/AZO-T cells). (A) Confocal images of PLX-Lip/AZO-T cells. Cy5-
tagged DSPE-PEG2k-AZO-N3 (cyan), GFP expressed by CAR (green), Rhodamine B-labeled PLX-Lip (red), T-cell nucleus (blue); scale bar,
5 μm. (B) Flow cytometric assay of PLX-Lip conjugated to the PLX-Lip/AZO-T cells. (C) Biology transmission electron microscope images
of PLX-Lip/AZO-T cells; scale bar, 2 μm. (D) Confocal images of the stability of liposomes (red) retained on the surface of CAR-T cells at
different times. Scale bar, 2 μm. (E) Drug-loading stability of PLX-Lip/AZO-T cells. (F) Drug-loading stability of PLX-Lip/AZO-T cells
under different blood shear forces. (G) Transvascular ability and stability of PLX-Lip/AZO-T cells. Data represent the mean ± SEM (n = 3).
*P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001; ns, not significant; determined by two-way ANOVA with Tukey’s correction in E, or one-way
ANOVA with Tukey’s correction in (F).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c00050
ACS Nano XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


T cells peaked when 18 μM DSPE-PEG2K-AZO-N3 was
coincubated with CAR-T cells for 10 min; notably, these
conditions did not impact CAR-T cells viability (Figure S7).
Having selected the best feeding concentration (18 μM) and
time of DSPE-PEG2K-AZO-N3 anchoring to the CAR-T cells
(10 min), we subsequently optimized the click reaction
conditions, including the concentration of PLX-Lip and the
incubation time. To maximize the loading of PLX on CAR-T
cells while ensuring cell viability, the concentration of PLX-Lip
was set to 100 μg/mL PLX, and the incubation time was set to
45 min, corresponding to peak Cy5 fluorescence of DSPE-
PEG2K-AZO-N3 and peak rhodamine fluorescence of PLX-Lip
on the CAR-T cells. Under the optimized condition, the
loading of PLX on CAR-T cells was up to 4.6 μg of PLX per
million cells (Figure S8).
To confirm that PLX-Lip cells were conjugated to the

surface of CAR-T cells rather than adhering to them
nonspecifically or taken up into the cytoplasm, the CAR-T
cells anchored with DSPE-PEG2K-AZO-N3 were incubated
with DBCO-free liposomes (PLX-Lip+CAR-T cells) as a
control. We then subjected the different types of CAR-T cells
to confocal imaging, flow cytometry, and nanoparticle tracking
analysis (NTA). Microscopic evaluation of the surface of PLX-
Lip/AZO-T cells revealed that the Cy5 fluorescence of DSPE-

PEG2K-AZO-N3 was clearly colocalized with the rhodamine
fluorescence of liposomes, whereas the colocalization of these
signals was not observed in either PLX-Lip+CAR-T cells or
CAR-T cells alone (Figure 2A). This result indicates that the
click reaction between the azide and DBCO occurred
successfully, meaning that the PLX-Lip cells were indeed
conjugated to the CAR-T cell surface. Flow cytometry also
showed that PLX-Lip/AZO-T cells had the highest fluo-
rescence intensity among all the CAR-T cell groups, suggesting
that most of the PLX-Lip were specifically conjugated to the
CAR-T cell membrane (Figures 2B and S9). Moreover, we
detected about 227 liposomes in each PLX-Lip/AZO-T cell;
whereas the count of DBCO-free liposomes in each CAR-T
cell was only 29. The comparison of these two values further
illustrates that nearly all liposomes are conjugated onto the
surface of CAR-T cells instead of being taken up or adhering to
the cells (Figure S10). Taken together, these results indicate
that the conjugation of PLX-Lip to the CAR-T cells was due to
the successful anchoring of DSPE-PEG2K-AZO-N3 in the cell
membrane and subsequent click reaction rather than physical
adhesion or cellular uptake. We next performed a biology
transmission electron microscope to evaluate the morphology
of PLX-Lip/AZO-T cells, which revealed the presence of
liposomes on the surface of CAR-T cells (Figure 2C). Analysis

Figure 3. BBB-crossing and GBM-targeting capability of PLX-Lip/AZO-T cells. (A) Chemotaxis of PLX-Lip/AZO-T cells and CAR-T cells
after incubation with GCM for 12 h. (B) Schematic representation of the trans-well assay for exploring the ability of crossing the BBB. (C)
Transmigration of PLX-Lip/AZO-T cells and CAR-T cells after incubation with GCM for 12 h. (D) Quantification of the PLX in the trans-
well low chamber after PLX, PLX-Lip, or PLX-Lip/AZO-T cells incubating with GCM for 12 h. The distribution (E) and quantitation (F) of
PLX-Lip (DIR-labeled) and CAR-T cells (DID-labeled) of PLX-Lip/AZO-T cells after i.v. administration over time in the brain of GBM-
bearing mice. (G) Distribution of PLX-Lip (DIR-labeled) and CAR-T cells (DID-labeled) of PLX-Lip/AZO-T cells in ex vivo glioma tissue
after i.v. administration over time, with PLX-Lip (DIR-labeled) and CAR-T cells (DID-labeled) as controls. Flow cytometric analysis of the
number of CD3+DID+CAR-T cells in the blood (H) and tumor (I), with CAR-T cells as a control. (J) Concentration of PLX accumulated in
tumors over time after i.v. administration of PLX-Lip or PLX-Lip/AZO-T cells. Drug concentration was analyzed via HPLC. Data represent
the mean ± SEM (n = 3). *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001; ns, not significant; determined by student’s unpaired t test in C, or one-
way ANOVA with Tukey’s correction in A and D, or two-way ANOVA with Tukey’s correction in (H), (I), and (J).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c00050
ACS Nano XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c00050/suppl_file/nn4c00050_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c00050?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of CAR-T cell function confirmed that the PLX-Lip/AZO-T
cells had similar physiological activities to those of conven-
tional CAR-T cells, including viability, proliferation, activation,
ability to secrete multiple cytokines, and even cell membrane
fluidity (Figure S11). These data suggest that the cell−drug
integrated technology did not perturb the vital functions of
CAR-T cells.
Next, we investigated the stability of the liposomes and PLX

on the surface of the CAR-T cells. Confocal images showed
that the fluorescence of liposomes was stable on the surface of
CAR-T cells for up to 24 h under physiological conditions
(Figure 2D). Moreover, high-performance liquid chromatog-
raphy (HPLC) revealed that >80% of PLX was still stably
sequestered on the CAR-T cell surface after 24 h of incubation
in a T-cell expansion medium and serum-containing medium
(Figures 2E and S12). These data indicated that PLX-Lip/
AZO-T cells maintained fulfilling drug-loading stability in the
storage environment and blood circulation. Even when
subjected to the forces typically encountered in inflamed
micro- and arterial blood vessels, >80% of the PLX-containing
liposomes remained on the surface of CAR-T cells (Figure 2F).
This result further indicates that PLX-Lip/AZO-T cells were
able to retain their surface drug in circulation. Moreover, we
found that >90% of PLX remained stably conjugated to PLX-
Lip/AZO-T cells after they had crossed the vasculature (Figure
2G). Collectively, these results indicate that PLX-Lip/AZO-T
cells exhibit excellent liposome and PLX stability, which should
enable them to effectively accumulate drugs in the tumor site.

BBB-Crossing and GBM-Targeting Capability of PLX-
Lip/AZO-T Cells. The BBB, which consists of continuous
tight and adherent junctions between brain capillary
endothelial cells, distinguishes the brain from other organs
and protects it from inflammation and toxic substances.11,28 At
the same time, most therapeutic agents, even immune cells, are
excluded from brain parenchyma due to the existence of BBB.
Thus, the BBB is the main drug delivery bottleneck in the
treatment of GBM.29,30 However, the discovery of lymphatic
vessels lining the dural sinuses has challenged the perception of
the brain as an immune-privileged organ.31,32 These vessels
exchange fluid with the cerebral spinal fluid (CSF) surrounding
the brain parenchyma, facilitating the trafficking of effector T
cells into and out of the brain.33 Numerous clinical practices
have also reported the infiltration of CAR-T cells into the
glioma site, confirming that CAR-T cells could penetrate the
BBB and target GBM.9,34 However, we needed to determine
whether the PLX-Lip/AZO-T cells also had these capabilities.
Therefore, we first used GBM-cell-derived conditioned

medium (GCM) to simulate the GBM microenvironment
and investigated the ability of PLX-Lip/AZO-T cells to
perform chemotaxis toward gliomas. The results showed that
PLX-Lip/AZO-T cells and GD2 CAR-T cells displayed similar
chemotactic abilities in a GCM-concentration-dependent
manner (Figure 3A). Then, we constructed a trans-well
model using endothelial cells to mimic the BBB in vitro
(Figure 3B). Approximately 37.6% of the PLX-Lip/AZO-T
cells transmigrated across the BBB, which was not significantly
different from the percentage of CAR-T cells (39.2%) crossing
the BBB (Figure 3C). In addition, when transported by PLX-
Lip/AZO-T cells, >20% of the PLX crossed the BBB, while
only 3.9% of free PLX would cross the BBB unaided (Figure
3D). Taken together, these findings show that the PLX-Lip/
AZO-T cells displayed excellent ability to cross the BBB in

vitro model, facilitating the accumulation of PLX in the tumor
site.
To evaluate the ability of PLX-Lip/AZO-T cells to cross the

BBB and target GBM in vivo, we established an orthotopic
GBM-bearing mouse model. To this end, we injected human
luciferase-expressing glioblastoma cells (LN-229-Luci cells)
into the right frontal lobe of BALB/c nude mice. The
fluorescence intensity of the mouse brain increased over time,
confirming the successful construction of the orthotopic
glioma model (Figure S13). Then, PLX-Lip/AZO-T cells, in
which CAR-T cells and PLX-Lip were labeled with DID and
DIR, respectively, were intravenously injected into the GBM-
bearing mice. The DID and DIR signals were clearly observed
in the mouse brain at 12 h after the intravenous administration
of PLX-Lip/AZO-T cells (Figure 3E,F). The fluorescence
intensities of both dyes increased simultaneously over time and
peaked at 48 h, revealing that the PLX-Lip conjugated to the
surface of CAR-T cells had successfully transmigrated across
the BBB to reach the glioma site. At 72 h, a strong DID signal
of PLX-Lip/AZO-T cells was still present in the brain, whereas
the DIR signal of PLX-Lip gradually diminished (Figure 3G,
left). Moreover, the DID signals of PLX-Lip/AZO-T cells and
CAR-T cells in the brains of mice were similar over the 72 h
monitoring period (Figure 3G, right). Taken together, these
results suggest that PLX-Lip/AZO-T cells could pass through
the BBB and promote the accumulation of PLX-Lip at the
GBM site in vivo. In addition, we found that the adoptively
transferred PLX-Lip/AZO-T cells and CAR-T cells were
localized mainly to the liver and spleen. This pattern of
localization could be attributed to the preferential homing of
CAR-T cells to these organs, confirming that the cell−drug
integrated technology did not affect the distribution of CAR-T
cells in vivo (Figure S14).
To better understand the ability of PLX-Lip/AZO-T cells to

carry PLX-Lip across the BBB, we further analyzed the
biodistribution of the CAR-T cell component by flow
cytometry and the PLX component by HPLC. We found
that the distribution of PLX-Lip/AZO-T cells in blood was
highly consistent with that of the GD2 CAR-T cells (Figures
3H and S15A). This finding further confirmed that the cell−
drug integrated technology did not affect the distribution of
CAR-T cells in vivo. We found similar numbers of PLX-Lip/
AZO-T cells and CAR-T cells in the brain (Figures 3I and
S15B). Moreover, these CAR-T cell populations exhibited
similar dynamics, as a significant aggregation of PLX-Lip/
AZO-T cells and CAR-T cells was detected in the brain at 12 h
after injection (peaking at 48 h). These findings are consistent
with those of the ex vivo imaging experiments. Meanwhile, the
injection of PLX-Lip/AZO-T cells significantly increased the
amount of PLX in the brain (versus PLX-Lip alone); at 48 h,
the peak percentage of PLX in the brains of the PLX-Lip/
AZO-T cell group was 3.5-fold higher than that of the PLX-Lip
group. The results of the comparison suggested that the
accumulation of PLX at the site of GBM was dramatically
improved by the ability of PLX-Lip/AZO-T cells to trans-
migrate across the BBB (Figure 3J). Moreover, we showed
that, after adoptive transfer, some of the PLX-Lip/AZO-T cells
first homed to the spleen (peak of aggregation = 6 h) instead of
directly to the GBM site; this behavior was consistent with that
of CAR-T cells (Figure S16). Overall, our findings show that
PLX-Lip/AZO-T cells retained the tumor chemotactic and
BBB-crossing capabilities of their parent GD2 CAR-T cells;
these valuable properties enabled PLX to attain the same
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biodistribution as the CAR-T cells and eventually enhanced
the accumulation of PLX in GBM.

Hypoxia-Responsive Release of PLX-Lip from PLX-
Lip/AZO-T Cells. The release of PLX-Lip in the glioma
microenvironment and its subsequent uptake by TAMs are
also necessary for the therapeutic effect of PLX-Lip/AZO-T
cells. Having shown that PLX-Lip/AZO-T cells successfully
crossed the BBB and carried PLX-Lip to the GBM site, we next
evaluated the dynamics of PLX release and uptake by TAMs.
By anchoring the AZO-free lipid (DSPE-PEG2K−N3) onto
the membranes of CAR-T cells and subsequent click reaction
with PLX-Lip, we generated PLX-Lip/T cells that were not

responsive to hypoxia (Figure S17). We then simulated the
hypoxic microenvironment of GBM in vitro using a tri-gas
incubator. Confocal microscopy images showed that the
fluorescence of PLX-Lip on the surface of PLX-Lip/AZO-T
cells rapidly disappeared and was barely visible after 12 h; by
contrast, the surface of PLX-Lip/T cells maintained a strong
fluorescent signal (Figure 4A). Flow cytometry revealed that
>90% of the liposomes were detached from the PLX-Lip/
AZO-T cells after 12 h of incubation in a hypoxic environment,
while <10% of the liposomes were detached from the PLX-
Lip/T cells (Figure 4B). Moreover, to further confirm that the
PLX-Lip rather than PLX alone was shed from PLX-Lip/AZO-

Figure 4. PLX-Lip released from PLX-Lip/AZO-T cells under hypoxic conditions. (A) Confocal microscopy images of PLX-Lip/T cells and
PLX-Lip/AZO-T cells under hypoxic conditions at different times. Cy5-tagged DSPE-PEG2k-N3 (cyan), GFP expressed by CAR (green),
Rhodamine B-labeled PLX-Lip (red), and T-cell nucleus (blue; scale bar, 2 μm). Determination of PLX-Lip remained on the surface of PLX-
Lip/AZO-T cells under hypoxic conditions over time by flow cytometry (B, n = 3) and NTA (C, n = 5), with PLX-Lip/T cells as a control.
(D) HPLC analysis of PLX remained on the surface of PLX-Lip/AZO-T cells under hypoxic conditions over time, with PLX-Lip/T cells as a
control (n = 3). (E) Distribution of PLX-Lip, CAR-T cells, and TAMs in glioma tissue at different times after i.v. administration of PLX-Lip/
T cells or PLX-Lip/AZO-T cells by Nano Zoomer S60. DIR-labeled PLX-Lip (red, highlighted with white arrow), GFP of CAR-T cells
(green), Cy3-tagged TAM (brown), cell nucleus (blue), the colocalization of liposomes with CAR-T cells (yellow fluorescence signal,
highlighted with red arrow), and the localization of liposomes with TAMs (orange fluorescence signal, highlighted with yellow arrow). Scale
bar, 20 μm. (F) Flow cytometric analysis of the release of PLX-Lip from CAR-T cells in glioma tissue at different times after i.v.
administration of PLX-Lip/T cells or PLX-Lip/AZO-T cells. (G) Flow cytometric analysis of the uptake of PLX-Lip by TAMs in glioma
tissue at different times after i.v. administration of PLX-Lip/T cells or PLX-Lip/AZO-T cells. Data represent the mean ± SEM (n = 3). *P ≤
0.05; **P ≤ 0.01; ****P ≤ 0.0001; ns, not significant; determined by two-way ANOVA with Tukey’s correction.
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T cells in response to hypoxia, we evaluated the amount of
PLX-Lip retained on the cell surface by NTA and the amount
of PLX on the cells by HPLC. The amount of PLX-Lip on the
PLX-Lip/AZO-T cells gradually decreased over time under the
hypoxic environment, and nearly 80% of the liposomes were
detached from CAR-T cells after 12 h, consistent with the
confocal microscopy images and flow cytometric quantification
(Figures 4C and S18). In addition, the amount of PLX released
from the cells gradually increased with the extension of
incubation time, and PLX was almost completely released at 12
h (Figure 4D). Taken together, these results indicate that PLX-
Lip/AZO-T cells released PLX-Lip rather than PLX in
response to the hypoxic environment and that PLX was only
released after PLX-Lip detached from the cells and taken up by
TAMs.
There is documentation that the intrinsic phagocytic

properties and proximity to blood vessels of TAMs make it

the predominant cell type to capture the nanoparticles
extravagated from tumor blood vessels.35 In view of the
multiple cellular components of the GBM microenvironment
and the phagocytic activity of tumor cells, we investigated the
uptake ratio of PLX-Lip released from PLX-Lip/AZO-T cells
between TAMs and glioma cells. Flow cytometric analysis
displayed that the median fluorescent intensity (MFI) of
RhoB-labeled PLX-Lip taken up by tumor association
macrophages and microglia was 1.87-fold and 1.83-fold higher
than that of glioma cells (Figure S19A). Moreover, it has been
reported that the expression of CSF-1R in glioma cells
enhances the proliferation of tumor cells and increases tumor
malignancy, which could be alleviated by the inhibition of
CSF-1R.36,37 Therefore, we further detected the expression of
Ki-67 in glioma cells after the coincubation with PLX-Lip
released from PLX-Lip/AZO-T cells. As shown in Figure
S19B, the uptake of PLX-Lip contributed to a 12.8% decrease

Figure 5. PLX-Lip/AZO-T cells re-educate TAMs. (A) Schematic of PLX-Lip/AZO-T cells releasing PLX-Lip in response to hypoxia and re-
educating TAMs to assume the M1-like phenotype in vitro. (B) Flow cytometric analysis of CD206 and CD80 expression on microglia and
macrophages after different treatments. (C) Relative mRNA levels of Il1b, Tnfa, Tgfb, and Il10 in TAMs after different treatments. (D) Flow
cytometric analysis of the proportion of F4/80+ Hoechst+ TAMs in all TAMs. (E) Schematic of the alleviation of immunosuppression
microenvironment caused by TAMs and enhancement of CAR-T cells’ antitumor efficacy through the re-education of TAMs toward M1-like
phenotype. (F) Flow cytometric analysis of cytokine secretion of CAR-T cells incubated with TAMs after different treatments. (G) Cytokine
release of CAR-T cells incubated with TAMs receiving different treatments by ELISA. (H and I) Flow cytometric analysis of the proportion
of CD80+CD206− TAMs in glioma. (J) Flow cytometric analysis of cytokine secretion of CAR-T cells in GBM after different treatments. (K)
Schematic of PLX-Lip/AZO-T cells re-educating TAMs and enhancing the therapeutic effect of CAR-T cells. Data are represented as mean
± SEM; n = 3; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant; determined by one-way ANOVA with Tukey’s
correction in (B), (D), (I), and (J), or two-way ANOVA with Tukey’s correction in (C) and (G).
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in Ki-67 expression of glioma cells, implying that PLX could
inhibit glioma cell proliferation and GBM growth. These data
indicated that even if part of PLX-Lip is taken up by glioma
cells, it can exert an inhibitory effect on GBM growth, aligning
with our goal.
To further confirm that PLX-Lip/AZO-T cells enhanced the

uptake of PLX-Lip by TAMs at the GBM site, GBM-bearing
mice were randomly divided into two groups and injected
intravenously with PLX-Lip/T cells or PLX-Lip/AZO-T cells.
The PLX-Lip cells conjugated to the surface of the CAR-T
cells were labeled with DIR. After the injection of PLX-Lip/
AZO-T cells, the yellow fluorescence signal formed by the
colocalization of the red fluorescent liposomes and green
fluorescent CAR-T cells gradually disappeared in glioma
tissues (Figure 4E). Meanwhile, the red fluorescence of
liposomes gradually colocalized with the brown fluorescence
of TAMs to form an orange fluorescent signal. Moreover, in
the PLX-Lip/T cell group of mice, the red fluorescence of
liposomes persistently colocalized with the green fluorescence
of CAR-T cells in the glioma tissues (Figure 4E). Together,
these findings suggest that PLX-Lip/AZO-T cells released
PLX-Lip in response to the hypoxic GBM microenvironment
and that these PLX-Lip were subsequently taken up by TAMs.
Flow cytometric analysis also showed that >70% of the PLX-
Lip were detached from CAR-T cells at 12 h after PLX-Lip/
AZO-T cells infiltration, which was 5.8-fold higher than that of
PLX-Lip/T cells (Figure 4F). Moreover, the uptake of PLX-
Lip by TAMs was 4.7-fold higher in the PLX-Lip/AZO-T cell
group than in the PLX-Lip/T cell group (Figure 4G).
Collectively, these results suggest that PLX-Lip cells were
rapidly released from PLX-Lip/AZO-T cells in the hypoxic
microenvironment of GBM and were assimilated by TAMs as
intended.

Re-education of Tumor-Associated Microglia and
Macrophages by PLX-Lip/AZO-T Cells. We next sought
to determine whether the PLX-Lip/AZO-T cells were capable
of re-educating TAMs in the GBM microenvironment. We
began by exploring the re-education of TAMs via PLX-Lip/
AZO-T cells in vitro. To this end, we activated and polarized
primary macrophages and microglia extracted from the bone
marrow and brains of mice toward the M2-like phenotype to
mimic TAMs (Figure S20A). The in vitro-generated TAMs
exhibited high levels of purity (82.1% for macrophages and
83.5% for microglia) and CD206 (a marker of M2-like TAMs)
expression (Figure S20B,C). The PLX-Lip/AZO-T cells were
split into their PLX-Lip and CAR-T cell components under
hypoxic conditions. After incubating M2-like TAMs with
supernatant from PLX-Lip/AZO-T cells (PLX-Lip) for 24 h,
their expression of CD206 and CD80 (M1-like phenotypic
marker) was analyzed by flow cytometry (Figure 5A). The
results showed that all the treated groups involving PLX
decreased CD206 expression and increased CD80 expression
on TAMs; moreover, there was no significant variation in the
expression of these markers between the PLX-Lip/AZO-T
cells-, PLX-, and PLX-Lip-treated groups, indicating that PLX-
Lip/AZO-T cells could re-educate TAMs to assume the M1-
like phenotype (Figures 5B and S21). qPCR analysis revealed
that the expression of antitumor genes, including interleukin 1
beta (Il1b) and interferon-alpha (Ifna), in TAMs treated with
PLX-Lip/AZO-T cells, was significantly upregulated compared
with that of untreated M2-like TAMs (Figure 5C). Conversely,
the expression of pro-tumor genes, including Tgfb and
interleukin 10 (Il10), decreased after PLX-Lip/AZO-T cell

treatment, confirming the TAM-re-educating capability of the
PLX-Lip/AZO-T cells.
It has been reported that while M1-like TAMs engulf tumor

cells, M2-like TAMs do not.38 Having shown that PLX-Lip/
AZO-T cells successfully re-educated TAMs from the M2-like
to the M1-like phenotype, we next showed that the phagocytic
capacity of TAMs was indeed significantly increased after
treatment with PLX, PLX-Lip, or PLX-Lip/AZO-T cells
(Figures 5D and S22A). We then confirmed that the ability
of PLX-Lip/AZO-T cells to re-educate TAMs in vitro was
comparable with that of PLX or PLX-Lip, confirming that the
TAMs re-education was caused by the payload drug PLX. In
addition, it has been reported that M1-like phenotypic TAMs
exert a direct tumor-killing effect through the secretion of toxic
effector molecules, such as toxic reactive oxygen species
(ROS).15,39 Therefore, we next explored the expression level of
ROS in TAMs re-educated by PLX-Lip/AZO-T cells. The data
showed that TAMs, re-educated from M2-like phenotype by
the treatment of PLX-Lip/AZO-T cells, expressed higher levels
of ROS than untreated M2-like TAMs (Figure S22B). Based
on this, TAMs re-educated by PLX-Lip/AZO-T cells or
untreated M2-like TAMs were coincubated with glioma cells
(LN-229-luci cells), respectively, to investigate whether the
TAMs reversed by PLX-Lip/AZO-T cells had direct tumor-
killing ability through the secretion of ROS. As a result, glioma
cells treated with TAMs re-educated by PLX-Lip/AZO-T cells
exhibited a lower proliferation rate and a higher apoptosis rate
(Figure S22C,D). These data suggest that M1-like TAMs,
reversed through PLX-Lip/AZO-T cells, could exert a direct
tumor-killing effect. More importantly, reversing the polar-
ization of TAMs toward the M1-like phenotype attenuated the
immunosuppression of CAR-T cells (Figure 5E). Owing to the
exclusion of the important immunosuppressive factor, the
vitality and pro-inflammatory cytokines secretion capacity of
CAR-T cells were significantly increased (Figures 5F,G and
S22E,F). Taken together, these data indicated that PLX-Lip/
AZO-T cells reversed the polarization of TAMs toward the
M1-like phenotype and displayed a combination effect of the
direct tumor-killing effect of M1-like TAMs themselves and the
potentiated CAR-T cells response.
The re-education effect of TAMs via PLX-Lip/AZO-T cells

was further evaluated in vivo. After giving different
formulations to GBM-bearing mice, we extracted and isolated
TAMs and CAR-T cells from glioma tissue, before evaluating
the phenotype of TAMs and the cytokine secretion capacity of
CAR-T cells. Consistent with the in vitro results, formulations
containing PLX significantly increased the proportion of M1-
like TAMs (CD80+CD206−), demonstrating that PLX-Lip/
AZO-T cells reprogrammed TAMs in vivo. In addition, PLX-
Lip/AZO-T cell administration increased the proportion of
intratumoral M1-like TAMs more than treatment with free
PLX or PLX-Lip (Figure 5H,I). The results could be attributed
to the cell−drug integrated technology that improves the
accumulation of PLX at the site of GBM.
We found that PLX-Lip/AZO-T cells secreted higher levels

of tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ),
granzyme B (GzmB), and interleukin-2 (IL-2) than conven-
tional tumor-infiltration CAR-T cells (Figures 5J and S23A).
Moreover, PLX-Lip/AZO-T cells expressed lower levels of the
inhibitory programmed death-1 (PD-1) receptor than GD2
CAR-T cells (Figure S23B), suggesting that the function of
PLX-Lip/AZO-T cells was improved by alleviating the
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immunosuppressive effect of M2-like TAMs through their re-
education.
In short, we have demonstrated that PLX-Lip/AZO-T cells

successfully re-educated TAMs to the M1-like phenotype by
effectively crossing the BBB and releasing PLX-Lip at the GBM
site; the alleviation of TAMs-mediated immunosuppression in
turn increased the immune potency of the PLX-Lip/AZO-T
cells themselves (Figure 5K).

PLX-Lip/AZO-T Cells Administration Extends the
Survival of GBM-Bearing Mice. Having demonstrated that
PLX-Lip/AZO-T cells efficiently carried PLX-Lip to the
hypoxic GBM site and re-educated TAMs, we next evaluated
the antitumor efficacy of the PLX-Lip/AZO-T cells in vivo.
GBM-bearing mice were randomly divided into seven groups:
(1) Saline, (2) free PLX, (3) PLX-Lip, (4) CAR-T cells, (5)
CAR-T cells plus free PLX (PLX+CAR-T cells), (6) PLX-Lip/
T cells, and (7) PLX-Lip/AZO-T cells (Figure 6A). Depend-
ing on the group, the mice received two intravenous injections
of PLX-Lip and CAR-T cells on days 7 and 12 after tumor
implantation and daily intraperitoneal injection of free PLX
from day 7. Tumor growth was monitored continuously by

bioluminescence imaging after tumor implantation and treat-
ment administration. We found that PLX-Lip/AZO-T cells
significantly inhibited glioma growth, as evidenced by the fact
that the tumor completely disappeared in three out of five
mice. PLX+CAR-T cells and PLX-Lip/T cells delayed tumor
progression, but not as effectively as PLX-Lip/AZO-T cells
(Figure 6B,C). Meanwhile, the monotherapies (i.e., PLX, PLX-
Lip, and CAR-T cells) showed limited therapeutic efficacy
(Figure 6B,C). Tumors harvested from mice 24 h after the
second treatment dose (i.e., on day 13) were subjected to the
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay to detect tumor cell apoptosis.
The tumor cells in the PLX-Lip/AZO-T cells treatment group
had the strongest TUNEL signal (Figure 6D), which aligned
with the results of bioluminescence imaging. In addition, four
out of the five mice receiving PLX-Lip/AZO-T cells survived
for over 50 days; by contrast, the median survival time of mice
from the other treatment groups was ≤35 days (Figure 6E).
Together, these findings indicate that the PLX-Lip/AZO-T
cells exerted the strongest antitumor effect among all the

Figure 6. Antiglioma efficacy of PLX-Lip/AZO-T cells. (A) Schematic illustration of the experimental design. i.c., intracranial. i.v.,
intravenous. i.g., intragastrical. In vivo bioluminescence images (B) and measurements of tumor size (C) in LN-229 tumor-bearing mice
after different treatments. (D) TUNEL staining of tumor harvested from mice 24 h after the second dose on day 13. Scale bar, 50 μm. (E)
Survival curves of mice receiving each treatment; n = 5 mice per group. Data are represented as mean ± SEM; *P < 0.05; **P < 0.01; ***P <
0.001; determined by one-way ANOVA with Tukey’s correction in (C), or log-rank method with P values adjusted by Bonferroni correction
in (E).
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treatment modalities and significantly extended the survival
time of GBM-bearing mice.
To evaluate the feasibility of using PLX-Lip/AZO-T cells in

clinical practice, we next investigated their safety profile. We
found that none of the treatment groups experienced a
significant reduction in body weight or organ index changes
(Figure S24A,B), compared with saline-treated mice. Patho-
logical analysis of H&E staining also showed no evidence of
significant tissue damage in any of the treatment groups
(Figure S24C). The results of the blood biochemistry analysis
showed that PLX-Lip/AZO-T cells did not reduce liver
(alkaline phosphatase [ALP], alanine transaminase [ALT],
and aspartate transaminase [AST], indicators of hepatic
toxicity; Figure S25A−C) or kidney (lactate dehydrogenase
[LDH], blood urea nitrogen [BUN], and creatinine [CRE],
indicators of renal toxicity; Figure S25D−F) function. Mice
treated with PLX-Lip/AZO-T cells also displayed no obvious
increase in the systemic concentrations of interleukin-6 (IL-6),
IL-10, or TNF-α, which are the major causal factors of the
cytokine release syndrome (CRS), a serious adverse event
associated with CAR-T therapy (Figure S25G−I). Overall,
these findings suggest that PLX-Lip/AZO-T cells have a
favorable safety profile and hold great potential for treating
GBM in the clinic.

CONCLUSIONS
To date, the U.S. Food and Drug Administration (FDA) has
approved six CAR-T cell products, all for the treatment of
hematological malignancies40; meanwhile, there are no CAR-T
cell products on the market for the treatment of solid tumors.
Over 30 early clinical trials of CAR-T cells for GBM treatment
have been launched worldwide. Given that GBM exhibits
biological complexities as a brain tumor, CAR-T cell offers
multiple therapeutic benefits over other treatments, such as
chemotherapy with temozolomide and targeted therapy with
bevacizumab.41 On the one hand, the low level of tumor
mutational load and deficiency of antigen presentation process
undermine the efficacy of other immunotherapies against
GBM.42,43 While the application of CAR-T cells enables the
recognition of specific tumor antigens, skip antigen presenta-
tion. Then, the costimulatory domains in CAR-T cells could
activate downstream signaling pathways and trigger antitumor
immune responses.44 On the other hand, the existence of BBB
limits the delivery of most cancer therapeutics to the brain
parenchyma.28 However, the pathologic condition of GBM can
disrupt the integrity of the BBB to some extent.45 Moreover,
the discovery of lymphatic vessels in the brain and the
overturned understanding of brain immunity revealed that T
cells could penetrate the BBB and infiltrate the brain in a
diffuse manner.31−33,41 Considerable CAR-T cell infiltration
into the glioma site and decreased expression of target antigen
were observed in phase I clinical trials of CAR-T cells
(NCT02209376, NCT03170141), indicating that CAR-T cells
could cross the BBB and target GBM.9,34 However, despite
demonstrating a suitable safety profile and promising
antitumor activity, these CAR-T cells failed to achieve the
expected therapeutic outcome.9 Moreover, numerous preclin-
ical studies have shown that although GBM-targeting CAR-T
cells exhibited some therapeutic effects, they did not eradicate
the tumor completely and therefore could not be effective in
the long term.7,10,46,47 To overcome this limitation of
conventional CAR-T cells and improve their therapeutic
efficacy against GBM, researchers have attempted to combine

them with other drugs. One promising direction is the
application of drugs to directly enhance the antitumor activity
or proliferative capacity of T cells.48,49 For example, CAR-T
cells combined with IL-12 achieved a durable antitumor
response, mainly due to the fact that this cytokine promoted
CAR-T cell proliferation.48 Another effective combination
strategy is to apply drugs or therapies that reprogram the
immunosuppressive TME such as immune checkpoint
inhibitors and oncolytic virotherapy.50,51 Evidence from
preclinical GBM models has demonstrated that combining
CAR-T cells with a PD-1-blocking antibody exerted more
potent and long-lasting therapeutic effects than CAR-T cell
monotherapy.52

Although the above combination strategies have improved
the efficacy of CAR-T cells against GBM, some limitations
remain to be overcome. For instance, in the above-mentioned
combination therapies, the CAR-T cells and drugs are
administered separately, which leads to their uneven
distribution in the body and inconsistent pharmacokinetic
behaviors. As a result, the drug and the CAR-T cells exhibit
different retention rates at the tumor site and fail to achieve the
desired synergistic effect. Moreover, most drugs have more
than one corresponding receptor, which can cause off-target
toxicity when administered intravenously.53,54 Thus, techni-
ques that integrate drugs into CAR-T cells, for instance, by
genetically engineering T cells to secrete cytokines/chemo-
kines (e.g., IL-12, CCR2, and CCR4)55−57 or conjugating
them to nano drugs (e.g., encapsulated in liposomes),58−60 are
being developed. Herein, we established a cell−drug integrated
technology to integrate nanodrug (drug-containing liposomes)
onto the surface of CAR-T cells. Briefly, an azide-bearing lipid
was hydrophobically anchored to the CAR-T cell membrane,
while a DBCO-bearing lipid was used during liposome
preparation. Subsequently, liposomes were conjugated to the
surface of CAR-T cells through a click reaction between the
azide and the DBCO. The ability of the resulting integrated
CAR-T cells to transport the nanodrug across the BBB to the
glioma site enabled these different therapeutic strategies to act
in concert and eradicate the tumor. This combination strategy
not only reduces the toxicity of the nanodrug but also
improves the therapeutic efficacy of the CAR-T cells.
Multiple barriers impede the therapeutic efficacy of CAR-T

cells in GBM. The complex microenvironment of neoplastic
and nonneoplastic cells contributes to the formation and
progression of the tumor, as well as its response to therapy.61

In the TME, the majority of nonneoplastic cells are TAMs,
which consist of peripheral macrophages recruiting to the
tumor site or brain-resident microglia. TAMs contribute to the
immunosuppressive TME and support neoplastic cell
expansion and invasion.62 Glioma cells can produce factors
to recruit TAMs into the glioma TME. These TAMs then
release a variety of growth factors and cytokines in response to
the factors produced by glioma cells to promote tumor
proliferation, survival, and invasion. Through such iterative
interactions, an immunosuppressive TME is established.14,63

Thus, therapeutically targeting TAMs to remodel the
immunosuppressive GBM microenvironment could unleash
the full potential of antitumor therapies.
As a CSF-1Ri, PLX can re-educate M2-like TAMs to assume

the antitumor M1-like phenotype.20,64 Thus, in this study, we
used PLX as a model drug to generate PLX-Lip. Moreover, to
ensure that PLX effectively targeted TAMs, a hydroxide-
responsive moiety (AZO) was preintroduced into azide-
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bearing lipid. The resulting PLX-Lip cells were then integrated
into the surface membrane of CAR-T cells to generate PLX-
Lip/AZO-T cells using the cell−drug integrated technology.
We showed that the PLX-Lip/AZO-T cells successfully crossed
the BBB to reach the glioma site. Exposure to the hypoxic
GBM microenvironment caused the PLX-Lip/AZO-T cells to
release PLX-Lip, which were then engulfed by TAMs.
Assimilation of PLX by the TAMs induced their re-education
from the protumorigenic M2-like to the antitumorigenic M1-
like phenotype, alleviating immunosuppression, and ultimately
enhancing the therapeutic efficacy of the CAR-T cells. The
controlled spatiotemporal distribution of drugs conjugated to
the surface of CAR-T cells diversifies the spectrum of
liposomal drugs that can be used in GBM treatment. Drugs
encapsulated in liposomes can target various types of cells in
the TME, thus enriching the choice of antitumor therapeutic
strategies. However, we acknowledge that our integrated CAR-
T cells did not respond sufficiently rapidly to the hypoxic
environment, which delayed the release of PLX-Lip and
subsequently reduced the efficacy of PLX at the tumor site.
Thus, we aim to develop more sensitive TME-responsive
strategies (e.g., by using a reversible click reaction with faster
responsive bond scission)65,66 for constructing integrated
CAR-T cells in the future.
In summary, we have developed a cell−drug integrated

technology and used it to conjugate PLX-Lip to the surface of
CAR-T cells as a GBM-targeting combination therapy. These
integrated CAR-T cells actively transmigrated across the BBB,
thereby dramatically improving the accumulation of PLX-Lip
at the glioma site. Moreover, the PLX-Lip cells were released in
the hypoxic microenvironment of GBM and effectively taken
up by TAMs. The PLX-mediated re-education of TAMs to an
M1-like phenotype boosted the antitumor activity of CAR-T
cells, which ultimately eradicated the glioma while exhibiting a
favorable safety profile. In conclusion, our study introduces a
tool for boosting the antitumor efficacy of CAR-T cells, which
we envisage will have valuable clinical implications for the
treatment of GBM and other solid tumors.

MATERIALS AND METHODS
Human peripheral blood mononuclear cells (hPBMCs) were obtained
from the peripheral blood of healthy donors following approval from
the Ethics Committee of Nanjing Jingdu Hospital. All the donors had
been informed before the experiments. All animal-related experiments
were performed in full compliance with animal protocols approved by
the China Pharmaceutical University Institutional Animal Care and
Use Committee.

Preparation and Characterization of PLX-Lip/AZO-T Cells.
Construction of PLX-Lip/AZO-T Cells. The chimeric antigen receptor
GD2 CAR is composed of extracellular domains of GD2 scFv,
extracellular and transmembrane domains of human CD8α, intra-
cellular domains of CD28, 41-BB, and CD3ζ, which was constructed,
and packaged the lentivirus by GeneChem Biotechnology Company
(Shanghai, China). Naive human CD3+T cells were stimulated with
ImmunoCult Human CD3/CD28 T Cell Activator (Stemcell, 25 μL/
mL) and cultured in ImmunoCult XF T cell Expansion Medium
containing IL-2 at 37 °C and 5% CO2 for 1 day. Then, the activated T
cells were transfected with CAR-expressing lentivirus by a
spinoculation method as previously reported. On day 10, the cells
were collected and stained with Hoechst 33342 and fixed with 4%
PFA for confocal imaging (ZEISS LSM 880 confocal microscope) to
investigate the expression of CAR.

PLX-Lip/AZO-T cells were obtained by incubating CAR-T cells
sequentially with DSPE-PEG2K-AZO-N3 and PLX-Lip. Briefly, CAR-
T cells (1 × 106 cells/mL) were resuspended in ImmunoCult XF T

cell medium. Then, CAR-T cells were incubated with DSPE-PEG2K-
AZO-N3 (18 μM) at 37 °C for 10 min. After washing with ice-cold
PBS, cells were incubated with PLX-Lip (PLX:100 μg/mL) at 37 °C
for 45 min. After washing with ice-cold PBS, the CAR-T cells surface-
anchored PLX-Lip were collected and resuspended in ImmunoCult
XF T-cell medium or saline for in vitro or in vivo studies. The
concentration of PLX in PLX-Lip/AZO-T cells was determined by
HPLC (Shimadzu, HPLC-LC-2010A HT).

Characterization of PLX-Lip/AZO-T Cells. SPC (120 mg), Chol
(10 mg), PLX (3 mg), SA2-DBCO (15 mg), and DHPE-Rhodamine
(25 μL, 5 mg/mL) were dissolved in 5 mL of mixture solution, and
the Rhodamine B-labeled PLX-Lip were obtained by the same
method as for PLX-Lip. Moreover, SPC (120 mg), Chol (10 mg),
PLX (3 mg), and DHPE-Rhodamine (25 μL, 5 mg/mL) were
dissolved in 5 mL of mixture solution, and the Rhodamine B-labeled
PLX-Lip cells without click groups on the surface were obtained by
the same method as that used for the preparation of PLX-Lip.

For the preparation of CAR-T cells anchored with fluorescent
liposomes, CAR-T cells were incubated with DSPE-PEG2K-AZO-N3
(18 μM) at 37 °C for 10 min. Then, Rhodamine B-labeled liposomes,
with or without click groups on the surface, were incubated with cells
at 37 °C for 45 min. After washing with ice-cold PBS, cells were
stained with Hoechst 33342, fixed with 4% paraformaldehyde (PFA),
and used immediately for confocal imaging (ZEISS LSM 880 confocal
microscope) and flow cytometry analysis (Thermo Fisher Scientific).
The T cells or CAR-T cells were stained with Hoechst 33342 and
fixed with 4% PFA as control.

To calculate the number of PLX-Lip conjugated on the surface of
CAR-T cells, CAR-T cells (1 × 106) were first incubated with DSPE-
PEG2K-AZO-N3, and then the cells were incubated with the PLX-Lip
solution (1 mL), with or without click groups (DBCO) on the
surface. The concentration of PLX-Lip in the solution was assessed
with NTA (Zetaview QUATT, Particle Metrix). The liposomes
number backpacked on the surface of per CAR-T cell was calculated
as follows: (Nbefore PLX‑Lip with click groups − Nafter PLX‑Lip with click groups) /106
or (Nbefore PLX‑Lip without click groups − Nafter PLX‑Lip without click groups) /106,
where Nbefore PLX‑Lip with click groups and Nbefore PLX‑Lip without click groups were
counted numbers of liposomes in the solution before incubation with
CAR -T c e l l s , wh i l e N a f t e r P L X ‑ L i p w i t h c l i c k g r o u p s a n d
Nafter PLX‑Lip without click groups were counted numbers of liposomes in
the supernatant after incubation with CAR-T cells.

To further confirm PLX-Lip anchoring on the surface of CAR-T
cells, we prepared and collected PLX-Lip/AZO-T cells, after which
the cells were fixed overnight using 2.5% glutaraldehyde aqueous
solution. After washing three times with PBS, the samples were
sectioned and imaged by a Biology transmission electron microscope
(Hitachi, HT7800), and the CAR-T cells were fixed and sectioned as
control.

Cell Viability, Proliferation, Activation, Cytokine Secretion, and
Cell Membrane Fluidity of PLX-Lip/AZO-T Cells. For cell viability,
PLX-Lip/AZO-T cells were incubated in ImmunoCult XF T cell
medium containing IL-2 and ImmunoCult Human CD3/CD28 T
Cell Activator. Cells were collected at 0, 3, 6, 9, and 12 days,
respectively. The Annexin V PE-7AAD apoptosis kit (Yeason) was
used according to the manufacturer’s instructions, and the cell survival
was measured by flow cytometry. CAR-T cells were stained with
Annexin V PE-7AAD apoptosis kit as control.

For proliferation capacity, CellTrace Far Red cell proliferation
assay and tracking kit (Beyotime Biotechnology) were applied
according to the manufacturer’s instructions. PLX-Lip/AZO-T cells
were stained with CellTrace Far Red. After continued incubation in
ImmunoCult XF T cell medium containing IL-2 and anti-CD3/
CD28, the cells were collected at 0, 3, 6, 9, and 12 days, respectively,
and used immediately for flow cytometry analysis. CAR-T cells were
stained with CellTrace Far Red as a control.

For activation, PLX-Lip/AZO-T cells were stimulated with anti-
CD3/CD28, after 24 h stimulation, the cells were collected and
stained with PerCP/Cy5.5 antihuman CD69 antibody (0.5 μg/mL,
BioLegend), and expression of the early T cells activation marker
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CD69 was quantified by flow cytometry. CAR-T cells were stained
with PerCP/Cy5.5 antihuman CD69 antibody as control.

For cytokine secretion, PLX-Lip/AZO-T cells were collected at 0,
3, 6, 9, and 12 days, respectively. Then, the cells were incubated in
ImmunoCult XF T cell medium containing phorbol-12-myristate-13-
acetate (PMA, 100 ng/mL), ionomycin (2 μM), and the protein
transport inhibitor Brefeldin A (BFA, 10 μg/mL). After incubation for
4 h, the cells were collected and washed twice with ice-cold PBS.
Then, the cells were fixed with 4% PFA, and incubated with 0.1%
Triton X-100 solution for 10 min, washed with PBS, and blocked with
nonspecific binding protein for 30 min at r.t with 2% BSA. PE/Cy7
antihuman GzmB antibody (0.8 μg/mL, Biolegend), PerCP antihu-
man IFN-γ antibody (0.8 μg/mL, Biolegend), PE antihuman TNF-α
antibody (0.8 μg/mL, Biolegend) and APC antihuman IL-2 antibody
(0.8 μg/mL, Biolegend) was added to cells and the cells were
incubated for 30 min. The cytokine secretion of PLX-Lip/AZO-T
cells was investigated by flow cytometry. CAR-T cells were treated as
a control.

For cell membrane fluidity, PLX-Lip/AZO-T cells were resus-
pended with ImmunoCult XF T cell medium containing 5 μM
fluorescent lipid reagents and 0.08% PluronicF127, and cultured at 25
°C for 1 h in darkness. Then, cells were washed twice and the
fluorescence of cells at 400 and 470 nm was determined by a
microplate reader (BioTek Instruments, Inc., Synergy H1, USA) with
an excitation wavelength of 350 nm. Subtract the blank(s) from each
sample to calculate the normalized excimer-to-monomer fluorescence
ratio (Ie/Im) from the average of repeated readings. Moreover, cells
were cultured at 25 °C for 1 h without fluorescent lipid reagents as
control.

Stability of Liposomes or Drug on the Surface of PLX-Lip/AZO-T
Cells. To evaluate the stability of PLX-Lip on the surface of T cells,
fluorescently labeled PLX-Lip/AZO-T cells were prepared using
DSPE-PEG2K-AZO-N3 and fluorescent liposomes. After being
incubated in the medium containing IL-2 (10 ng/mL), ImmunoCult
Human CD3/CD28 T Cell Activator (25 μL/mL) with 37 °C, 5%
CO2 for different times (0, 3, 6, 12, 24, 48 h), the cells were collected
and washed with ice-cold PBS. Then, the cells were stained with
Hoechst 33342, fixed with 4% PFA, and used immediately for
confocal imaging.

To further investigate the stability of the drug on the surface of
cells, 1 × 106 PLX-Lip/AZO-T cells were collected and decomposed
with SDS, then added CH3CN for protein precipitation and drug
extraction. Vortex for 3 min and centrifuged (12,000 rpm, 10 min) to
get supernatant for HPLC analysis.

To evaluate the stability of PLX-Lip on the surface of T cells in the
serum-containing medium, PLX-Lip/AZO-T cells were prepared
using DSPE-PEG2K-AZO-N3 and fluorescent liposomes and
resuspended in the medium containing 50% fetal bovine serum
(FBS, Gibco) for 0, 1, 3, 6, 12, 24, and 48 h. Then, 1 × 106 PLX-Lip/
AZO-T cells were collected and decomposed with SDS, added
CH3CN for protein precipitation and drug extraction. The cells were
vortexed for 3 min and centrifuged (12,000 rpm, 10 min) to get
supernatant for HPLC analysis.

Moreover, the loading drug stability of PLX-Lip/AZO-T cells was
investigated under blood flow shear force. Briefly, PLX-Lip/AZO-T
cells were collected and resuspended with PBS (2 × 106 cells/mL),
and then the cells were added to a rectangular area (0.5 cm × 1 cm)
in the center of a 20 nm dish, which has been plated 0.01% polylysine
(PLL) at 4 °C overnight. Then, the cells were left to adsorb on the
bottom of the dish for 10 min. The card slot is fixed in the rectangular
area. One end of the card slot is connected to the liquid flow pump,
which injects PBS, and the other end is connected to a plastic hose to
collect the outflow liquid. The flow rate was controlled so that the
shear force was 2 dyn/cm2 (simulating the shear force at the
inflammatory microvessel) and 6 dyn/cm2 (simulating the shear force
at the arterial vessel). The cells were rinsed at different flow rates for 3
min, then the rinsing solution was collected, lyophilized, and dissolved
with CH3CN, and the amount of PLX shed under the impact of blood
shear force was determined by HPLC analysis.

The stability of drug loading on the cells after transvascular
migration also was measured. Human umbilical vein endothelial cells
(HUVECs) were applied to construct a trans-well model as previously
reported. After the trans-well model was constructed successfully, the
HUVEC monolayers were stimulated with 25 ng/mL TNF-α for 4 h.
Then, PLX-Lip/AZO-T cells (1 × 106) were added to the upper
chamber, and the glioma condition medium (the culture supernatant
of LN-229 cells, GCM), which was the supernatant incubation of the
LN-229 cells with DMEM complete medium, was added into the
lower chamber to induce the migration. After 12 h of incubation, cells
and supernatant in the lower chamber were collected. Then, the
number of T cells in the lower chamber was counted by
hemocytometer (CountStar BioMed), and the amounts of PLX in
the supernatant or cells were determined using HPLC.

Tumor-Targeting Ability of PLX-Lip/AZO-T Cells. Tumor-
Targeting Ability of PLX-Lip/AZO-T Cells In Vitro. To investigate the
tumor-targeting ability of PLX-Lip/AZO-T cells, the chemotaxis and
migration of PLX-Lip/AZO-T cells toward tumor cells were measured
in vitro. For chemotactic ability, PLX-Lip/AZO-T cells (1 × 106)
were placed in the upper chamber of the trans-well dish, and T cell
medium containing 0, 50, and 100% of GCM was added to the lower
chamber. After 12 h of incubation, the cells in the lower chamber were
collected and counted using a hemocytometer, and the chemotactic
index was calculated according to the following formula. The
chemotactic index = (NPLX‑Lip/AZO‑T cell − Ncontrol)/1 × 106, where
NPLX‑Lip/AZO‑T cell and Ncontrol were counted the number of cells in the
lower chamber after incubating with PLX-Lip/AZO-T cells in the
presence of GCM and the unmodified CAR-T cells in the absence of
GCM, respectively.

For the migration ability of PLX-Lip/AZO-T cells, HUVEC cells
were applied to construct a trans-well model and stimulated by TNF-
α (25 ng/mL) for 4 h. Then, the PLX-Lip/AZO-T cells (1 × 106) or
CAR-T cells (1 × 106) were added to the upper chamber,
respectively, and the GCM was added to the lower chamber. After
12 h of incubation, cells in the upper chamber and lower chamber
were collected. Cell counts were performed to measure the ability of
PLX-Lip/AZO-T cells to converge across blood vessels toward tumor
cells.

Moreover, the drug on the surface of CAR-T cells toward tumors
also were investigated. HUVEC cells were applied to construct a
trans-well model and stimulated by TNF-α (25 ng/mL) for 4 h. Then,
PLX-Lip/AZO-T cells (1 × 106), PLX-Lip (4.9 μg/mL), or PLX (4.9
μg/mL) were added to the upper chamber, respectively, and the
GCM was added into the lower chamber. After 12 h of incubation, the
cells and supernatant in the lower chamber were collected, and the
amounts of PLX in the lower chamber were measured by HPLC.

Tumor-Targeting Ability of PLX-Lip/AZO-T Cells In Vivo. Human
luciferase-expressing glioblastoma cells (LN-229-Luci cells, 5 × 105
cells/5 μL) were injected into the right frontal lobe of BALB/c nude
mice using a microsyringe to generate the intracranial glioma model.
To further demonstrate the in vivo tumor targeting and
biodistribution of PLX-Lip/AZO-T cells, CAR-T cells were labeled
with DID, and PLX-Lip were labeled with DIR for convenient
imaging. Then, the glioma mice were randomly divided into three
groups and received DIR-labeled PLX-Lip (2 mg/kg for PLX), DID-
labeled CAR-T cells (2 × 107), and PLX-Lip/AZO-T cells (2 × 107, 2
mg/kg for PLX, cells were labeled with DID and PLX-Lip were
labeled with DIR) by intravenous injection on day 7 after tumor
inoculation. At 6, 12, 24, 48, and 72 h postinjection, the fluorescence
intensity of liposomes and cells at intracranially glioma sites was
measured by IVIS Spectrum Imaging System (PerkinElmer). Then,
the mice were sacrificed after the blood collection, and the tissues
including the tumor, heart, liver, spleen, lung, and kidney were
harvested for the IVIS Spectrum Imaging System (PerkinElmer).
Living Image software (PerkinElmer) was used to acquire and
quantify the bioluminescence imaging data sets.

The blood was centrifugated and the cells were lysed of red blood
cells and isolated by 40 to 70% Percoll (GE) gradient centrifugation
to obtain lymphocytes. The lymphocytes were stained with APC-Cy7
antihuman CD3 antibody (0.5 μg/mL, Biolegend) and were
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measured by flow cytometry to determine the CAR-T quantity in
blood. Moreover, the blood was centrifugated and the serum was
collected. Then, the serum was added to a protein precipitator
(acetonitrile: methanol = 2:1), followed by a vortex for 5 min and
centrifugation at 12,000 rpm for 10 min. The supernatant was
analyzed by HPLC to determine the concentration of PLX in blood.
The tumors were weighed and digested by collagenase IV (Sangon
Biotech) to obtain a single-cell suspension. Then, the lymphocyte was
isolated by 40 to 70% Percoll (GE) gradient centrifugation and
analyzed by flow cytometry to determine the CAR-T quantity in
tumors. For analysis of the PLX amount in tumors, the tumors were
weighted and homogenized in saline, the homogenate was diluted
with 10% NaHCO3 aqueous solution and mixed with acetonitrile,
followed by vortex for 5 min and centrifugation at 12,000 rpm for 10
min. Then, the supernatant was quantified by HPLC to determine the
concentration of PLX in tumors.

Hypoxia-Responsive Release of PLX-Lip from PLX-Lip/AZO-
T Cells In Vitro and In Vivo. To investigate the shedding of PLX-
Lip on the surface of PLX-Lip/AZO-T cells under hypoxic conditions,
PLX-Lip/T cells were first prepared as a control, which was the PLX-
Lip anchored on the surface of CAR-T cells, and the PLX-Lip do not
detach from the CAR-T cells under hypoxic conditions. Briefly, CAR-
T cells were first coincubated with DSPE-PEG2K−N3, which does
not contain azobenzene groups. After that, the cells were coincubated
with Rhodamine B-labeled PLX-Lip in the same method as PLX-Lip/
AZO-T cells to obtain Rhodamine B-labeled PLX-Lip/T cells.

Hypoxia-Responsive Release of PLX-Lip from PLX-Lip/AZO-T
Cells In Vitro. Rhodamine B-labeled PLX-Lip/AZO-T cells or PLX-
Lip/T cells were cultured in ImmunoCult XF T cell medium
containing 2 mg/mL liver microsomes and 1 mM NADPH. After
incubation in the anaerobic system (94 N2, 5 CO2, and 1% O2;
SANYO, MCO-5M) simulating the hypoxic microenvironment of
gliomas for different times (0, 1, 3, 6, and 12 h), cells were collected
and the liposomes remaining on the surface of cells was investigated
by confocal imaging and flow cytometry analysis. The amount of
liposomes remained on the CAR-T cells under the anaerobic system
was measured using NTA and the number of liposomes remaining per
CAR-T cell was calculated as follows: [(Nbefore PLX‑Lip − Nafter PLX‑Lip)
− Nafter incubation]/106, where Nbefore PLX‑Lip and Nafter PLX‑Lip were
counted numbers of PLX-Lip in the solution before and after
incubation with CAR-T cells to prepare PLX-Lip/AZO-T cells, while
Nafter incubation was counted numbers of PLX-Lip in the supernatant
after PLX-Lip/AZO-T cells incubation in an anaerobic system. PLX-
Lip/T cells were used as the control. Moreover, the drug amount of
PLX was released from PLX-Lip/AZO-T cells or PLX-Lip/T cells
under the anaerobic system at different times also were investigated
using HPLC.

Uptake of PLX-Lip by TAMs and Glioma Cells. Equal amounts of
LN-229 cells and TAMs were placed in the same well of a 24-well
plate, then RhoB-labeled PLX-Lip released from PLX-Lip/AZO-T
cells was added and then coincubated for 2 h. Cells were collected and
stained with antimouse F4/80 antibody (Biolegend, 1 μg/mL). Flow
cytometry was used to investigate the ratio of F4/80+RhoB+

(liposomes taken up by TAMs) to F4/80−RhoB+ (liposomes taken
up by LN-229 cells).

Determination of Antitumor Effect to Glioma Cells of PLX-Lip
Released from PLX-Lip/AZO-T Cells. Equal amounts of LN-229 cells
were placed in the same well of a 12-well plate for 12 h, then blank
medium, PLX-Lip solution, PLX-Lip/AZO-T cells (the culture
supernatant of 5 × 106 cells treated with medium containing liver
microsomes and NADPH, which was placed in the anaerobic system
using tri-gas incubator for 12 h, 60 nM for PLX), was added,
respectively. The above cells were coincubated for 24 h and harvested
to stain with antihuman Ki-67 antibody (Biolegend, 1 μg/mL). Use
flow cytometry to detect the expression levels of Ki-67 in LN-229
cells.

Intratumorally Responsive Release of PLX-Lip from PLX-Lip/
AZO-T Cells. PLX-Lip/AZO-T cells (2 × 107) or PLX-Lip/T cells (2
× 107) were prepared with DIR-labeled PLX-Lip and injected
intravenously into glioma mice (n = 3 mice/group). The

accumulation of cells in the tumor peaked at 48 h after injection.
Taking this time point as the starting point, the tumor tissues isolated
at 0, 2, 6, and 12 h were soaked in 30% sucrose solution for 24 h for
dehydration, the surface water of the tissues was drained, and the
tissues were cut into slices with a thickness of 8 μm using a cryotome
and stored at −20 °C. The frozen slices were removed from the −20
°C refrigerator and dried at rt for 15 min, and soaked in PBS for 10
min to remove the embedding agent. The tissue to be stained was
circled with an immunohistochemical pen, stained with Hoechst
33342 and Cy3 antimouse F4/80 antibody, washed with PBS (6 × 6
min), sealed with 90% glycerin, and photographed by NanoZoomer
S60 (Hamamatsu Photonics Co., Ltd., C13210-01, Japan). Mean-
while, the tumor tissues isolated at 0 and 12 h were digested with
collagenase IV to obtain single-cell suspension. Then, lymphocytes
were isolated by 40 to 70% Percoll (GE) gradient centrifugation and
stained by Cy3 antimouse F4/80 antibody. After washing twice with
ice-cold PBS, cells were analyzed by flow cytometry to further
determine the distribution of liposomes in CAR-T cells or TAMs.

Mechanism Research of PLX-Lip/AZO-T Cells In Vitro and In
Vivo. Mechanism Research of PLX-Lip/AZO-T Cells In Vitro. To
study the mechanism of PLX-Lip/AZO-T cells in vitro, microglia in
the brain and the macrophage in bone marrow were first isolated and
polarized into M2 phenotype to simulate the TAMs. For microglia,
C57BL/6J suckling mice, which were born in 24−48 h, were
disinfected. Then, the brain tissue was separated and digested with
0.25% tryptase at 37 °C for 6 min, and DMEM medium containing
10% FBS was added to terminate digestion. The cells were centrifuged
(1500 rpm, 10 min) and the blood filament at the bottom of the tube
was removed. Afterward, the cells were passed through a 0.7 μm cell
sieve to remove incompletely digested tissue. Then, the cells were
cultured in T75 culture bottles, which were coated with 0.1% PLL in
advance. After incubation of 48 h, the culture bottle was slightly
shaken for 1 min and the fluid was changed to remove the cell
fragments. After the cells were continuously incubated for 96 h, the
cell fragments were removed again, and then microglia were collected
every 4−6 days (the medium was sucked after rapid shock and
centrifuged at 1500 rpm for 10 min). The resulting cells were
inoculated into 24-well plates at a density of 1 × 105 per well (the
plates were coated with PLL in advance). For M2 polarization,
microglia were stimulated with a DMEM medium containing 10%
FBS and 20 ng/mL IL-4 or GCM for 24 h. For macrophages, bone
marrow was flushed from femur and tibia bones of 6−10 weeks
BALB/c mice by DMEM medium. After centrifugation at 200 g for 3
min and lysis with erythrocyte lysis buffer for 3 min, the unicellular
suspension (1 × 106 cells) was cultured for 7 days in 10 mL of
DMEM medium supplemented with 10% FBS and 10 ng/mL
macrophage-stimulating factor (M-CSF) to obtain adherent macro-
phages. To polarize the macrophages to M2-like phenotype,
macrophages were stimulated with a DMEM medium containing
10% FBS and 20 ng/mL IL-4 for 24 h.

To evaluate the effect of PLX-Lip/AZO-T cells to reverse the
phenotype of TAMs in vitro, M2-like microglia or M2-like
macrophages were cultured in 12-well plates (5 × 105 cells/well).
Then, GCM, PLX (60 nM), PLX-Lip (60 nM for PLX), CAR-T cells
(The culture supernatant of 5 × 106 cells for 12 h), or PLX-Lip/AZO-
T cells (The culture supernatant of 5 × 106 cells treated with medium
containing liver microsomes and NADPH, which was placed in the
anaerobic system using tri-gas incubator for 12 h, 60 nM for PLX) was
added, respectively. After incubation for 24 h, the cells were collected
and stained with PE antimouse CD80 antibody and APC antimouse
CD206 antibody and were measured by flow cytometry. Moreover,
the M2-like microglia were treated with different groups as described
earlier and the phenotype-reversed cells were collected. The total
RNA of cells was isolated using the TransZol reagent (Transgene)
following the manufacturer’s protocol. Then, the total RNA (1 μg)
was reverse-transcribed to cDNA using a first-strand cDNA synthesis
kit (TaKaRa). Real-time PCR was performed using the StepOnePlus
real-time PCR system (Applied Biosystems) and AceQ qPCR SYBR
Green Master Mix (Vazyme). The quantification of mRNA expression
containing Il1b, Ifna, Tgfb, and Il10 was performed, and the
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amplification procedure parameters were set as follows: 95 °C,
heating for 10 s, 60 °C, heating for 20 s, and 45 cycles were repeated.
After the cyclic amplification was completed, the Ct value (Ct value:
the number of cycles when the fluorescence signal of the sample
reached the set threshold) was obtained by using β-actin as the
internal parameter. The expression efficiency of the target gene (%) =
2−ΔΔT × 100%; ΔT = Ct (target gene) − Ct (β-actin), ΔΔT = ΔT −
ΔTcontrol. The primers used in this experiment are shown in Table 1.

To evaluate the phagocytic activity of phenotypically reversed
TAMs, M2-like TAMs were treated with different groups as described
earlier. After treated for 24 h, the phenotype-reversed cells were
collected and centrifugated (1000 rpm, 5 min). Then, the supernatant
was discarded, and the cells were coincubated with the Hoechst-
labeled LN-229 cells for 24 h. Then, the cells were collected, stained
with PerCP/Cy5.5 antimouse F4/80 antibody, and investigated the
proportion of F4/80+ Hoechst+ cells in F4/80+ cells using flow
cytometry. Untreated microglia were used as a control. Meanwhile,
the cells were also collected to detect the expression level of ROS
according to the manufacturer’s protocol.

To further explore the effects of phenotype-reversed TAMs on the
apoptosis and proliferation of glioma cells. M2-like TAMs were
treated with different groups as described previously. Then, M2-like
TAMs were coincubated with LN-229-luci cells for 24 h. 100 μL D-
Fluorescein potassium salt was added into the medium, and
bioluminescence was detected by a microplate reader to evaluate
the apoptosis of LN-229-Luci cells. Besides, the LN-229-luci cells also
were collected and stained with Ki-67 (Biolegend, 1 μg/mL).

To further evaluate the effect of phenotypically reversed TAM on
the viability and cytokine secretion of CAR-T cells. M2-like microglia
were treated with different groups as described previously. After 24 h
incubation, the phenotypically reversed cells were collected and
centrifuged (1000 rpm, 5 min). Then, the supernatant was discarded,
and the cells were incubated with CAR-T cells (5 × 105) for 24 h.
Cells were collected, and some cells were treated with the Annexin V-
PE/7AAD apoptosis kit (Yeason) according to the manufacturer’s
protocol. Moreover, other cells were fixed with 4% PFA, and
incubated with 0.1% Triton for 10 min, washed with PBS, and
blocked with nonspecific binding protein for 30 min at r.t. with 2%
BSA. PE antihuman GzmB antibody, APC antihuman IFNγ antibody,
and APC/Cy7 antihuman TNF-α antibody were added to the cells
and incubated for 30 min. Besides, cell culture supernatants were also
collected to detect the release of TNF-α, IFNγ, and GzmB by ELISA
kit according to the manufacturer’s protocol. The viability and
cytokine secretion of CAR-T cells were investigated by flow
cytometry and ELISA. Untreated microglia were used as a control.

Mechanism Research of PLX-Lip/AZO-T Cells In Vivo. To
investigate the ability of PLX-Lip/AZO-T cells to reverse the
phenotype of TAMs and the effects of phenotypically reversed
TAMs on the adoptively transfer CAR-T cells in vivo, glioma mice
were randomly divided into 5 groups with 3 mice in each group, and
were injected intravenously with saline, PLX (5 mg/kg), PLX-Lip (5
mg/kg for PLX), CAR-T cells (2 × 107), or PLX-Lip/AZO-T cells (2
× 107, 5 mg/kg for PLX) on days 7 and 12 after tumor inoculation,

respectively. On day 14, mice were sacrificed, and tumors were
harvested. After tumors were digested and gradient centrifuged,
leukocytes were isolated and stained with APC/Cy7 antimouse
CD45, APC antimouse F4/80 antibody, PE/Cy7 antimouse CD80
antibody, and AF488 antimouse CD206 antibody. After washing twice
with ice-cold PBS, the cells were detected by flow cytometry, and the
polarization phenotype of TAM was investigated. In addition, some
leukocytes isolated from the tumors of CAR-T cells and PLX-Lip/
AZO-T cells groups were stained with PE/Cy7 antihuman GzmB
antibody, PerCP antihuman IFN-γ antibody, PE antihuman TNF-α
antibody, and APC antihuman IL-2 antibody and measured by flow
cytometry.

Pharmacodynamics and Safety of PLX-Lip/AZO-T Cells.
Pharmacodynamics of PLX-Lip/AZO-T Cells In Vivo. Glioma mice
were randomly divided into 7 groups with 8 mice in each group and
were injected intravenously with saline, PLX (5 mg/kg), PLX-Lip (5
mg/kg for PLX), CAR-T cells (2 × 107), PLX+CAR-T cells (2 × 107
CAR-T + 5 mg/kg PLX), PLX-Lip/T cells (2 × 107, 5 mg/kg for
PLX), or PLX-Lip/AZO-T cells (2 × 107, 5 mg/kg for PLX) on days
7 and 12 after tumor inoculation, respectively. From day 6, mice were
imaged for bioluminescence every 4 days to monitor the tumor
growth, and survival of mice was recorded every day. Euthanasia was
performed when the weight of the mice was reduced to 20% of the
weight before administration, or the mice died naturally. The above
conditions were included in the death data, and the survival curve of
the mice was finally obtained according to the statistics of the survival
status of the mice.

Safety Profile of PLX-Lip/AZO-T Cells In Vivo. Weight of glioma
mice were recorded on days 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20
after tumor implantation. The heart, liver, spleen, lung, and kidney of
mice were collected and weighed to calculate the organ index.
Moreover, these tissues were dissected, embedded in paraffin,
sectioned, and stained with H&E using routine methods as previously
reported. Then, the sections were photographed using doltSlide
virtual microscopy (Olympus). The blood samples from each group of
mice were collected on day 18 after tumor inoculation and centrifuged
(12,000 rpm, 10 min). The quantities of ALP, LDH, AST, ALT,
BUN, and CRE in the supernatant were, respectively, determined per
kit instructions, and IL-6, IL-10, and TNF-α concentrations were
analyzed via ELISA kit (Elabscience).

Statistical Analysis. Statistical analyses were performed using
GraphPad Prism 8.0. All plots show mean ± SEM. One-way ANOVA
test and two-way ANOVA with Tukey’s correction were used for
comparisons of multiple groups and a student’s unpaired t-test was
used for two-group comparisons under the appropriate conditions. A
log-rank (Mantel-Cox) test was used to analyze survival differences.
Statistical significance was set at *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001, ns: no significant difference.
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Materials and methods including the detailed methods
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Table 1. Primers of Inflammatory Factor

name primers

Tnfa forward: TAGCCCACGTCGTAGCAAAC
reverse: ACCCTGAGCCATAATCCCCT

Il1b forward: TGCCACCTTTTGACAGTGATG
reverse: TTCTTGTGACCCTGAGCGAC

Il10 forward: GCTCCAAGACCAAGGTGTCT
reverse: AGGACACCATAGCAAAGGGC

Tgfb forward: ACTGGAGTTGTACGGCAGTG
reverse: GGGGCTGATCCCGTTGATTT

β-actin forward: GGCTGTATTCCCCTCCATCG
reverse: CCAGTTGGTAACAATGCCATGT

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c00050
ACS Nano XXXX, XXX, XXX−XXX

N

https://pubs.acs.org/doi/10.1021/acsnano.4c00050?goto=supporting-info
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


model; biodistribution of CAR-T cells and PLX-Lip in
vivo; characteristics of integrated CAR-T cells not
responsive to hypoxia; release of PLX and PLX-Lip
from PLX-Lip/AZO-T cells under hypoxic conditions
with time; uptake of PLX-Lip released from PLX-Lip/
AZO-T cells by TAMs and the direct antitumor effect of
PLX-Lip; extraction and induction of M2-like TAMs in
vitro; function of PLX-Lip/AZO-T cells in vitro and in
vivo; and safety evaluation of PLX-Lip/AZO-T cells in
orthotopic GBM-bearing mice (PDF).
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