Journal of Controlled Release 367 (2024) 697-707

ontrolled
release

Contents lists available at ScienceDirect “@ " journal of

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

ELSEVIER

Check for

Genetically engineered macrophages as living cell drug carriers for targeted &
cancer therapy

4051 Fuyu Du™™!, Haotian Wang ©', Xiaocheng Gong *", Yuqiong Xia ™",

a,b,*

Pengbo Ning
Xianghan Zhang *", Hongzhang Deng *”, Ruili Zhang®"", Zhongliang Wang
& School of Life Science and Technology, Xidian University, Xi'an, Shaanxi 710071, PR China

b Engineering Research Center of Molecular & Neuroimaging, Ministry of Education, Xi'an, Shaanxi 710071, PR China
¢ Department of radiology, Cancer Hospital of China Medical University, Liaoning Cancer Hospital and Institute, Shenyang, Liaoning 110801, China

ARTICLE INFO ABSTRACT

Keywords:

Engineering macrophages
Targeting therapy

Nano delivery

Solid tumor

HER2

Precise targeting is a major prerequisite for effective cancer therapy because it ensures a sufficient therapeutic
dosage in tumors while minimizing off-target side effects. Herein, we report a live-macrophage-based therapeutic
system for high-efficiency tumor therapy. As a proof of concept, anti-human epidermal growth factor receptor-2
(HERZ2) affibodies were genetically engineered onto the extracellular membrane of macrophages (AE-Mg), which
further internalized doxorubicin (DOX)-loaded poly(lactic-co-glycolic acid) nanoparticles (NPs) to produce a
macrophage-based therapeutic system armed with anti-HER2 affibodies. NPs(DOX)@AE-M¢g were able to target
HER2+ cancer cells and specifically elicit affibody-mediated cell therapy. Most importantly, the superior HER2
+ -targeting capability of NPs(DOX)@AE-M¢ greatly guaranteed high accumulation at the tumor site for
improved chemotherapy, which acted synergistically with cell therapy to significantly enhance anti-tumor ef-
ficacy. This study suggests that NPs(DOX)@AE-M¢ could be utilized as an innovative ‘living targeted drug’
platform for combining both macrophage-mediated cell therapy and targeted chemotherapy for the individu-
alized treatment of solid tumors.

1. Introduction

The lack of targeted delivery of therapeutic drugs is a major obstacle
in developing potent cancer therapies with minimal off-target side ef-
fects on normal tissues [1-3]. To address this issue, much effort has been
devoted to formulating various targeted delivery systems, such as nano-
enabled drug delivery systems, antibody-drug conjugates, and bio-
mimetic delivery vehicles [4-7]. Among them, nature-inspired bio-
mimetic vehicles have attracted substantial attention in recent years [8].
By leveraging erythrocytes, platelets, immune cells, cancer cells, cell-
derived membranes, or extracellular vesicles, biomimetic vehicles can
closely mimic the key structural and biological attributes of natural
circulatory carriers [9-12], thereby showing improved biocompati-
bility, prolonged blood circulation, immune evasion, and, in some cases,
intrinsic disease-targeting capability.

As one of the most abundant immune cells in the tumor microenvi-
ronment, macrophages are highly attractive candidates for therapeutic
drug delivery. They share favorable features with other cells and also

possess natural tumor-homing ability and intrinsic phagocytic capa-
bility, which enables them to internalize considerable drug loads and
directionally deliver the drugs to the tumor site [5,13,14]. Several drug
delivery systems using macrophages and macrophage membranes have
been reported to improve therapeutic effects [15-17]. However, most of
these systems utilize only the inherent tumor tropism of macrophages to
migrate towards tumor sites, leading to insufficient targeting ability.
Although straightforward chemical conjugation has been widely used to
introduce exogenous tumor-targeting motifs (e.g., small molecules,
peptides, and antibodies) on macrophage surfaces [18,19], a number of
issues need to be addressed, including, but not limited to, the chemical
toxicity of macrophages, tedious conjugation process, prevailing mem-
brane protein denaturation, and unpredictable binding sites [20,21].
These issues often negatively impact targeting efficiency and pose
additional challenges for the translation of macrophage-based delivery
systems into clinical practice. Consequently, it remains a formidable
challenge to develop living macrophage-based vehicles that can ferry
therapeutic drugs specifically to their sites of action with improved
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Scheme 1. Schematic illustration of engineering macrophages as a “living targeted drug” technology platform

(A) The specific gene sequence, including the anti-HER2+ antibody, was integrated into the genome of macrophages. The anti-HER2+ antibody would be anchored
on the cell surface to inform engineering macrophages. NPs (DOX) were prepared and then loaded into engineering macrophages. (B) Engineering macrophages with
anti-HER2+ antibodies can specifically bind to the HER2 of tumor cells to inhibit tumor growth. Meanwhile, the engineering macrophages facilitate chemotherapy

drug delivery to solid tumors based on their specific targeting ability.

targeting ability [22].

Unlike post-fabrication approaches that incorporate extra function-
ality, genome editing allows for a flexible design to produce new cell
lines with specific targeting properties, stable modifications, long-term
effects, and ultimately, enhanced therapeutic efficacy [23,24]. With
advances in synthetic biology and the successful clinical application of
chimeric antigen receptor T-cells (CAR-T), genetic cell engineering has
emerged as a promising strategy for diverse biomedical applications
[25,26]. Therefore, we envisioned that introducing targeting moieties
into macrophages through genetic engineering would facilitate their
homing to tumors with enhanced targeting abilities. Nevertheless,
treatments involving a single therapeutic modality (monotherapy) are
often insufficient to kill tumor cells effectively [27]. Ideally, the devel-
opment of a macrophage-based therapeutic system capable of specif-
ically targeting tumors and exerting multimodal tumoricidal effects
would be preferable in cancer treatment.

Herein, we report a robust method to provide genetically engineered
macrophages as live cell therapeutics for both tumor-targeting and
synergistic tumor therapy (Scheme 1). As a proof of concept, human
epidermal growth factor receptor 2 (HER2)-positive breast cancer cells
were used to demonstrate the effectiveness of our strategy. Specifically,
anti-HER2 affibodies were stably transmembrane-expressed on the
extracellular membranes of macrophages to generate affibody-armed
engineered macrophages (AE-Mg). Doxorubicin (DOX), a model small
molecule anti-cancer drug, was encapsulated into poly (lactic-co-gly-
colic acid) (PLGA) to form nanoparticles (NPs (DOX)), followed by
macrophage internalization to produce macrophage-based delivery ve-
hicles, NPs (DOX)@AE-Mg. Benefiting from the armed extracellular
anti-HER2 antibody domain on the surface, NPs (DOX)@AE-Mg exhibit
high specificity and affinity towards HER2" tumor cells. This could
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enable the targeted delivery of encapsulated DOX@PLGA to the tumor
site for enhanced tumor chemotherapy, and effectively block the intra-
cellular HER2 signaling pathway to induce considerable cytotoxicity.
The highly targeted antibody-mediated therapy and chemotherapy act
synergistically to elicit amplified therapeutic efficacy against tumor
growth. Our results indicate that NPs (DOX)@AE-M¢ could serve as a
promising cancer-targeting platform for enhancing cancer therapeutic
efficacy by overcoming limitations in drug delivery and cancer
treatment.

2. Materials and methods
2.1. Cell culture

DMEM/HIGH GLUCOSE (hyclone) was used to sustain mouse
macrophage RAW264.7 or human breast cancer cell line MDA-MB-453,
whilst RPMI-1640 (hyclone) was used to grow mouse breast cancer cells.
Both media included 10% fetal bovine serum (FBS, GIBCO). MDA-MB-
453 cells were cultivated at 37 °C with 100% air, whereas RAW264.7
or 4 T1 cells were done so in an environment that included 5% CO,.

2.2. Plasmid construction

Shanghai Generay Biotech Co., Ltd. (http://www.generay.com.cn/)
created the Sig-affibody-GFP sequence, and YouBio (http://www.
youbio.cn/) provided the pCDH-CMV-MCS-EF1-Puro. After that, enzy-
matic digestion was used to create the recombinant plasmid that
included the target DNA fragment.


http://www.generay.com.cn/
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2.3. Construction of lentivirus

Synthesized and cloned into a third-generation lentiviral plasmid
were designed CAR-like constructs. Each sequence of the signal peptide,
affibody, transmembrane domain, and GFP was the same in all CAR-like
constructs. In a nutshell, day 0 activation of 293 T cells was followed by
culture in DMEM high-glucose media with 10% FBS. On day 1, the
lentiviral system's shuttle plasmid and helper plasmid were co-incubated
before the combination was injected into 293 T cells using the TurboFect
Transfection Reagent. Cells were packaged with lentivirus on day 3 until
it was discovered that there was enough GFP fluorescence to sustain the
production of lentiviral particles [28]. The lentivirus product was
concentrated and purified before being placed in liquid nitrogen to
await functional testing.

2.4. Quantitative polymerase chain reaction (qPCR)

Quantitative PCR was used to evaluate relative mRNA expression.
These were the GFP primers that were used: 5-ACGACGGCAECTACAE-
GACC-3 and 5-TTGTACTCCAGCTTGTGCCC-3. The 2744 technique
was utilized to determine the relative expression levels during the
triplicate qPCR analysis.

2.5. Western blot analysis

Western blotting was used to quantify the expression of the Affibody-
GFP protein. SDS-PAGE was used to separate the total protein extracts
from the Pageruler protein ladder (Thermo Fisher, #26616), which was
then transferred to Immobilon-P membranes (Millipore, Billerica, Mas-
sachusetts, USA). The membranes were first blocked in TBST buffer for
1 h, and then overnight at 4 °C, they were treated with primary rabbit
monoclonal anti-GFP antibody diluted in TBST (1:1000; omnimabs). Six
times for a total of five min, anti-GFP antibody was withdrawn and
washed in TBST. After diluting the secondary antibody by 1/5000 in
TBST solution, the membrane was incubated there for 1 h. An ECL
detection procedure was carried out using a GeneGnome XRQ Chem-
iluminescence Detector (Syngene, Cambridge, UK) after the membrane
had been cleaned with TBST buffer.

2.6. Flow cytometry

RAW264.7 and Sig-Affibody-M¢ (4 x 10°) cells were plated onto 6-
well dishes and grown at 37 °C with 5% CO; in an incubator. Next, 100
pL of HER2 protein labeled with PE dye (1 mg/mL, Abiocenter) was
added to the DMEM culture medium and incubated with Sig-Affibody-
Mg and RAW264.7 cells for 4-6 h. The cells were digested by trypsin,
centrifuged at 1000 rpm, 4 °C for 3 min, washed 2-3 times with PBS, and
resuspended in 200 pL PBS. FACSCalibur flow cytometry (BD Bio-
sciences) and Cell Quest software (BD Biosciences) were used for
analysis.

2.7. Affibody binding activity assay

RAW264.7 and Sig-Affibody-M@ cells were plated into 12-well
dishes, co-cultured with HER2-PE for 4-6 h, and then three times with
PBS washed. After being fixed for 20-30 min with 4% para-
formaldehyde, the cell samples were washed three times in PBS. The
cells were examined using a Leica fluorescence microscope after the
nuclei were stained with DAPI for 10-15 min.

2.8. Co-immunoprecipitation (CO-IP) assay

To verify the specific binding activity of Sig-Affibody-M¢ to HER2,
CO-IP assays were carried out. First, 5 x 10° RAW264.7 cells and Sig-
Affibody-M¢ were seeded in 6-well culture plate with 1 mL DMEM/
HIGH GLUCOSE. After 24 h, 200 uL. HER2 recombinant protein (0.1 mg/
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mL) was added and incubated with RAW264.7, and Sig-Affibody-M¢ for
4 h. The cells were then washed three times with PBS to remove un-
bound HER2 recombinant protein. Next, the cells were lysed in 300 pL
RIPA lysis buffer (HAT) containing 1% PSMF and protease inhibitor. The
cell lysate was centrifugated at 12,000 x rpm for 15 min at 4 °C. The
collected protein samples were verified by immunocoprecipitation test
with PierceTM CO-Immunoprecipitation Kit (26,149, Thermofisher),
and the specific operation steps were strictly in accordance with the
manufacturer's instructions. The bound proteins were subjected to 10%
SDS-PAGE and western blot analysis.

2.9. Preparation of PLGA-DOX nanoparticles

An oil-in-water emulsion solvent evaporation method was used [29].
In brief, 10 mg PLGA and 1 mg DOX were solubilized in 1 mL
dichloromethane, and then the organic phase was added to 8 mL 2%
PVA solution and sonicated for 4 min at 150 W in iced water. Next,
vacuum depression vaporization was used to remove organic material
[30]. The nanoparticles were centrifuged for 20 min at 15,000 rpm. The
PLGA-DOX NPs were washed three times with purified water. The
concentration of DOX encapsulated in the NPs was measured using a UV
spectrophotometer [31].

2.10. Cell counting kit-8 (CCK8) analysis

1 x 10* MDA-MB-453 cells were added to 100 pL of DMEM/HIGH
GLUCOSE medium with 10% FBS in 96-well plates (Corning). After
being cultured for 24 h, 100 pL of RAW264.7, Sig-Affibody-M¢, PLGA-
DOX@RAW264.7, and PLGA-DOX@Sig-Affibody-M¢ were added to
96-well plates respectively, and the E:T ratios were 0:1, 0.25:1, 0.5:1,
0.75:1, 1:1, respectively. Effector(E) and tumor(T) cells were co-
cultured for 48 h in 96-well plates at the indicated E:T ratios. After 2
days, the number of viable cells was determined using the Cell Counting
kit-8 (CCK8, Dojindo Molecular Technologies).

2.11. Cell viability assays

Cell viability assays were carried out using a real-time cell analyzer
(RTCA; xCELLigence, Roche Diagnostics K. K.) in real time. The system
measures electrical impedance at the bottom of the tissue culture E-
plates, which contains interdigitated electrodes, as the cell index.
Human breast cancer cell MDA-MB-453 was seeded on E-plate 16 at 1 x
10* cells per well and precultured for 12-24 h. Effector cells RAW264.7,
Sig-Affibody-M¢g, PLGA-DOX@RAW264.7 and PLGA-DOX@Sig-Affi-
body-M¢ were added with target ratio of 0:1, 0.25:1, 0.5:1, 0.75:1, 1:1,
respectively. At the same time, we seeded the same amount of effector
cells into E-Plate 16 without tumor cells. Cell viability was monitored by
RTCA for 48-72 h.

2.12. Construction of HER2" 4 T1 cell

4 T1 cells in RPMI 1640 containing 10% FBS were cultured in six-
well dishes. A HER2 cDNA expression plasmid (HG10004-ACGLN) was
obtained from Sino Biological Inc., US, for constructing HER2" lentivi-
ruses. Then, 4 T1 cells were transfected with HER2" lentivirus in
accordance with the manufacturer's instructions. At 48 h after trans-
fection with the lentivirus, HER2' 4 T1 cells were collected to establish a
HER2" 4 T1 tumor model in mice. Meanwhile, qRT-PCR analysis of
HER2 and GFP fluorescence testing was carried out to ensure that HER2
was successfully expressed in 4 T1 cells.

2.13. Mouse systemic tumor model
Four- to six-week-old BALB/c mice were obtained from Tengxin

Biotechnology (Chongging, China, http://www.cqtx123.com/), ac-
cording to all relevant animal use guidelines and ethical regulations. A


http://www.cqtx123.com/
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Fig. 1. Bioactive HER2 binding ability of affibody-armed macrophages in vitro. (A) The confocal imaging of affibody-armed engineering macrophages (AE-M¢),
expressing anti-HER2 domain. The specific gene sequence including anti-HER2+ affibody, transmembrane protein and GFP was cloned into lentivirus vector pLV,
which was transfected into macrophages and then expressed the effector protein secreted to cells. The results showed that the green fluorescence (affibody-GFP)
overlaped with the red fluorescence (Dil dye), which demonstrated the transmembrane localization of affibody-GFP. (B) The expression of affbody-GFP was verified
by qRT-PCR analysis at the level of transcription. The data are presented as means + SD, ** represents P < 0.01. (C) The expression of affbody-GFP was verified by
Western Blot analysis at the level of translation. AE-M¢ was compared with RAW264.7 macrophage (M) in which -actin was used for standardization for each
sample. (D) The representative flow cytometric analysis images of HER2-PE binding with AE-M¢. HER2 recombinant protein labeled with PE dye (HER2-PE) or PBS
was incubated with AE-Mg¢ as indicated. (E) Confocal scanning analysis indicated HER2-PE bound on the cell membrane of AE-M¢. HER-PE (Red) was incubated with
AE-M¢ or M. Green fluorescent protein was conjugated to affibody molecule for indicating its localization on cell membrane. (F) CO-IP and western blotting
technology were used to examine the interaction between HER2-PE (recombinant protein) and Affibody (armed on AE-Mg). (G) HER2 protein was incubated with
AE-Mg or Mg to obtain the input sample. The eluent products as CO-IP samples of AE-M¢ immunoprecipitated along with anti-GFP indicates a direct interaction
between AE-Mg and anti-GFP antibody with the commercial resin column, No protein were found on the output samples. (H) Characterization of TEM of PLGA(DOX)
nanoparticles. (I) Characterization of TME after AE-M¢ phagocytosis of PLGA(DOX) nanoparticles. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2. The confirmed anti-tumor bioactivity on affibody-armed macrophages in vitro while drug-loading affibody-armed macrophages exhibited sig-
nificant enhanced anti-tumor efficacy. (A) Affibody-armed macrophages (AE-M¢) carry out anti-tumor bioactivity to MDA-MB-453 (HER2") cells with increased
E:T ratio. (B) Cytotoxicity was assayed by measuring the amount of lactate dehydrogenase (LDH) released into cultured media. Error bars represent SD, n = 3, *P <
0.05, **P < 0.01, ***P < 0.001. AE-M¢ or RAW264.7 (M¢) was incubated with MDA-MB-453 (HER2+) with increased E:T ratio. (C) There is no significant difference
on phagocytosis ability between AE-M¢ and M group. (D) Time-dependent phagocytosis was demonstrated by flow cytometry analysis, which indicated it is armed
affibody that significantly contributed to enhanced cytotoxicity of AE-Mg. (E) Key gene p53 was detected after MDA-MB-453 cells were treated with affibody. AE-Mg
+ CB and Mg + CB group lose the phagocytosis function and only the role of affibody is retained. (F) The Caspase-3 was detected after MDA-MB-453 cells were
treated with affibody. (G) The CCND-1 was detected after MDA-MB-453 cells were treated with affibody. (H) The Ki67 was detected after MDA-MB-453 cells were
treated with affibody. (I) NPs(DOX)@AE-M¢ and NPs(DOX)@M¢g were incubated with MDA-MB-453 cells, respectively. A growth curve of MDA-MB-453 cells was
measured using a RT-CES system, which showed the drug loading affibody-armed macrophages had higher killing effects than those of drug delivery of conventional
macrophages. NPs(DOX) and PBS groups were set as the control. (J) Comparison of cytotoxicity in vitro among NPs(DOX)@AE-M¢g, NPs(DOX)@M¢, NPs(DOX) and
Mg groups by CCK8 analysis. The best anti-tumor effect was achieved in the NPs(DOX)@AE-M¢ group with increased E:T ratio. *, ** and *** represent P < 0.05, P <
0.01 and P < 0.001, respectively.
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total of 5 x 10° Her2"-4 T1 cells were administered to each mouse to
establish a subcutaneous tumor model. Seven days later, 2 x 10° mac-
rophages were administered intravenously via the tail vein (0 h) to carry
out the targeting test. Tumor burden was recorded by bioluminescence
imaging with a live animal imaging system (IVIS Lumina III, US) at 0 h,
2h,4h,8h,12h, 24 h, and 48 h. Living Image software (Lumina) was
used to analyze acquired bioluminescence data. Different therapeutic
schedules were performed on other tumor-bearing mice, randomized
into PBS, RAW, Sig-Affibody-M¢p, and PLGA-DOX@Sig-Affibody-M¢
group (n = 3). Next, 1 x 10® RAW264.7, Sig-Affibody-Meg, and PLGA-
DOX@Sig-Affibody-M¢ cells were administered intratumorally around
the tumor in BALB/c mice. Subsequently, RAW264.7, Sig-Affibody-Me,
and PLGA-DOX@Sig-Affibody-M¢ cells were injected every 2 days and
seven times in total, and tumor volume and mouse weight were
measured every 2 days. In terms of tail vein administration, two-time
treatments were administered. All animal experiments were performed
in compliance with the standards of animal welfare and Ethical Treat-
ment by the Ministry of Science and Technology of China and approved
by the Committee on Ethical Use of Animals of Air Force Medical
University.

2.14. Immunofluorescence

Frozen tissue sections were fixed with acetone for 30 min. For
immunofluorescence, the following primary antibodies were used:
VEGFA, CAS3, P53, CCND1, and F4/80. The following reagents were
used: Alexa Fluor 488-anti fluorescein, Alexa Fluor 594, and DAPI. All
antibodies were diluted in TBST before being applied to tissue sections.
Primary antibody incubations (12-14 h at 4 °C) were washed three times
with PBS for 5 min. Secondary antibody incubations (30 min at room
temperature) were washed three times with PBS for 5 min. After the final
wash in PBS, the sections were visualized using a Leica DMRE micro-
scope. Sections were analyzed sequentially using 350 nm (blue),
470-490 nm (green), and 515-600 nm (red) excitation filters and pho-
tographed using a Leica camera. Sequential images were processed and
superimposed using Adobe Photoshop version 7.0.

2.15. Transwell analysis

According to the method previously reported [32,33], a transwell
analysis was performed by using 24 mm transwell tissue culture-treated
inserts with 8.0 uM pore size polyester membranes (3428, Corning).
Then, 2 x 10°, 3 x 10°, 4 x 10° human breast cancer cell MDA-MB-453
were seeded in 2 mL DMEM HIGH/GLUCOSE on the bottom of polyester
membranes. After 24 h, 5 x 10° Mg and AE-M¢ were added in 2 mL
DMEM HIGH/GLUCOSE on the top of polyester membranes. After 24 h,
the cells on the upper layer of the polyester membrane with a cotton
swab were wiped gently, then dye them with crystal violet staining so-
lution (solarbo) for 10 min, the membrane was washed with PBS for
three times, and taken photos with microscope. The crystal violet
embedded in polyester membranes was eluted with 33% acetic acid and
determined quantitatively by Microplate reader.

2.16. Statistical analysis
Data analysis was conducted with the SPSS 23.0 (SPSS, Chicago, IL,
USA) by ANOVA, and all data in our research were considered statisti-
cally significant when P value<0.05.
3. Results and discussion
3.1. Construction and characterization of affibody-armed macrophages
Given the importance of HER2 as a therapeutic target for the treat-

ment of breast cancer [34], we genetically engineered RAW264.7 cells
to stably express an anti-HER2 affibody on the exterior of the cellular
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membrane through lentiviral (LV) infection, resulting in AE-M¢. Scheme
1 schematically depict the preparative steps of AE-M¢g. Briefly, green
fluorescent protein (GFP) was anchored onto the macrophage mem-
brane to produce GFP-expressing macrophages (AE-M¢). Confocal laser
scanning microscopy (CLSM) could easily detect the expression of GFP
fusion protein on the cell membrane of both HEK 293 T and RAW264.7
macrophages (M) (Fig. 1A). As predicted, anti-HER2 affibody was
consistently expressed on the exterior of macrophages. Quantitative PCR
and western blotting provided additional evidence to support this
conclusion (Fig. 1B and C). Furthermore, flow cytometry was performed
to determine whether the affibody visible on the outside of macrophages
still had bioactivity. AE-M¢ were treated with a commercial HER2 re-
combinant protein labeled with phycoerythrin (PE). RAW264.7 cells
were used as controls. As seen in Fig. 1D, the addition of an affibody
significantly improved the ability of Mg to bind to HER2, providing
additional proof of the successful fabrication of AE-M¢. CLSM pictures
(Fig. 1E) indicated that PE-labeled HER2 protein was mostly localized at
the membranes of AE-Mg, consistent with the data of flow cytometry
experiments. Co-immunoprecipitation (Co-IP) was performed using a
commercial resin column and an anti-GFP antibody to further confirm
the connection between AE-M¢ and HER2 (Fig. 1F). After AE-M¢ was
incubated with HER2, the input sample was used as a positive control to
find an anti-HER2 band, and the Co-IP products were tested using an
immunoblotting technique. Fig. 1G shows that the eluent products of
AE-M@ immunoprecipitated alongside anti-GFP, demonstrating the
direct contact between AE-M¢ and the anti-GFP antibody in the com-
mercial resin column. This interaction further demonstrated the binding
ability of the expressed affinity to HER2. Collectively, our findings
showed that the anti-HER2 affibody was successfully expressed on the
macrophage membrane, which was necessary for improving the tumor-
targeting ability of macrophage-based delivery systems. Based on the
previous reports [16,35], we construct the NPs(DOX) with PLGA
(Fig. 1H). Furthermore, NPs(DOX)-loaded AE-M¢ was obtained for
following analysis in present work (Fig. 1I).

3.2. In vitro performance evaluation of anti-tumor effect on affibody-
armed macrophages and drug delivery is designed to enhance the efficacy
of cell therapy

We assessed the anti-tumor effects of AE-Mg after demonstrating the
strong HER2-binding capacity. The in vitro measurement of AE-Mg
induced cytotoxicity was carried out using the real-time cell electronic
sensing (RT-CES) technology. An E-Plate 16 was used to measure the
electrical impedance across the bottom of each well, and an increase in
electrical impedance served as a direct cell index in this method [36].
Real-time cell growth curves were obtained at various effector-to-tumor
(E:T) ratios. As shown in Fig. 2A, the anti-tumor effects of AE-M¢g on
MDA-MB-453 (HER2™") cells increased as the E:T ratio increased and E:T
ratio of 1:1 resulted in the greatest reduction in MDA-MB-453 growth.
The release of lactate dehydrogenase (LDH) [37] was determined to
assess the cytolytic activity of AE-M@ and macrophages against MDA-
MB-453 cells at various E:T ratios to further validate the observed
anti-tumor action caused by armed extracellular affibody. As shown in
Fig. 2B, AE-M¢ might provide more cytotoxic effects than macrophages
at the same E:T ratio approached 1:1. Additionally, the macrophage
phagocytosis assay revealed no discernible difference between the
macrophage and AE-Mg groups in terms of phagocytosis (Fig. 2C and D),
indicating that the armed affibody played a substantial role in the
increased cytotoxicity of AE-Mg. Subsequently, we used cytochalasin B
(CB) to block phagocytosis of Mg and AE-M¢ respectively, and then
added MDA-MB-453 tumor cells. Flow cytometry was used to detect the
ability of M¢ + CB and AE-Mg + CB groups to phagocytose tumor cells.
The results showed that after macrophages were treated with CB, both
Mg and AE-Mg lost the function of phagocytosis of tumors (Fig. S1),
which suggested that one of the important anti-tumor mechanisms of
AE-Mg is derived from phagocytosis of macrophages. Next, we explored
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the killing effect based on the affibody design. Mg and AE-M@ were
block phagocytosis ability with CB respectively, then to kill MDA-MB-
453 tumor cells. We detected changes on the expression of key down-
stream effector genes (p53, Caspase-3, CCND-1 and Ki67) associated with
HER2 signaling pathway by qPCR. The results indicate that the
expression level of the p53 (Fig. 2E) and Caspase-3 (Fig. 2F) were
increased over time whereas CCND-1 was attenuated (Fig. 2G). Cell
proliferation was significantly inhibited, such as a significant down-
regulation of Ki67 (Fig. 2H). Therefore, one of the important anti-tumor
mechanisms of AE-Mg is derived from the effect of affibody on blocking
the HER2 signaling pathway in tumor cells. These findings demonstrated
that AE-Mq had a considerably enhanced anti-tumor effect in vitro based
on armed affibody. It has been well known that macrophages can
naturally migrate to sites of malignancy on account of immune cell
recruitment feature. A transwell assay in vitro was employed to access
different migrating ability to MDA-MB-453 cells between AE-Mg group
and Mg group (Fig. S2). Mg exhibited their adoptively transferred
characteristics to MDA-MB-453 cells with a dose-dependent relation-
ship. Interestingly, AE-Mg exhibited concentration dependent migration
towards MDA-MB-453 cells about three-fold greater than those of Mg in
vitro migration assay.

We then evaluated the therapeutic effectiveness of NPs(DOX)-loaded
AE-Mg at the cellular level. According to a recent study, DOX can be
loaded into RAW264.7 cells to retain excellent cell viability for at least
24 h before completing rapid and precise transport into cancer cells by
the tunneling nanotubular highway [38]. DOX was first loaded onto
PLGA nanoparticles (NPs(DOX)) (Fig. S3), which were then incubated
with AE-Mg or RAW264.7 cells to produce NPs(DOX)@AE-M¢ and NPs
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(DOX)@Mgq, respectively. The intrinsic phagocytic capacity of the
macrophages allowed them to engulf NPs(DOX) or free DOX in a time-
dependent manner, as shown in CLSM images in Fig. S4. However,
NPs(DOX) were more effectively absorbed by macrophages than DOX
and showed greater intracellular fluorescence signals. Notably, NPs
(DOX) showed low cytotoxicity towards macrophages compared to free
DOX (Fig. S5). Finally, we determined that the safe concentration of NPs
(DOX) for subsequent investigations was 4 pg/mL DOX. NPs(DOX)
demonstrated remarkable anti-tumor activity towards MDA-MB-453
cells, as revealed by RT-CES analysis at E:T ratios of 1:1 (Fig. 2I),
which was supported by the cytotoxicity results determined by the Cell
Counting Kit-8 (CCK-8) assay [39] (Fig. 2J). This was in contrast to their
good compatibility with macrophages. Notably, at an E:T ratio of 1:1,
the NPs(DOX)@AE-M¢ group had a considerably improved anti-tumor
impact compared to the NPs(DOX) or NPs(DOX)@M¢ groups, demon-
strating the interaction between cell treatment and targeted chemo-
therapy. NPs(DOX)@AE-M¢ might act synergistically to increase the
death of cancer cells.

3.3. Significantly enhanced tumor-targeting of affibody-armed
macrophages in vivo

Macrophages as immune cells can move spontaneously to areas of
cancer [40,41]. Therefore, we examined the potential of AE-M¢ as a
breast tumor target in vivo. As a pharmacological model, PLGA was
loaded with the near-infrared dye IR780, named as NPs(IR780). NPs
(IR780), NPs(IR780)@M¢, and NPs(IR780) @AE-M¢ were intravenously
injected via the tail into HER2"-4 T1 (built by our lab) tumor-bearing
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mice. The living animals were examined using an in vivo imaging system
(IVIS) (Fig. 3A). Fluorescence at the tumor site of the mice given NPs
(IR780)@AE-Mg injections gradually increased within 48 h and reached
the highest at 48 h (Fig. 3B), indicating effective enrichment of NPs
(IR780)@AE-Mg in tumor tissue, despite the fact that all three groups
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produced obvious fluorescence signals in the tumor. This enrichment
was most likely caused by increased tumor-targeting by the affibody,
which allowed for higher fluorescence intensity compared to the other
groups (Fig. 3C). Ex vivo imaging of the tumors and major organs
removed from mice euthanized post-injection also confirmed the
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excellent tumor-targeting of NPs(IR780)@AE-Mg (Fig. 3D and F). Ac-
cording to further quantitative examination of the average fluorescence
intensity from tumors, there was an approximately 4-fold concentration
of NPs(IR780)@AE-M¢ at the tumor site compared to that in the other
control groups (Fig. 3E and G), consistent with the in vivo imaging data.
There is a possible mechanism. On the one hand, NPs(IR780) have been
loaded into AE-Mg as living cell drug carriers, which reduced IR780
released into tissues when they entered the circulation in vivo. On the
other hand, the increased targeting of AE-M¢ augmented the IR780
enrichment into tumor sites. Collectively, these findings show the po-
tential of the AE-Mg technology for precise drug administration,
allowing increased medication concentration at the tumor location.

3.4. Live drug delivery contributes to boost the efficacy of cell therapy
based on high tumor-targeting of affibody-armed macrophages

We confirmed the therapeutic effectiveness of NPs(DOX)@AE-Mg in
HER2"-4 T1 subcutaneous tumor model after demonstrating the po-
tential of this compound for targeted DOX administration and syner-
gistic anti-tumor action in vitro. To perform anti-tumor studies in
animals, a HER2"-4 T1 subcutaneous tumor model was developed. This
was performed because MDA-MB-453 cells have low tumorigenicity
when used as cell-derived xenografts in BALB/c mice. Peritumoral in-
jection was used as an initial trial to reduce systemic differences. In mice
treated with NPs(DOX)@AE-M¢ as opposed to animals treated with AE-
Mg, HER2"-4 T1 tumor development was considerably suppressed, ac-
cording to multiple group analysis (Fig. 4A-D). When the NPs(DOX)
@AE-M¢ group was compared with the control group, immunofluo-
rescence examination of the tumor tissue showed that P53 and CAS3
were dramatically elevated, whereas cyclin D1 (CCND1) and vascular
endothelial growth factor A (VEGFA) were significantly downregulated
(Fig. 4E).

NPs(DOX)@AE-Mg and control groups AE-Meg, NPs(DOX), M¢, and
PBS were independently injected into the tail vein of tumor-bearing
BALB/c nude mice (n = 5 per group) to better simulate the adminis-
tration route of clinical live cell treatment (Fig. 5A). NPs(DOX)@AE-M¢@
resulted in a significant inhibition of tumor growth as opposed to the
constant tumor growth seen in the other groups of mice (Fig. 5B-D),
firmly establishing the competence of the NPs(DOX)@AE-Mg for highly
specific treatment of breast cancer through the integration of chemo-
therapy with affibody-mediated cell therapy. Immunofluorescence
study of tumor tissue, which showed that affibody-armed macrophages
was substantially enriched in solid tumors than those of conventional
macrophages, provided additional evidence of the excellent anti-cancer
activity of NPs(DOX)@AE-M¢. We also assessed the expression of genes,
including such as P53, CAS3, CCND1 and VEGFA, which are involved in
cancer cell proliferation, death, and the cell cycle. Fig. 5E demonstrates
that when the NPs(DOX)@AE-M¢ was administered, P53 and CAS3
were significantly upregulated compared with the control groups, while
VEGFA and CCND1 were significantly downregulated, indicating that
the development of tumor tissue is inhibited by regulating apoptosis and
cell cycle. Analysis of the groups that received peritumoral injections
supported this finding (Fig. 4). Mice injected with NPs(DOX)@AE-M¢g
showed no evident body weight loss or aberrant behavior, indicating
insignificant adverse effects (Fig. S6). Meanwhile, the H&E staining
results of main organs (heart, liver, spleen, lung, and kidney) in the NPs
(DOX)@AE-Mg group showed good biosafety (Fig. S7).

In this study, we found that considerable tumor suppression occurred
after two caudal vein administrations. However, significant tumor sup-
pression may also occur after seven peritumoral administrations. We
believe that this effect results from blood circulation being more suited
to maintaining macrophage viability and enhancing deep tumor pene-
tration. When combined with precise targeting, AE-M¢, which is a live
cell drug carrier, makes it easier for solid tumors to become enriched.
The enrichment of AE-M¢ was substantially higher than that in the
normal macrophages (Fig. 5F), whereas AE-M¢ may infiltrate deeply
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into solid tumors while remaining free of blood vessels, the tumors were
primarily interstitial areas devoid of blood vessels (Fig. 5G). This might
help explain how AE-M¢ medication delivery produces impressive
therapeutic results. According to this study, live cell drug delivery pro-
vided therapeutic benefits when administered intravenously. Moreover,
it can aggressively target solid tumors, efficiently enhance drug delivery,
and ultimately produce acceptable therapeutic outcomes.

4. Conclusion

We created NPs(DOX)@AE-Mg, a live macrophages-based thera-
peutic system that may work in concert to greatly increase anti-tumor
effectiveness by selectively targeting HER2. We genetically modified
macrophages to directly produce anti-HER2 antibodies on their extra-
cellular membrane, rather than utilizing post-functionalization tech-
niques. Our in vitro findings showed that extracellular macrophages
equipped with affibodies effectively retained their bioactivities, result-
ing in NPs(DOX) @AE-M¢ with outstanding HER2-targeting potential, as
well as affibody-mediated anti-tumor activity. In addition to signifi-
cantly increasing the accumulation of DOX at the tumor site for targeted
chemotherapy, NPs(DOX)@AE-M¢ also displayed a considerable syn-
ergistic effect in combination with DOX/anti-HER2 treatments
compared to the un-engineered equivalents. Consequently, HER2"
breast tumor development was successfully prevented. Our study offers
a solid plan for creating therapeutic platforms based on macrophages,
which are highly targeted for breast cancer treatment. This approach
may also be used to treat other cancers and disorders by adding other
bioactive compounds to the macrophage surface.
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