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CAR-neutrophil mediated delivery of tumor-
microenvironment responsivenanodrugs for
glioblastoma chemo-immunotherapy
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You-Yeon Won 1,2, Qing Deng2,4, Xiaojun Lance Lian 9,10,11 ,
Xiaoguang Wang 6,12 , Omolola Eniola-Adefeso 13 & Xiaoping Bao 1,2

Glioblastoma (GBM) is one of the most aggressive and lethal solid tumors in
human. While efficacious therapeutics, such as emerging chimeric antigen
receptor (CAR)-T cells and chemotherapeutics, have been developed to treat
various cancers, their effectiveness in GBM treatment has been hindered lar-
gely by the blood-brain barrier and blood-brain-tumor barriers. Human neu-
trophils effectively cross physiological barriers and display effector immunity
against pathogens but the short lifespan and resistance to genome editing of
primary neutrophils have limited their broad application in immunotherapy.
Here we genetically engineer human pluripotent stem cells with CRISPR/Cas9-
mediated gene knock-in to express various anti-GBM CAR constructs with
T-specific CD3ζ or neutrophil-specific γ-signaling domains. CAR-neutrophils
with thebest anti-tumor activity are produced to specifically andnoninvasively
deliver and release tumor microenvironment-responsive nanodrugs to target
GBM without the need to induce additional inflammation at the tumor sites.
This combinatory chemo-immunotherapy exhibits superior and specific anti-
GBM activities, reduces off-target drug delivery and prolongs lifespan in
female tumor-bearing mice. Together, this biomimetic CAR-neutrophil drug
delivery system is a safe, potent and versatile platform for treating GBM and
possibly other devastating diseases.

Glioblastoma (GBM) is characterized by a high mortality rate, short
lifetime, and poor prognosis with a high tendency of recurrence1,2.
Therapeutic efficacies of both surgery and chemo-drugs are primarily
hindered by the fine brain structure and physiological blood-brain
barrier (BBB) or blood-brain-tumor barrier (BBTB)3–5. Particularly, drug
delivery to the central nervous system (CNS) for treating brain tumor is
very challenging: <1% of administered nanoparticle dose is found to be
delivered to a solid tumor based on 376 published datasets6, and 0.8%
delivered to brain cancer7. Due to their native capacity to migrate
towards inflamed sites, traverse BBB/BBTB and infiltrate solid tumors,
mouse neutrophil-mediated delivery of nanoparticulated chemo-

drugs has been investigated to enhance targeted drug delivery to
the brain tumors for improved therapeutic efficacy8–10. However, an
invasive surgical resection of the tumor or tumor microenvironment
priming is needed to induce additional inflammation for neutrophil
recruitment before neutrophil/chemotherapeutic administration,
leading to the limited neutrophil recruitment in tumor sites beyond
the inflamed surgical margin11. Furthermore, neutrophil-delivered
chemotherapeutics were primarily enriched in the spleen, but not in
the targeted brain of tumor-bearing mice. While necrosis was not
observed in the major organs of experimental mice, there are still
concerns regarding off-target tissue toxicity or even systemic toxicity
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in patients12. Previous studies also focused on mouse neutrophils. The
feasibility and safety of using human neutrophils in drug delivery
remains elusive since neutrophils have a short lifespan and are prone
to apoptosis ex vivo. In addition, massive neutrophil extraction from
pre-surgical patients for drug loadingmay lead toneutropenia or other
risks. Thus, a safe and effective human neutrophil-mediated biomi-
metic drug delivery system that utilizes the natural chemo-attractive
GBM microenvironment is urgently needed.

Neutrophils’ innate immunity and plasticity against various
cancers12–16, including GBM, were less explored than their application
as cell carriers in drug delivery8–10. Circulating neutrophils in the blood
home to the hypoxic tumor microenvironment (TME), where they
become heterogenous tumor-associated neutrophils (TANs), an
essential component of immunosuppressive TME that contributes to
cancer progression and therapeutic resistance12,17. Similar to macro-
phages, anti-tumor N1 and pro-tumor N2 phenotypes of TANs were
found within the hypoxic TME18–21. Various therapeutic strategies have
been developed to directly target neutrophils with a focus on neu-
trophil depletion or inhibition12,22, leading to several clinical trials (e.g.,
CCR5 inhibitor Maraviroc in NCT03274804). Thus, the direct applica-
tion of untreated neutrophils as a nanocarrier may pose an additional
risk to cancer patients in which drug-trafficking neutrophils may be
reprogrammed to the immunosuppressive pro-tumor N2 phenotype
within TME after homing to tumor sites13,23. In addition, the intrinsic
anti-tumor activities of naïve neutrophils should be explored and
boosted to achieve an optimized therapeutic efficacy when used as a
drug carrier in combination with chemotherapeutics.

Chimeric antigen receptor (CAR) modification has significantly
enhanced anti-tumor activities of immune T or natural killer (NK)
cells24–27. However, their efficacy in solid tumors is still limited due in
part to their relatively low trafficking and tumor penetration ability.
The presence of physiological BBB and BBTB further impedes the
efficacy of these emerging therapeutics against GBM in the brain. We
speculated that the combination of CAR-engineering and highlymotile
neutrophils might sustain their anti-tumor N1 phenotype and yield
excellent therapeutic efficacy in treating GBM. Primary neutrophils are
short-lived and resistant to genome editing28, limiting their application
in CAR-directed immunotherapy. Human pluripotent stem cells
(hPSCs), which are more accessible to gene editing and capable of
differentiating into neutrophils massively, could provide an unlimited
source of high-quality CAR-neutrophils for targeted immunotherapy
under chemically-defined, xeno-free conditions29. Neutrophils also
preferentially phagocytose microbial pathogens with rough or long
surfaces, such as S. aureus and E. coli30, which should be taken into
account for nanoparticle design in neutrophil-mediated drug delivery.
Indeed, Safari et al. recently reported the preferred phagocytosis of
intravenously administered elongated particles, without complicated
surface modification, by circulating neutrophils30. Such an easy and
bioinspired design in drug-loaded nanoparticles may maximize drug-
loading in neutrophils and allow therapeutic levels of drug delivery at
targeted sites.

In this work, we design and screen four anti-GBM chlorotoxin
(CLTX)-CARconstructswithTor neutrophil-specific signalingdomains
by knocking them into the AAVS1 safe harbor locus of hPSCs via
CRISPR/Cas9-mediated homologous recombination and identified an
optimized CAR, composed of a 36-amino acid GBM-targeting CLTX
peptide27, a CD4 transmembrane domain and a CD3ζ intracellular
domain, for neutrophil-mediated tumor-killing. The resulting stable
CAR-expressing hPSCs are then differentiated into CAR-neutrophils,
which sustain an anti-tumor N1 phenotype and exhibit enhanced anti-
GBM activities under the hypoxic tumor microenvironment. A biode-
gradable mesoporous organic silica nanoparticle with a rough surface
(R-SiO2) is synthesized and employed to load hypoxia-activated pro-
drug tirapazamine (TPZ) or clinical chemo-drug temozolomide (TMZ)
and JNJ-64619187 (a potent PRMT5 inhibitor under clinical trial

NCT03573310) into hPSC-derived CAR-neutrophils, which are
unharmed by the nanoparticulated cargo and retain the inherent bio-
physiological properties of naïve neutrophils. CAR-neutrophils loaded
with drug-containing SiO2 nanoparticles display superior anti-tumor
activities against GBM, possibly due to a combination of CAR-
enhanced direct cytolysis and chemotherapeutic-mediated tumor-
killing via cellular uptake and glutathione (GSH)-induced degradation
of nanoparticles within the targeted tumor cells. In an in situ GBM
xenograft model, hPSC-derived CAR-neutrophils precisely and effec-
tively deliver TPZ-loaded SiO2 nanoparticles to the brain tumors
without invasive surgical resection for amplified inflammation, sig-
nificantly inhibit tumor growth, and prolong animal survival, repre-
senting a targeted and efficacious combinatory chemo-
immunotherapy. Notably, Si content measurement suggests >20% of
administered nanodrugs are delivered to brain tumor by CAR-
neutrophils as compared to 1% by free nanodrugs. In summary, our
biomimetic CAR-neutrophil drug delivery system is a safe, potent, and
versatile platform for treating GBM and other devastating diseases.

Results
Screening neutrophil-specific CAR structures for enhanced anti-
tumor activities
To engineer CAR-neutrophils for targeteddrug delivery to brain tumor
(Fig. 1a–b), we first designed and tested 4 different CAR structures
optimized for anti-tumor activities of hPSC-neutrophils. All CAR
structures shared the same extracellular granulocyte-macrophage
colony-stimulating factor receptor (GM-CSFR) signal peptide (SP),
glioblastoma-targeting domain CLTX27, and IgG4 hinge29 (Fig. 2a). CAR
#1 is a first-generation T cell-specific CAR that uses the CD4 trans-
membrane (tm) domain and CD3ζ intracellular signaling domain. CAR
#2, CAR #3, and CAR #4 differ from CAR #1 in using a transmembrane
domain from neutrophil-specific CD32a (or FcγRIIA), a single-chain
transmembrane receptor that is highly expressed in neutrophils
(30,000 to 60,000 molecules/cell31) and critical for neutrophil
activation31–34. CAR#3 andCAR#4 also include anFcdomain γ-chainof
CD32a, which relies on a highly conserved immunoreceptor tyrosine-
based activation motif (ITAM) to express and signal in neutrophils.
Notably, CAR #3 contains a combo signaling domain by fusing CD32a-
ITAM to the CD3ζ intracellular domain. Since primary neutrophils are
short-lived and resistant to genome editing, we engineered human
pluripotent stem cells (hPSCs) with these different CARs to achieve
stable and universal immune receptor expression on differentiated
neutrophils by knocking CAR constructs into the AAVS1 safe harbor
locus via CRISPR/Cas9-mediated homology-directed repair (Fig. 2b).
After nucleofection, single cell-derived hPSC clones were isolated and
screened with puromycin for about two weeks. Genotyping identified
successfully targeted hPSCswith an averageCARknock-in efficiency of
>90%, and the majority of targeted clones are heterozygous (Supple-
mentary Fig. 1a–d). CAR expression on engineered hPSCs was further
confirmed by RT-PCR and flow cytometry analysis of CLTX-IgG4
(Supplementary Fig. 1e–g). As expected, CAR-expressing hPSCs
retained high expression levels of pluripotent markers, including
OCT4, SSEA4 and SOX2 (Supplementary Fig. 1f).

To produce de novo CAR-neutrophils, CAR-expressing hPSCs
were first differentiated into multipotent hematopoietic and then
myeloid progenitors with stage-specific cytokine treatment35 (Fig. 2c).
Subsequent employment of G-CSF and retinoic acid agonist AM580
promoted robust neutrophil production36. Similar to their counter-
parts in peripheral blood (PB), hPSC-derived CLTX-CAR neutrophils
presented typical neutrophil morphology and surface markers CD16,
CD11b, MPO, CD15, CD66b, and CD18 (Supplementary Fig. 2).

We next determined the effects of CAR expression on the anti-
tumor cytotoxicity of hPSC-derived neutrophils by co-culturing them
with glioblastoma (GBM) U87MG cells in vitro. As expected, hPSC-
derived CLTX-CAR neutrophils presented improved tumor-killing
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ability as compared to PB neutrophils (Fig. 2d), consistent with pre-
vious observations inCLTXCAR-T cells27. Among these different CARs,
CAR #1mediated superior tumor-killing activities in hPSC-neutrophils.
Notably, γ-chain-based CAR #4 is least effective in triggering
neutrophil-mediated tumor-killing, which may be due to the lower
copy of ITAM in γ than ζ-subunit and lower expression of γ-bearing
CARs on the cell surface28. Neutrophils release cytotoxic reactive
oxygen species (ROS) and tumornecrosis factor-α (TNF-α) to kill target
cells. The production of ROS and TNF-α (Fig. 2e, f) from different
neutrophils coincided well with their increased cytolysis. As expected,
the production of ROS and TNF-α from different neutrophils after
coculturing with normal SVG p12 glial cells remained as low as the
negative control group (Supplementary Fig. 3a, b). In addition,
enhanced anti-tumor cytotoxicity of CAR-neutrophils was only
observed in co-incubation with GBM cells, including U87MG, primary
adult GBM43, and pediatric SJ-GBM2 cells (Supplementary Fig. 3c),

demonstrating the high specificity of our CLTX-CAR. Notably, CAR-
neutrophils exhibited high biocompatibility with normal SVG p12 glial
cells, hPSCs, and hPSC-derived cells (Supplementary Fig. 3d), con-
sistent with a previous observation that inactivated primary neu-
trophils do not kill healthy cells16. Collectively, hPSC-derived CAR-
neutrophils, particularly CD3ζ-bearing CAR-neutrophils, presented
enhanced anti-tumor cytotoxicity and producedmore ROS and TNF-α
in vitro, highlighting their potential in targeted immunotherapy.

CAR-neutrophils sustained superior anti-tumor activities under
immunosuppressive tumor microenvironments
Similar to macrophages, anti-tumor N1 and pro-tumor N2 phenotypes
of tumor-associated neutrophils were found within the immunosup-
pressive tumor microenvironment17. Pro-tumor N2 neutrophils play
critical roles in tumor angiogenesis, metastasis and immunosuppres-
sion, but therapeutic targeting of this cell type has been challenging.

Fig. 1 | Schematic of enhanced anti-glioblastoma efficacy using combinatory
immunotherapy of CAR-neutrophils and tumormicroenvironment responsive
nanodrugs. a Human pluripotent stem cells were engineered with CARs and dif-
ferentiated into CAR-neutrophils that are loaded with rough silica nanoparticles
(SiO2 NPs) containing hypoxia-targeting tirapazamine (TPZ) or other drugs, as a
dual immunochemotherapy. b Systemically administered CAR-neutrophil@R-SiO2-

TPZ NPs first attack external normoxic tumor cells by forming immunological
synapses and kill tumor cells via phagocytosis. After apoptosis, CAR-neutrophils
could then release R-SiO2-TPZ NPs, which are uptaken by tumor cells. Afterwards,
nano-prodrugs respond to the hypoxic tumor microenvironment and effectively
kill tumor cells. TEOS tetraethyl orthosilicate, BTES bis[3-(triethoxysilyl) propyl]
tetrasulfide, TPZ tirapazamine, BTZ benzotriazinyl.
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Rather than systemic depletion strategy22, here we evaluated the
potential of CAR-engineering in sustaining the anti-tumor phenotype
of neutrophils. CAR hPSC-derived and PB neutrophils were treated
with hypoxia (3% O2) and TGFβ, which contribute to the immunosup-
pression of tumor microenvironment37,38, to assess their sustained
tumor-killing activity. While PB neutrophils presented significantly
decreased cytolysis against GBM cells under immunosuppressive
conditions, CAR-neutrophils sustained high tumor-killing activities
(Supplementary Fig. 4a). Similar observations were also made in the
TNFα release and ROS generation (Supplementary Fig. 4b, c) from PB

or CAR-neutrophils under immunosuppressive and normal conditions.
To further confirm neutrophil phenotype under hypoxic and TGFβ
conditions, we measured the expression of N1-specific iNOS and N2-
specific arginase on the isolated neutrophils by flow cytometry (Sup-
plementary Fig. 4d–f). Compared with normoxia, immunosuppressive
hypoxia and TGFβ significantly decreased expression levels of iNOS
and increased levels of arginase in PB neutrophils, whereas CAR-
neutrophils retained high expression levels of iNOS. Previous studies
indicate activation of Syk-Erk signaling pathway leads to the ROS
production39–42. Therefore, we detected and compared Syk-Erk

Fig. 2 | Screening neutrophil-specific chimeric antigen receptor (CAR) struc-
tures with enhanced neutrophil-mediated anti-tumor activities. a Schematic of
various CAR structures. b Schematic of CAR #1 construct and targeted knock-in
strategy at the AAVS1 safe harbor locus of human pluripotent stem cells (hPSCs).
Vertical arrow indicates theAAVS1 targeting sgRNA.Red andblue horizontal arrows
indicate primers for assaying targeting efficiency and homozygosity, respectively.
HDR: homologous recombination repair. c Schematic of optimized neutrophil
differentiation from hPSCs under chemically-defined conditions. d Cytotoxicity

assays against U87MG glioblastoma cells were performed at different ratios of
neutrophil-to-tumor target using indicated neutrophils. Data are represented as
mean ± SD of five independent biological replicates, two-tailed Student’s t test.
Reactive oxygen species (ROS) generation (e) and ELISA analysis of TNFα release (f)
from different neutrophils after coculturing with U87MG cells were determined.
n = 5 biologically independent samples. The data are represented as mean ± SD,
two-tailed Student’s t test. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-37872-4

Nature Communications |         (2023) 14:2266 4



activation in unmodified neutrophils and CAR-neutrophils, and our
results suggested a significantly higher activation of Syk-Erk pathway
in CAR-neutrophils under hypoxia (Supplementary Fig. 5a–d), which
may sustain the unchanged ROS production of CAR-neutrophils under
hypoxia. Taken together, CAR-neutrophils sustained an anti-tumor
phenotype and maintained high anti-tumor activities under tumor
microenvironment mimicking conditions in vitro, highlighting their
potential in targeted immunotherapy.

Preparation and characterization of hPSC CAR-neutrophils loa-
ded with tirapazamine (TPZ)-containing SiO2 nanoparticles
PB neutrophils have been used as cellular carriers to deliver imaging
and therapeutic drugs into brain tumors8–10, though targeted neu-
trophil infiltration requires surgery- or light-induced inflammation and
off-target drug delivery may be a concern11. To further improve the
anti-tumor activities of CAR-neutrophils, we prepared silica nano-
particles (SiO2-NP) with a rough or smooth surface to load che-
motherapeutic or radiation drugs into neutrophils. Transmission
electron microscope (TEM) images demonstrated that both SiO2

nanoparticles were well-dispersed and exhibited spherical morphol-
ogy with a uniform size (Fig. 3a, Supplementary Fig. 6a). Composition
distribution analysis via scanning TEM (STEM) with energy-dispersed
X-ray spectroscopy (EDS) showed that the sulfur (S) element was
evenly distributed within the whole rough SiO2 nanoparticles (R-SiO2)
(Fig. 3b). Using nitrogen (N2) adsorption-desorption isotherms and
corresponding pore size distribution analysis, pore sizes of R- and S-
SiO2 NPs were measured as 25 nm and 35 nm (Fig. 3c, Supplementary
Fig. 6b), respectively. Given the high surface area and large pore size,
therapeutic drugs could be effectively loaded into both R- and S- SiO2

NPs, as exemplified by the hypoxia-responsive pro-drug tirapazamine
(TPZ) (Fig. 3d, Supplementary Fig. 6c). After TPZ loading, significant
changes were not observed in the dispersity, morphology, and size of
R-SiO2-TPZ using TEM and dynamic light scattering analysis (Supple-
mentary Fig. 6d, e). The tetra-sulfide bonds incorporated into the
R-SiO2 NPs are sensitive to reductive environments and can be rapidly
degraded by the large amount of glutathione (GSH) present within the
tumor cells43. We next determined GSH responsive degradability of
R-SiO2–TPZ NPs in the presence of 10mM, 1mM, and 10μM GSH,
which were the same as the intracellular conditions of cancer cells,
normal cells, and extracellular environments43, respectively. Upon
10mM GSH treatment, the initial spherical structure of R-SiO2–TPZ
NPs was severely destructed after 24 hr (Supplementary Fig. 6f, g). The
nanoparticles were completely disintegrated into small debris after
48 h, resulting in the TPZ release in a GSH-responsivemanner (Fig. 3e).
The debris of R-SiO2 NPs did not cause any significant cytotoxicity to
the tested cells in vitro (Supplementary Fig. 6h), indicating the relative
safety of R-SiO2 NPs.

We next evaluated the feasibility of using SiO2–TPZ NPs to load
therapeutic drugs into CAR-neutrophils as a combinatory che-
moimmunotherapy to achieve boosted therapeutic efficacy. After
centrifugation, we measured the cellular uptake of SiO2–TPZ NPs by
neutrophils using fluorescence microscope and flow cytometry ana-
lysis (Fig. 3f, g), and detected a more significant cellular uptake of
R-SiO2–TPZ NPs than S-SiO2–TPZ NPs by neutrophils. Cellular Si con-
tent in neutrophils was measured as 11.3 and 19.1 ng Si/μg protein for
smooth and roughSiO2NPs@TPZ (Fig. 3h), respectively, by inductively
coupled plasmamass spectrometry (ICP-MS). Given their high loading
capacity in neutrophils, R-SiO2–TPZ NPs were employed for sub-
sequent experiments.

We then sought to test the physiological functions of CAR-
neutrophils after loading R-SiO2–TPZ NPs. No changes were observed
in cell viability (Fig. 3i, Supplementary Fig. 6i), transwell migration
ability (Fig. 3j), chemotaxis and corresponding velocity (Fig. 3k, l) of
CAR-neutrophils before or after loading R-SiO2–TPZ NPs, demon-
strating their high biocompatibility. Time-dependent nano-drug

loading analysis was also performed and the maximum loading con-
tent was reached at 1 h after cell-NP incubation (Supplementary
Fig. 7a).More than 95%CAR-neutrophils were successfully loadedwith
R-SiO2–TPZ NPs (Supplementary Fig. 7b). The expression level of
CD11b, a neutrophil surface protein that mediates adhesion and
migration function upon inflammatory molecule stimulation, was not
changed on CAR-neutrophils with or without R-SiO2-TPZ loading
(Supplementary Fig. 7c, d). Superoxide or reactive oxygen species
(ROS) are released from active neutrophils to kill microbes and tumor
cells44. As expected, ROS generation by CAR-neutrophils was sig-
nificantly increased after N-Formylmethionine-leucyl-phenylalanine
(fMLP) treatment, and significant differences were not observed in
ROS production by CAR-neutrophils before and after loading R-SiO2-
TPZ (Fig. 3m). Taken together, our data demonstrated that R-SiO2-TPZ
loaded CAR-neutrophils maintained the physiological activities of
wild-type neutrophils and could actively migrate towards inflamma-
tory stimuli, highlighting their potential in targeted cancer
chemoimmunotherapy.

CAR-neutrophils loaded with R-SiO2-TPZ nanoparticles effec-
tively kill glioblastoma cells
We next evaluated the effect of R-SiO2-TPZ on the tumor-killing ability
of CAR-neutrophils. Intimate effector-target interaction was a pre-
requisite for neutrophil-mediated cytolysis. As expected, CAR-neu-
trophils@R-SiO2-TPZ formed immune synapses with tumor cells
within 2 h and exhibited similar effector-target interaction numbers as
drug-free CAR-neutrophils (Fig. 4a, Supplementary Fig. 8). Notably, no
observable interactions were found between CAR-neutrophils@R-
SiO2-TPZ and noncancerous somatic cells (Supplementary Fig. 8),
highlighting the specificity of CLTX-CAR against brain tumors. Fur-
thermore, R-SiO2–TPZ NPs were released from neutrophils into the
culture medium (Supplementary Fig. 9a, b) 12 h after co-culture and
entered the remaining tumor cells (Fig. 4a). Twenty-four hours after
co-incubation of SiO2–TPZ NP-loaded CAR-neutrophils with tumor
cells, up to 95% of tumor cells contained R-SiO2–TPZ NPs (Fig. 4a,
Supplementary Fig. 9c), indicating a successful transport cascade
involving carrier neutrophils that exert their effector cell function and
undergo apoptosis, thereby passively releasing R-SiO2–TPZ NPs to the
target tumor cells45.We also validatedhypoxic responsive function and
cytotoxicity of pro-drug TPZ within tumor cells by electron para-
magnetic resonance (EPR) spectroscopy analysis of radicals generation
from TPZ (Supplementary Fig. 9d) and flow cytometry analysis of TO-
PRO-3 on tumor cells (Supplementary Fig. 9e) under hypoxia and
normoxia. To determine the cytolysis of R-SiO2–TPZ NP-loaded CAR-
neutrophils, we implemented an in vitro normoxia-hypoxia tumor
rechallenging model (Fig. 4b). Twenty-four hours after normoxic
coculture, CAR-neutrophils loaded with R-SiO2-TPZ NPs or not exhib-
ited similar anti-tumor cytotoxicity (Fig. 4c), andbothwerehigher than
that of PB-neutrophil loaded with R-SiO2-TPZ NPs or not and R-SiO2-
TPZ NPs alone. The enhanced cytotoxicity is mainly due to the
increased tumor-targeting ability of neutrophils after CAR engineer-
ing. After an additional 12 and 24-h hypoxic coculturewith tumor cells,
R-SiO2-TPZ NP-loaded CAR-neutrophils displayed superior anti-tumor
ability compared to other groups (Fig. 4d, e). In addition, CAR-
neutrophils loaded with R-SiO2-TPZ NPs exhibited excellent cytolysis
against re-seeded fresh tumor cells (Fig. 4f), indicating the anti-tumor
ability of releasedR-SiO2-TPZnanoparticles after neutrophil apoptosis.

We then performed RNA sequencing (RNA-seq) analysis on tumor
cells to elucidate the potential molecular mechanism underlying
enhanced anti-tumor cytolysis of neutrophils by CAR expression and
R-SiO2-TPZ NPs. Gene expression analysis demonstrated that com-
pared to control and R-SiO2-TPZ NPs, CAR-neutrophils loaded with or
without R-SiO2-TPZ NPs significantly decreased the expression of
cytoplasm and membrane genes in tumor cells (Supplementary
Fig. 10a, Fig. 4g), further supporting their phagocytosis of tumor cells
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upon coculture. While all experimental groups increased cellular oxi-
dative stress in tumor cells, R-SiO2-TPZ-loaded CAR-neutrophils out-
performed other groups in triggering oxidative stress signaling. In
addition, R-SiO2-TPZ-loaded CAR-neutrophils significantly promoted
apoptosis and decreased proliferation in tumor cells. To further
understand the enhanced anti-tumor activities of R-SiO2-TPZ-loaded

CAR-neutrophils, we applied a phagocytosis inhibitor cytochalasin D
and a reactive oxygen species (ROS) scavengerN-acetyl-cysteine (NAC)
and a ROS inhibitor GSK2795039 to the tumor-neutrophil coculture.
Cytolysis of tumor cells by CAR-neutrophils was significantly reduced
by 5μM cytochalasin D, 5mM NAC and 100nM GSK2795039 (Sup-
plementary Fig. 10b, c), indicating the prominent role of phagocytosis

Article https://doi.org/10.1038/s41467-023-37872-4

Nature Communications |         (2023) 14:2266 6



and ROS in CAR neutrophil-mediated tumor-cell killing. The remaining
40%-50% tumor cell lysis in the presence of neutrophils and NAC or
GSK2795039 indicates the involvement of ROS independent mechan-
ism in neutrophil-mediated tumor-killing that is worth further
investigation.

Functional evaluation of CAR-neutrophils loaded with nano-
drugs using biomimetic glioblastoma models in vitro
To further assess the activities of R-SiO2-TPZ NP-loaded CAR-neu-
trophils, we implemented a transwell-based blood-brain barrier (BBB)
tumor model using human cerebral microvascular endothelial cells
(Fig. 5a, Supplementary Fig. 11a). As expected, R-SiO2-TPZ NP-loaded
CAR-neutrophils exhibited excellent transmigration ability across
in vitro BBB model (Fig. 5b), effectively killing targeted tumor cells
after transmigration under both normoxic and hypoxic conditions
(Fig. 5c, d), and releasing more inflammatory cytokines (Fig. 5e) that
may attract other effector cells to kill the tumor cells. In addition, CAR-
neutrophils did not significantly affect viability of endothelial cells
after transmigration (Supplementary Fig. 11b). R-SiO2-TPZ NP-loaded
CAR-neutrophils retained excellent transmigration ability during the
second transmigration experiment (Fig. 5f) and superior anti-tumor
ability compared with other groups (Fig. 5g). A three-dimensional (3D)
tumor spheroid model was then employed to evaluate the tumor-
penetration capacity of R-SiO2-TPZ NP-loaded CAR-neutrophils
(Fig. 5h). CAR-neutrophils gradually migrated towards the center of
the tumor spheroid and uniformly distributed in the spheroid after 8 h
of incubation (Fig. 5i). A high degree of co-localization between CAR-
neutrophils and R-SiO2-TPZ NPs was observed (Supplementary
Fig. 12a–c), demonstrating that R-SiO2-TPZ NPs were encapsulated
stably in the CAR-neutrophils during tumor infiltration before their
cytolysis. Without neutrophil-mediated delivery, R-SiO2-TPZ NPs were
only found on the outside layer of tumor spheroids. Compared to
R-SiO2-TPZ NPs and CAR-neutrophils, R-SiO2-TPZ NP-loaded CAR-
neutrophils exhibited superior anti-tumor cytolysis in the 3D tumor
model (Fig. 5j). CAR-neutrophils@R-SiO2 NPs can also be employed to
deliver other drugs, including clinical temozolomide (TMZ) and JNJ-
64619187, into 3D tumor models and efficiently kill GBM cells (Sup-
plementary Fig. 12d–f). Taken together, the combinatory CAR-
neutrophils and nanodrugs displayed excellent anti-tumor activities
in biomimetic tumormicroenvironmentmimicking conditions in vitro,
highlighting the therapeutic potential of combinatory neutrophil-
based chemoimmunotherapy.

In vivo distribution of CAR neutrophil-delivered R-SiO2-TPZ
nanoparticles
In addition to improving the direct tumor-killing ability, we hypothe-
size that CAR engineering of hPSC-neutrophils will significantly
enhance their targeted delivery of therapeutic drugs without addi-
tional surgery- or light-induced inflammation11. To test this hypothesis,
we employed amouse xenograft model of glioblastoma and an in vivo
imaging system to determine the trafficking and biodistribution of
R-SiO2-TPZ NP-loaded CAR-neutrophils. We fluorescently labeled SiO2

NPs with a near-infrared dye Cyanine 5 (Cy5) and then performed
fluorescence imaging 3 h and 24 h after systemic administration

(Fig. 6a). Three hours after intravenous injection, R-SiO2-TPZ NPs tra-
veled to the whole body of tumor-bearing mice and emitted strong
fluorescence with or without neutrophil-mediated delivery (Fig. 6b).
CAR-neutrophil-delivered R-SiO2-TPZ NPs accumulated in the brain
tumor site within 24 h, whereas free R-SiO2-TPZ NPs were still evenly
distributed across the whole body (Fig. 6b). To further quantify the
biodistribution of R-SiO2-TPZ NPs in various organs, inductively cou-
pled plasma-optical emission spectrometry (ICP-OES) analysis of Si
content was performed on the harvested organs 24 h post-injection.
CAR neutrophil-delivered R-SiO2-TPZ NPs were significantly enriched
in the mouse brain (Fig. 6c), although a low-level delivery to the liver
and spleen was observed. Si content measurement also demonstrated
that >20% of administered nanodrugs were delivered to brain tumor
by CAR-neutrophils as compared to 1% by free nanodrugs that is
consistent with previous reports6. Targeted delivery of R-SiO2-TPZ NPs
to the host brain across BBB byCAR-neutrophilswas also confirmedby
histology analysis (Fig. 6d). On the contrary, R-SiO2-TPZ NPs alone
mainly accumulated in the liver and spleen. Collectively, our data
demonstrated enhanced targeted delivery of R-SiO2-TPZ NPs by CAR-
neutrophils without the need to induce additional inflammation at the
tumor site, highlighting the feasibility and safety of neutrophil-based
chemoimmunotherapy in cancer treatment.

The combinatory chemoimmunotherapy of CAR-neutrophils
and R-SiO2-TPZ nanoparticles exhibited excellent anti-
glioblastoma activities in vivo
To determine the therapeutic efficacy of R-SiO2-TPZ NP-loaded CAR-
neutrophils, in situ xenograftmodel of glioblastomawas established in
the NOD.Cg-RAG1tm1MomIL2rgtm1Wjl/SzJ (NRG) mice using luciferase-
expressing U87MG cells. Tumor-bearing mice were intravenously
administrated 5 × 106 neutrophils weekly (Fig. 7a), and tumorburden in
thehostswasmeasured andquantified (Fig. 7b, c). Compared to PBSor
PB-neutrophil-treatedmice, treatment with CAR-neutrophils and CAR-
neutrophil@R-SiO2–TPZ NPs effectively slowed tumor growth. CAR-
neutrophils@R-SiO2–TPZ NPs displayed much higher anti-tumor
cytotoxicity than any other experimental groups. On the contrary,
PB-neutrophils significantly promoted tumor growth in the brain,
resulting in the deathof tumor-bearingmiceas early asday 23 (Fig. 7d),
suggesting that unengineered neutrophils may pose additional risks.
We next measured human cytokine release in the plasma of different
experimentalmouse groups (Fig. 7e). All non-PBS experimental groups
produced detectable TNFα and IL-6 in the plasma fromday 5 to day 26,
suggesting the activation of human neutrophils upon tumor stimula-
tion. Consistent with observed higher tumor growth rate, unmodified
neutrophils gradually releasedmore IL-6 and TNFα, which may lead to
cytokine release syndrome in patients and require more in-depth
safety studies with IL-6 blockers46,47. Notably, CAR-neutrophils@R-
SiO2–TPZ NPs displayed decreased cytokine production ability at later
time points (day 19 and day 26), suggesting a potentially low risk of
cytokine release syndrome in patients treated with CAR-neutrophil-
based chemoimmunotherapy.

The biocompatibility of combinatory CAR-neutrophils and
R-SiO2–TPZ NPs was evaluated through weekly measurement of body
weights and monitoring of pathological changes in major organs of

Fig. 3 | Preparation and characterization of hPSC CAR-neutrophils loaded with
tirapazamine (TPZ)-containing SiO2 nanoparticles. a–e Transmission electron
microscope (TEM) (a) and energy dispersive spectroscopy (EDS) elemental map-
ping images (b) of rough SiO2 nanoparticles are shown. c Nitrogen adsorption-
desorption isotherm of rough SiO2 nanoparticles along with Barrett-Joyner-
Halenda (BJH) pore size distribution plot is shown. Biological triplicates were per-
formed independently. TPZ loading content in SiO2 nanoparticles (d) and glu-
tathione (GSH)-responsive TPZ release (e) were measured at the indicated time.
n = 3 biologically independent samples. One-way analysis of variance (ANOVA) for
(e). Fluorescence images (f) and flow cytometry analysis (g) of neutrophils loaded

with smooth and rough SiO2-TPZ. Biological triplicates were performed indepen-
dently. h Cellular SiO2 content in hPSC-derived CAR-neutrophils was measured.
n = 5 biologically independent samples, two-tailed Student’s t test. Cellular viability
(i), n = 3 biologically independent samples, transmigration (j), n = 5 biologically
independent samples, chemoattraction abilities (k, l), n = 20 biologically indepen-
dent samples, and ROS generation ability (m) of hPSC-derived CAR-neutrophils
loadedwith or without rough SiO2-TPZ were shown, n = 5 biologically independent
samples, two-tailed Student’s t test. PMA: phorbol myristate acetate. All data in this
figure are represented asmean ± SD. Source data are provided as a Source Data file.
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mice. No difference was observed in body weights between CAR-
neutrophils@R-SiO2–TPZNP-treatedmice and any other experimental
groups (Fig. 7f), indicating minimal systemic toxicity and excellent
biocompatibility of CAR-neutrophils@ R-SiO2–TPZ NPs within 28 days

of treatment. Histological analysis on major organs sliced from mice
on day 30 showed that CAR-neutrophils@R-SiO2–TPZNP-treatedmice
did not cause noticeable abnormality or organ damage in the heart,
liver, spleen, lung, and kidney (Supplementary Fig. 13), further

Fig. 4 | CAR-neutrophils loaded with R-SiO2-TPZ nanoparticles effectively kill
glioblastoma cells. aRepresentative images of immunological synapses indicated
by polarized F-actin accumulation at the interface between CAR-neutrophils and
tumor cells at 6, 12 and 24h were shown. R-SiO2-TPZ nanoparticles released from
CAR-neutrophils upon tumor cell phagocytosis were up-taken by tumor cells.
Triplicates were performed independently. b Schematic of neutrophil-mediated
anti-tumor cytotoxicity assay. Cytotoxicity against U87MG glioblastoma cells were
performed at different ratios of neutrophil-to-tumor target using indicated

neutrophils at 24 h (c), 36 h (d), 48 h (e), and 72 h (f).n = 3 biologically independent
samples. Data are represented as mean ± SD, one-way analysis of variance
(ANOVA). g Bulk RNA sequencing analysis was performed on U87MG cells under
various conditions. Heatmap shows expression levels of selected cytoplasm,
membrane, oxidative stress, apoptosis, and proliferation-related genes in the
indicated glioblastoma cells. n = 2 biologically independent samples. Source data
are provided as a Source Data file.
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confirming the safety of combinatory CAR-neutrophils and
R-SiO2–TPZ NPs.

While CAR-neutrophil@R-SiO2–TPZ NPs significantly slowed
down tumor growth in xenograft mice, the difference of animal sur-
vival in experimental groups of CAR-neutrophils, SiO2–TPZ NPs and
CAR-neutrophil@R-SiO2–TPZ NPs is insignificant (p > 0.05), which is
possibly due to the death of short-lived neutrophils during cell pre-
paration and injection. We next focused on these three groups and
determined if reduced cell preparation time and increased dosages of
CAR-neutrophils and nanodrugs would make any difference in animal
survival (Fig. 7g). When systemically administered 6 times, CAR-neu-
trophil@R-SiO2–TPZ NPs outperformed the other two groups in
extending lifespan of tumor-bearing mice (Fig. 7h), whereas the dif-
ference of animal survival in groups of CAR-neutrophils and SiO2–TPZ
NPs remained insignificant.While a similar survival curve of theR-SiO2-
TPZ group was observed between these two independent animal stu-
dies, reduced time in cell isolation and preparation for injection from a

total of ~4 hrs to 1 hr during the first 4 neutrophil doses led to
improved animal survival in CAR-neutrophil groups before day 32.
Collectively, our data demonstrated the importance of neutrophil
preparation and dosage optimization in future clinical application of
neutrophil therapeutics.

Discussion
Mouse neutrophils have been demonstrated as a powerful carrier to
efficiently deliver nanodrugs to the inflamed post-operative brain
tumors8,9. Still, the feasibility and safety of using human neutrophils in
drug delivery remain elusive. The large amount of mouse neutrophils
(10 times higher than total number of circulating neutrophils inmice11)
used in these studies to achieve therapeutic benefitmay further hinder
their clinical translation since the extraction of large numbers of
neutrophils from cancer patients may lead to neutropenia and pose
other risks. To address these challenges, we harnessed the power of
self-renewing hPSCs in obtaining unlimited de novo human

Fig. 5 | Functional evaluation of CAR-neutrophils loaded with R-SiO2-TPZ
nanoparticles using biomimetic glioblastoma (GBM) models in vitro.
a Schematic of our in vitro tumor model of GBM with blood-brain-barrier (BBB),
which is composed of endothelial cells on the cell insertmembrane and tumor cells
in the bottom of the same transwell. b Transwell migration analysis of neutrophils
at 12 h is shown. Anti-GBM cytotoxicity of indicated neutrophils at 24 h (c) and 36 h
(d) was measured and quantified. e ELISA analysis of IL-6 and TNFα released from
indicated neutrophils at 36 h was performed. f Second migration of different
neutrophils at 48 h is shown. g Anti-GBM cytotoxicity of indicated neutrophils at

60 h was measured and quantified. h–j Schematic of neutrophil-infiltrated three-
dimensional (3D) tumor model in vitro was shown in (h). i Representative fluor-
escent images of infiltrated neutrophils in the 3D tumor models were shown. DAPI
was used to stain the cell nuclear and CD45 was used to stain neutrophils. Scale
bars, 200μm. Biological triplicates were performed independently. j The corre-
sponding tumor-killing ability of indicated neutrophils was measured and quanti-
fied using cytotoxicity kit. Data are represented as mean± SD of five independent
biological replicates, one-way analysis of variance (ANOVA). Source data are pro-
vided as a Source Data file.
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neutrophils29. We developed a powerful bioinspired neutrophil-
mediated drug delivery system with CAR-engineering29 and used
engineered human CAR-neutrophils as a nanocarrier with striking anti-
tumor activities. Rough SiO2NPsworks better than smooth SiO2NPs in
CAR-neutrophil carriers, consistent with previous observation that
neutrophils preferentially phagocytose rough microbial pathogens30.
Neutrophils were reported to promote the proliferation and progres-
sion of glioma cells48. We observed a similar pro-tumor effect of
unmodified neutrophils in our animal study, highlighting the necessity
of CAR-engineering or other modifications in neutrophils to ensure
their safety in drug delivery and other therapeutic applications.
Notably, our CAR-neutrophil-mediated drug delivery depends solely

on the native chemo-attractant ability of GBM, but not the amplified
post-surgical inflammatory signals, suggesting the high specificity and
therapeutic potential of our drug-delivery system in eradicating deeply
infiltrated gliomas that cannot be removed by surgery. Since surgical
resection and adjuvant chemotherapy/radiotherapy are the primary
clinical intervention for GBM12, combination treatment with CAR-
neutrophil nanocarriers and surgery/radiotherapy may achieve opti-
mal therapeutic efficacy and is worth further investigation.

T and NK cell-specific CAR constructs have been widely used to
enhance anti-tumor activities of T andNK cells, but neutrophil-specific
CARs that improve anti-tumor functions of neutrophils have not been
described. CD4ζ and CD4γ chimeric immune receptors were

Fig. 6 | In vivo distribution of CAR neutrophil-delivered R-SiO2-TPZ nano-
particles (NPs). a Schematic of intravenously administered Cy5-labeled CAR neu-
trophil@R-SiO2 NPs and R-SiO2 NPs for in vivo cell tracking study. 5 × 105 luciferase
(Luci)-expressing U87MG cells were stereotactically implanted into the right fore-
brain of NRG mice. After 4 days, mice were intravenously treated with PBS, 5 × 106

Cy5-labeled CAR neutrophil@R-SiO2 NPs and R-SiO2 NPs. b Time-dependent bio-
distribution of Cy5+ neutrophils in whole body, brain, and other organs was
determined and quantified by fluorescence imaging at the indicated hours.

c Biodistribution of CAR neutrophil@R-SiO2 NPs and R-SiO2 NPs in mice at 24h
post-injection was analyzed by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) based on Si element, and data was expressed as the percentage
of injected dose per gramof tissue (%ID/g). n = 5 biologically independent samples.
Data are represented as mean ± SD. Source data are provided as a Source Data file.
d Representative fluorescence images of CD45 and SiO2 in the indicated glio-
blastoma xenografts isolated from tumor-bearing mice were shown. Scale bars,
100μm. Biological triplicates were performed independently.
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previously reported to enhance the cytolysis of neutrophils against
HIVenv-transfected cells in vitro. Still, the lysis efficiencywas only ~10%
at an effector-to-target (E:T) ratio of 10:128. FcγRIIA (CD32a) is a low-
affinity single-chain transmembrane receptor for monomeric IgG that
is highly expressed in neutrophils (30,000 to 60,000molecules/cell31),
and its ligation induces Fcγ-dependent functions in neutrophils, such

as the release of granule contents, Ca2+ mobilization, anti-tumor
cytotoxicity, and phagocytosis49. Given the prominent role of CD32a in
the activation and function of neutrophils, we designed and tested
CD32a-based CAR constructs. However, our results demonstrated that
CD3ζ mediates significantly better cytolysis than CD32aγ when
expressed in hPSC-derived neutrophils, which may be in part due to
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the higher copies of ITAMs inCD3ζ thanCD32aγ: three and one copies,
respectively, andhigher expression levels of ζ than γon the cell surface
of neutrophils28. Like CD32a, FcγRIII (CD16b) is another low-affinity
receptor formonomeric IgG and expressed at amuchhigher level than
CD32a on neutrophils31.While cross-linking of CD16b only induces Ca2+

mobilization and degranulation, but not phagocytosis and cytolysis in
neutrophils28,50, it will still be of interest in future studies to perform a
systematic comparison on the abilities of CD3ζ- and CD16bγ-CARs in
triggering and enhancing anti-tumor functions of neutrophils.

We also presented here a modular and versatile hPSC-
neutrophil drug delivery platform that may be re-engineered and
tuned in the future to support other neutrophil-based efforts to
treat other human diseases. First, CAR engineering is more acces-
sible in hPSCs than in primary immune T cells and neutrophils. It
only requires one-time genome editing to achieve stable and
homogenous expression of various CARs29. In addition to the CLTX-
CARs, we also constructed stable hPSC lines that express a universal
anti-fluorescein (FITC)51 or anti-PD-L1 CAR52, both of which could be
harnessed to obtain universal solid tumor-targeting nanocarrier
CAR-neutrophils. Other genetic modifications, such as fibrosis tar-
geting anti-FAP CARs53, can also be performed to direct neutrophil
nanocarriers to treat fatal regenerative diseases, including brain
trauma and cardiac fibrosis. Furthermore, CAR-expressing hPSCs
could also be easily adapted to produce CAR-T or CAR-NK cells29,
and combinations of these immunotherapies with CAR-neutrophil
nanocarriers may achieve optimal therapeutic anti-tumor benefits.
Finally, our bioinspired tumor glutathione (GSH)-responsive nano-
drug system is a modular and versatile platform to load promising
chemotherapeutic or radioactive drugs into CAR-neutrophils for
targeted drug delivery, as exemplified by clinical TMZ, JNJ64619187,
and pro-drug TPZ. Future studies on testing other nanoparticles
may yield optimized drug loading in neutrophils and achieve max-
imum in vivo therapeutic efficacy.

While we have demonstrated the therapeutic concept of using
CAR-neutrophils to specifically and efficiently deliver chemo-drugs
to brain tumor across BBB, there are a few limitations in this study.
First, 4-day tumor cell inoculation may not be sufficient to establish
tumors that mimic the clinical scenario for therapeutic investiga-
tion, and future work with different tumor inoculation periods are
necessary to recapitulate the different stages of glioblastoma
development and therapeutic response in different patients54,55.
Second, the immunodeficient mice we used here lack adaptive
immunity and other preclinical models with an intact immune sys-
tem, such as pet dogs with spontaneous glioma56, are needed to
better assess the safety and efficacy of CAR-neutrophils produced
in vitro. Particularly, off-target toxicity profiling of CAR-neutrophils
with or without loading nanodrugs in infused animals, including
cytokine release syndrome, neurotoxicity, and on-target off-tumor
toxicities observed in CAR-T cells57, are needed, despite the short
lifespan of neutrophils. While feasible approaches, such as engi-
neering hypoimmunogenic universal donor hPSCs58–61 and banking
human leukocyte antigen (HLA)-homozygous hPSC libraries62, are
readily available to avoid the potential risk of graft-versus-host
disease (GvHD), preclinical animal models with an intact immune

system is still needed to assess the translational potential of our
neutrophil therapeutics. Finally, limited anti-tumor cytotoxicity and
extension of animal lifespan of CAR-neutrophil nanodrug ther-
apeutics were observed. Therefore, future exploration of more
effective chemotherapy drugs or radiosensitizers, and combinatory
therapies with classic CAR-T and surgical resection is essential to
achieve maximum anti-tumor efficacy of CAR-neutrophil ther-
apeutics. For instance, a recent study on mechanism-based design
has led to a more effective drug KL-50 that overcomes acquired
resistance as observed in clinical TMZ drug63 and can thus be
incorporated into our modular CAR-neutrophil nanodrug platform
for a potentially better therapeutic efficacy. Extending the shelf life
of neutrophils to 5 days via CLON-G (caspases-lysosomal membrane
permeabilization-oxidant-necroptosis inhibition plus granulocyte
colony-stimulating factor64) treatment and/or using a longer-term
controlled drug release system in CAR-neutrophils may also achieve
sustained in vivo anti-tumor efficacy after neutrophil apoptosis.

Collectively, our findings clearly demonstrated that R-SiO2–TPZ-
loaded CAR-neutrophils could sustain the anti-tumor N1 phenotype
and efficiently kill tumor cells under various tumor niche-like condi-
tions in vitro. Functional CAR-neutrophils could also be produced in
large quantities from engineered hPSCs to precisely deliver tumor
microenvironment-responsive nanodrugs to target GBM in vivo,
leading to a combinatory chemoimmunotherapy with robust and
specific anti-GBM activities and minimal off-target drug delivery that
prolonged lifespan in tumor-bearing mice.

Methods
Ethics statement
This study protocol was reviewed and approved by the Purdue Uni-
versity Institutional Biosafety Committee (IBC). Allmouse experiments
were approved by the Purdue Institutional Animal Care and Use
Committee (PACUC) and performed in accordance with the Guide for
Care and Use of Laboratory Animals.

Donor plasmid construction
The donor plasmids targeting AAVS1 locus were constructed as pre-
viously described65. Briefly, chlorotoxin (CLTX) sequence27 containing
a GM-CSFR signal peptide and IgG4 hinge, and CD3ζ and/or CD32aγ
with CD4 or CD32a transmembrane domain were directly synthesized
(Genewiz) and cloned into the AAVS1-Puro CAG-FUCCI donor plasmid
(Addgene #136934). The resulting CLTX CAR constructs were
sequenced and submitted to Addgene (#171963 to #171965).

Maintenance and differentiation of hPSCs
mTeSR plus medium was used to culture and maintain H9 hPSCs
(WiCell, WA09) on Matrigel-coated plates. Neutrophil differentiation
was performed in an iMatrix 511-coated 24-well plate by dissociating
and seeding 10,000 and 80,000 cells/cm2 hPSCs in mTeSR plus
mediumcontaining 5μMY27632 (day−1). 6μMCHIR99021 (CHIR)was
used to initiate neutrophil differentiation in DMEM medium supple-
mented with 100μg/mL ascorbic acid (DMEM/Vc) at day 0. From day 1
to day 4, LaSR basal mediumwith 50ng/mL VEGF (only day 2 to day 4)
was used to induce endothelial cell specification66. On day 4, 10μM

Fig. 7 | In vivo anti-tumor activities of combinatory CAR-neutrophils and
R-SiO2-TPZ nanoparticles (NPs) were assessed via intravenous injection.
a Schematic of intravenously administered PBS, PB-neutrophils, CAR-neutrophils,
and CAR-neutrophil@ R-SiO2-TPZ NPs for in vivo tumor-killing study. 5 × 105 luci-
ferase (Luci)-expressing U87MG cells were stereotactically implanted into the right
forebrainofNRGmice. After 4 days,micewere intravenously treatedwith indicated
neutrophils weekly for a month. Time-dependent tumor burden was determined
(b) and quantified (c) by bioluminescent imaging (BLI) at the indicated days. Data
are mean± SD for mice in (b) (n = 5), one-way analysis of variance (ANOVA).
d Kaplan-Meier curve demonstrating survival of indicated experimental groups

(n = 5) was shown. Released human tumor necrosis factor-α (TNFα) and IL-6 in the
peripheral blood (e) and body weight (f) of differentmouse groups weremeasured
at the indicated days. Data are mean ± SD, n = 5 biologically independent samples.
g, h Anti-tumor activity of increased dosage frequencies of CAR-neutrophils and R-
SiO2-TPZ NPs was assessed. g Schematic of intravenously administered CAR-neu-
trophils, R-SiO2-TPZ NPs and CAR-neutrophil@ R-SiO2-TPZ NPs for in vivo tumor-
killing study. h Kaplan-Meier curve demonstrating survival of indicated experi-
mental groups was shown (n = 5). Kaplan–Meier curves were analyzed by the log-
rank test. Source data are provided as a Source Data file.
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SB431542, 25 ng/mL SCF and 25 ng/ml FLT3Lwere used to promote the
endothelial-to-hematopoietic transition in Stemline II (Sigma) med-
ium. On day 6, SB431542 was removed via medium change with
Stemline II medium containing 50 ng/mL SCF and 50ng/mL FLT3L.
Half medium change was performed on day 9 and day 12 with 0.5ml
fresh Stemline II medium containing 25 ng/mL GM-CSF, 50ng/mL SCF,
and 50 ng/mL FLT3L. On day 15, floating hematopoietic progenitor
cells were harvested by filtering through a cell strainer and differ-
entiated into neutrophils in Stemline II medium containing 1x Gluta-
MAX, 2.5μM AM580 and 150 ng/mL G-CSF with half medium change
every 3 days. As early as day 21, mature neutrophils could be harvested
for in vitro and in vivo applications.

Flow cytometry analysis
Cell cultures were gently pipetted and filtered through a 70 or 100 μm
strainer sitting on a 50mL tube. The cells were then pelleted by cen-
trifugation and washed twice with PBS−/− solution containing 1%
bovine serum albumin (BSA). The cells were stained with appropriate
conjugated antibodies (Supplementary Table 1) for 25min at room
temperature in dark, and analyzed in an Accuri C6 plus cytometer
(Beckton Dickinson) after washing with BSA-containing PBS−/− solu-
tion. FlowJo software was used for flow data analysis.

Nucleofection and genotyping
Pre-treatment with 10μM Y27632 for 3–4 h or overnight before
nucleofection could be used to increase cell viability of hPSCs. 6μg
SpCas9 AAVS1 gRNA T2 (Addgene #79888) and 6μg CAR donor plas-
mids were nucleofected into 1–2.5 × 106 singularized hPSCs in 100μl
nucleofection solution (Lonza #VAPH‐5012) using a Nucleofector 2b
device (program code B-016). 3ml pre-warmedmTeSR plus and 10μM
Y27632 were used to culture the resulting nucleofected hPSCs in one
well of aMatrigel-coated6-well plate, followedbymediumchangewith
fresh mTeSR plus containing 5μM Y27632 after 24 h. Daily medium
change was then performed until hPSCs reached 80% confluence,
followed by the drug selection with 1μg/ml puromycin (Puro) for
about 1 week. When nickel-sized hPSC clones were visible, a EVOS XL
Core microscope (ThermoFisher) was used to pick individual clones
into each well of a 96-well plate pre-coated with Matrigel. After
expansion for 2–5 days, the genomic DNA of single clone-derived
hPSCs was extracted with QuickExtractTM DNA Extraction Solution
(Epicentre #QE09050) and subjected for PCR genotyping using
2×GoTaq Green Master Mix (Promega #7123). The primer pairs used
for positive and homozygous genotyping were listed in Supplemen-
tary Table 2.

Synthesis of degradable dendritic mesoporous organosilica
nanoparticles (DDMONs)
DDMONs were synthesized via a one-pot synthesis using NaSal and
cationic surfactant CTAB as structure directing agents, tetraethyl
orthosilicate (TEOS) and bis[3-(triethoxysilyl)propyl] tetrasulfide
(BTES) as silica source, and triethanolamine (TEA) as a catalyst. The
synthesis was conducted in a 50mL flat bottom glass bottle with a
3-cm stirring bar. Typically, 0.034 g of TEA was added to 12.5mL of
water and stirred gently (~700 rpm) at 80 oC in an oil bath under a
magnetic stirrer for 0.5 h. Afterward, 190mg of CTAB and 42mg of
NaSal were added to the above solution, stirring for another 1 h. After
CTAB and NaSal were completely dissolved, a mixture of 1mL of
TEOS and 0.8mL of BTES was added to the mixture solution, fol-
lowed by vigorous stirring for 12 h. The nanoparticles were collected
by centrifugation at 20, 000 rpm for 5min and washed three times
with ethanol to remove residual reactants. The powder was then
dried in a vacuum oven at 40 oC for 6 h. Collected products were
extractedwith HCl andmethanol solution at 60 oC for 6 h three times
to remove the template, followed by overnight vacuum drying at
room temperature.

Preparation of sphere mesoporous silica nanoparticles (SMSNs)
In order to prepare the SMSNs, 240mL of aqueous solution containing
0.5 g of CTAB was prepared in a conical flask. 1.5mL of NaOH
(2mol L−1) was then added to the CTAB solution with stirring for
10min. Once themixture temperaturewas adjusted to 80 oC, 2.5mLof
TEOS was added dropwise to the solution and stirred for 2 h. The
resulting SMSNs were then centrifuged and washed with ethanol and
deionized water several times to remove surfactant templates. The
remaining powder was dried in a vacuum oven at 40 oC for 6 h. The
collected products were extracted with HCl and methanol solution at
60 oC for 6 h three times to remove residual template, followed by
overnight vacuum drying at room temperature.

Drug loading and glutathione-stimulated release
For tirapazamine (TPZ) loading, 5mL of 1mgmL−1 TPZ in phosphate
buffer solution was mixed with 5mL of SiO2 suspension (5mgmL−1) in
phosphate buffer solution (20mM, pH = 7.4), and the resulting solu-
tionwas continuously stirred at 37 oC for different timepoints (0.5, 1, 2,
4, 6, 12, and 24 h). Unloaded TPZ was removed by centrifugation at
8000 rpm for 10min and the pellet waswashed with phosphate buffer
solution for three times. TPZ in the supernatantwasdeterminedbyUV-
Vis spectroscopy. TPZ loading capacity (LC) was calculated as follow-
ing: LC = (total TPZ – TPZ in supernatant)/(total TPZ) ×100%. For glu-
tathione (GSH)-stimulated release analysis, 10mL of TPZ@SiO2

suspension in phosphate buffer solution (1mgmL−1) were incubated
with 10mMGSH at different time points (10, 20, 30, 40, 50, and 60h).
1mL of the complex dispersion was removed and centrifuged at
8000 rpm for 10min, and TPZ released to the supernatant was quan-
tified by UV-Vis spectroscopy. Similar procedures were performed to
load TMZ and JNJ64619187.

Loading nanodrugs into neutrophils
Nanodrug loading was prepared by incubating neutrophils with
TPZ@SiO2 or nanoparticles loaded with TMZ or JNJ64619187. Briefly,
hPSC-derived neutrophils (1 × 105 cells/mL) were placed in a DNA low-
bind tube and incubated with nanodrugs (equivalent to 400μg/mL of
SiO2 content) for 1 h. After centrifugation andPBSwashing three times,
nanodrug/neutrophils were resuspended in PBS and ready for sub-
sequent experiments. Uptaking efficiency of nanodrugs by neutrophils
wasmeasuredbyflowcytometry, and the location of nanodrugswithin
neutrophils was determined by a fluorescencemicroscope. Neutrophil
viability after incubating with nanodrugs for 4 and 8 h was measured
by Zombie Green Fixable Viability Kit (BioLegend). In order to quantify
the loading content of SiO2, nanodrug/neutrophil samples were
digested by tetramethylammonium hydroxide and a high pressure,
and the silicon concentrations of digested samples were measured by
inductively coupled axial plasma optical emission spectrometry
(ICP-OES).

Transwell migration assay
After resuspended in HBSS buffer, neutrophils were placed on the top
chamber of a transwell and allowed tomigrate towards 10 and 100nM
fMLP in the bottom chamber. After 2 h, neutrophils in the bottom
chamber were collected and quantified in an Accuri C6 plus cytometer
(Beckton Dickinson). FlowJo software was then used to quantify the
migrated live neutrophils, which were normalized by the total number
of seeded neutrophils.

2D chemotaxis assay
After resuspended in HBBS buffer containing 0.5% FBS and 20mM
HEPES, neutrophils were loaded into IBIDI chemotaxis μ-slides pre-
coated with collagen, and allowed to attach for 30min at 37 oC. In
the presence of 187 nM fMLP (by adding 15 μL of 1000 nM fMLP to
the right reservoir), neutrophil migration was recorded in a Zeiss
LSM 710 Confocal Microscope with Ziess EC Plan-NEOFLUAR
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10X/0.3 objective every minute for a total of 120min at 37 oC, and
the resulting cell migration video was analyzed with ImageJ plug-in
MTrackJ.

Neutrophil-mediated in vitro cytotoxicity assay
For cytotoxicity analysis, both live/dead cell staining and CytoTox-
GloTM Cytotoxicity Assay kit (Promega)were used. Briefly, 5000 tumor
cells (100μL) and 15,000, 25,000 or 50,000 neutrophils (100μL) were
mixed and incubated in the 96-well plate for 24 h at 37oC. Floating cells
were first collected by transferring cell-containing media into a new
round-bottom 96-well plate. Attached cells were then dissociated by
50μL trypsin-EDTA and added into the same wells with floating cells,
followed by centrifugation at 300 × g, 4 oC for 4min. For flow cyto-
metry analysis, pelleted cells were washed with 200μL 0.5% BSA-
containing PBS−/− solution, stained with CD45 antibody/Calcein AM
for half an hour, and analyzed in anAccuri C6 plus cytometer (Beckton
Dickinson). CytoTox-GloTM cytotoxicity analysis and quantification
were determined by SpectraMax iD3 microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

Conjugate formation assay
To visualize immunological synapses, 200μL of U87MG cells (50,000
cells/mL) were seeded onto wells of a 24-well plate and incubated at
37 oC for 12 h to allow cells to attach. 200μL neutrophils (500,000
cells/mL) were then added onto the target U87MG cells and incubated
for 6 h before fixation with 4% paraformaldehyde (in PBS). Cytoskele-
ton staining was then performed using an F-actin Visualization Bio-
chemKit (Cytoskeleton Inc.). To quantify the immunological synapses,
a total of 1 × 106 CAR hPSC-neutrophils or CAR hPSC-neutrophils@R-
SiO2-TPZ labeled with anti-CD45-APC (BD Biosciences) were incubated
with 2 × 105 targeted cells stained with Calcein-AM fluorescent dye
(Invitrogen) for various time points at 37oC and humidified 5% CO2

atmosphere. After incubation, the cells were fixed and analyzed in an
Accuri C6 plus cytometer (Beckton Dickinson) after washing with BSA-
containing PBS−/− solution, and cells of double-positive events APC + /
Calcein+ were analyzed to quantify immunological synapse formation
in FlowJo software.

Measurement of reactive oxygen species (ROS) production
In total, 12 h after seeding 3000U87MG tumor cells (100μL) into wells
of a 96-well plate, 30,000 neutrophils were added into the same wells
at a 10:1 neutrophil-to-tumor ratio. In total, 12 h after co-incubation at
37 oC, 10μMH2DCFDAwas added to the cellmixture and incubated for
50min. The ROS production was measured in a SpectraMax iD3
microplate reader (Molecular Devices, Sunnyvale, CA, USA) by quan-
tifying the fluorescence emission signal (480–600nm) with an exci-
tation wavelength of 475 nm.

ELISA analysis of TNFα level
In total, 100μL of U87MG cells (30,000 cells/mL) were seeded into
wells of a 96-well plate 12 h before adding neutrophils at a neutrophil-
to-tumor ratio of 10:1. After co-incubation for 12 h, the plate was cen-
trifuged at 2000 rpm for 10min to spindown the cell debris, and 50μL
of supernatant was transferred for measurement of TNFα activity
using TNFα ELISA kit (Thermo Fisher, Cat#BMS223-4) according to the
manufacturer’s instructions. A standard cytokine dilution series or
50μL of supernatant were pipetted into the pre-coated wells for
antigen capture. After 2 h, the plate was washed with buffer solution
five times to remove the unbound factors, and an enzyme-linked sec-
ondary polyclonal antibody was added for 30min of incubation. Fol-
lowing the washing process, a substrate solution was added and
incubated for 30min. After termination of the reaction by adding
50μL of stop buffer solution, the colorimetric intensity was measured
at 450nm by a SpectraMax iD3 microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

Blood-brain-barrier (BBB) transmigration assay
HBEC-5i cells were used to establish the in vitro BBB model using
Transwell culture plates. Briefly, the transwell inserts of a Corning 24-
well Transwell plate (8 μm pore size, 6.5mm diameter) were pre-
coatedwith 1% gelatin (w:v) and seededwith 1 × 105 HBEC-5i cells (cells/
well) in 10% FBS-containingDMEM/F12medium.Theupper chamber of
the resulting Transwell BBB model was then loaded with 2 × 105 neu-
trophils, and the lower chamberwasfilled with FBS-freemedium in the
presence or absence of 10 nM fMLP. 3 h later, neutrophil-containing
media in the upper and lower chambers were then collected for neu-
trophil quantification. For cytotoxicity analysis, the lower chamberwas
seeded with 2 × 104 U87MG tumor cells and 12 h later, the upper
chamber was then seeded with 2 × 105 neutrophils in FBS-free medium
with 10 nM fMLP. After incubated for 12 h, tumor cells were collected
and subjected for cell viability analysis using a flow cytometer. For the
secondmigration analysis, the upper chamber of the second Transwell
plate was loaded with 2 × 105 neutrophils from the bottom chamber of
the first BBB model, and the number of neutrophils migrated towards
the bottom chamber with tumor cells was measured.

Neutrophil infiltration of 3D tumor spheroids
The hanging-drop method was used to generate 3D tumor spheroids.
Briefly, 20μL of 2 × 106 cells/mL U87MG cells in MEM medium con-
taining 10% FBS and 0.3%methylcellulose were pipetted and seeded as
an individual droplet onto an inverted lid of a 96-well plate. PBS was
used to fill the wells of the 96-well plate and the lid with hanging
droplets was then returned to cover the plate. After 5–7 days of incu-
bation at 37oC and 5% CO2, cell aggregates were formed and trans-
ferred to a 24-well plate with one aggregate per well. 2 × 105

neutrophils were then added to each well and co-cultured with the
tumor spheroid for tumor penetration assessment. 24 h later, tumor
spheroids with infiltrating neutrophils were fixed, followed by CD45
andDAPI staining. Live/dead cell stainingusingflowcytometry analysis
or CytoTox-GloTM Cytotoxicity Assay using a SpectraMax iD3 micro-
plate reader were performed to measure tumor cell cytotoxicity.

Bulk RNA sequencing and data analysis
Bulk RNA sequencing (RNA-seq) was performed according to our
previous study29. Briefly, neutrophil and U87MG cell cocultures were
washedwith PBS for five times to remove residualfloating neutrophils,
and attached U87MG cells were dissociated with 0.25% Trypsin-EDTA
solution for total RNA isolation using Direct-zol RNAMiniPrep Plus kit.
RNA samples were then prepared and sequenced in Illumina HiSeq
2500 by the Center for Medical Genomics at Indiana University. The
resulting sequencing readsweremapped to thehumangenome (hg 19)
using HISAT2 program, and the RefSeq transcript levels (RPKMs) were
then quantified using the python script rpkmforgenes.py. Heatmaps of
selected gene subsets after normalization were plotted using Mor-
pheus (Broad Institute). The original fastq files and processed RPKM
text files were available in NCBI with the accession number GSE206170
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206170).

Mouse xenograft studies
All mouse experiments were approved by the Purdue Institutional
Animal Care and Use Committee (PACUC). The immunodeficient
NOD.Cg-RAG1tm1MomIL2rgtm1Wjl/SzJ (NRG)micewere bred andmaintained
by the Biological Evaluation Core at Purdue University Institute for
Cancer Research. All the female mice used in this study were 6- to 10-
week-old. Mice were housed in pathogen free and ventilated cages,
and allowed free access to autoclaved food and water, in a 12-h light/
dark cycle, with room temperature at 21 ± 2 degree and humidity
between 45 and 65%. In situ xenograft murine models were con-
structed via intracranial injection of 5 × 105 luciferase-expressing GBM
cells into the brain of immunodeficient mice. 5 × 106 neutrophils were
intravenously injected at day 4, day 11, day 18, and day 25, and blood
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samples were collected from these mice at day 5, day 12, day 19, and
day 26. Tumor burden was monitored by bioluminescence imaging
(BLI) system (Spectral Ami Optical Imaging System) and body weights
of experimental mice were measured once per week. Collected blood
cells were stained with CD45 and analyzed in an Accuri C6 plus flow
cytometer (Beckton Dickinson). Blood samples were also subjected
for enzyme-linked immunosorbent assay (ELISA) to measure human
TNFα and IL-6 cytokine release (Invitrogen). At the end of treatment,
tumors were collected for H&E staining. The experimental endpoint
was defined as death, luciferase signal intensity in bioluminescence
imaging higher than 109 a.u., or experiencing neurological symptoms
(i.e., inactivity, seizure, ataxia, and/or hydrocephalus). The mice bear-
ing tumor over 109 a.u. or experiencing neurological symptoms
were euthanized. For in vivo biodistribution analysis, fluorescence
images were captured by the Spectral Ami Optical Imaging System 3
and 24 h after intravenous injection of Cy5 (Lumiprobe)-labeled
neutrophils.

Statistical analysis
Data are presented as mean ± standard deviation (SD). Statistical sig-
nificance was determined by Student’s t test (two-tail) between two
groups, and three or more groups were analyzed by one-way analysis
of variance (ANOVA) in Excel. p < 0.05 was considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
RNA-sequencing rawdata andprocessedfiles have beendeposited and
are publicly available on Gene Expression Omnibus (GEO) under
accession number GSE206170. The remaining data are availablewithin
the Article, Supplementary Information or Source Data file. Source
data are provided with this paper.
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