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ARTICLE INFO ABSTRACT

Keywords: Cell membrane-derived nanoparticles (NPs) have recently gained popularity due to their desirable features in
Nanoparticles drug delivery such as mimicking properties of native cells, impeding systemic clearance, and altering foreign
CAR-T cells

body responses. Besides NP technology, adoptive immunotherapy has emerged due to its promise in cancer
specificity and therapeutic efficacy. In this research, we developed a biomimetic drug carrier based on chimeric
antigen receptor (CAR) transduced T-cell membranes. For that purpose, anti-HER2 CAR-T cells were engineered
via lentiviral transduction of anti-HER2 CAR coding lentiviral plasmids. Anti-HER2 CAR-T cells were charac-
terized by their specific activities against the HER2 antigen and used for cell membrane extraction. Anti-cancer
drug Cisplatin-loaded poly (D, i-lactide-co-glycolic acid) (PLGA) NPs were coated with anti-human epidermal
growth factor receptor 2 (HER2)-specific CAR engineered T-cell membranes. Anti-HER2 CAR-T-cell membrane-
coated PLGA NPs (CAR-T-MNPs) were characterized and confirmed via fluorescent microscopy and flow
cytometry. Membrane-coated NPs showed a sustained drug release over the course of 21 days in physiological
conditions. Cisplatin-loaded CAR-T-MNPs also inhibited the growth of multiple HER2+ cancer cells in vitro. In
addition, in vitro uptake studies revealed that CAR-T-MNPs showed an increased uptake by A549 cells. These
results were also confirmed via in vivo biodistribution and therapeutic studies using a subcutaneous lung cancer
model in nude mice. CAR-T-MNPs localized preferentially at tumor areas compared to those of other studied
groups and consisted of a significant reduction in tumor growth in tumor-bearing mice. In Conclusion, the new
CAR modified cell membrane-coated NP drug-delivery platform has demonstrated its efficacy both in vitro and in
vivo. Therefore, CAR engineered membrane-coated NP system could be a promising cell-mimicking drug carrier
that could improve therapeutic outcomes of lung cancer treatments.

Membrane-based drug delivery
Cancer chemotherapy

1. Introduction including frequent relapse and severe side effects such as hair loss,
nausea, fatigue, and nerve damage [4,5]. Surgical removal of tumors is

Lung cancer, the deadliest form of cancer accounting for nearly 1.6 not always feasible in some patients with lung cancer [6]; for example,
million cases around the world annually, has a less than 15% five-year 30-40% of non-small-cell lung cancer (NSCLC) patients have unresect-
survival rate [1-3]. Conventional treatment strategies such as surgery, able tumors [7,8]. For many years, the main treatments have been RT
radiation therapy (RT), and chemotherapy (CT) have limitations, and CT, and despite many technological advances, the five-year overall
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survival rate for these patients still remains low [9,10]. In addition to
low survival rates, patients suffer from serious adverse effects during
treatment. For instance, CT drugs cause systemic toxicity during their
circulation/treatment process. To precisely reach lung tumors while
avoiding systemic organ toxicity, a more robust and cell-specific drug
delivery system needs to be designed. Novel drug delivery systems such
as nanoparticle (NP)-based drug delivery can provide better drug
accumulation at a tumor site and take on a cancer cell-specific approach
rather than a systemic one [11-13]. These strategies can be used for
delivering CT drugs to lung cancer cells for effective, localized
treatment.

NP-based drug delivery has not yet fully been controlled and applied
clinically for many reasons such as opsonization from a mononuclear
phagocytosis system, non-specific clearance [14], relatively short cir-
culation time [15], and limitations of fabricating actively targeted drug
carriers. Moreover, the interactions of these synthetic NPs with blood
components are another factor that affects the NPs’ outcome. This
interaction creates a layer on the synthetic surface of NPs called “protein
corona” (PC) [16]. PC is responsible for cellular uptake, physiological
features, immune responses, and targeting efficiency of NPs [17-19].
For these reasons, using very well-characterized carrier materials and
identifying the blood component interactions, as well as their PC
composition, is needed for targeted drug delivery applications [20-26].
The above-mentioned shortcomings in the synthetic particle-based drug
delivery field make the use of biomimetic materials necessary in creating
advanced drug delivery systems [27-30].

Bacteria or virus-based carriers [26,31], hybrid nano-bio systems
[32,33], and cell-based drug delivery vehicles [34-36] have been re-
ported to have potential applications for biomimetic-targeted drug de-
livery. The concept of using cell membranes as drug delivery vehicles is
becoming more popular [37-39]. As mentioned earlier, cell
membrane-coated drug carriers might ensure unique drug delivery
features and functions via coating of NPs with membranes isolated from
different cell types, such as red blood cells, platelets, lymphocytes, and
bacteria. Among these cell types, lymphocyte cell membranes have
major advantages with respect to cancer treatment. They improve drug
delivery efficacy, provide better targeting of cancer cells via camou-
flaging, and consist of minimal unwanted interactions with complement,
reticuloendothelial, and renal system components. Lymphocytes express
different types of proteins on their membrane surface to detect diseased
or inflamed tissues [40,41]. Furthermore, human lymphocytes express
high levels of adhesion molecules to reach affected or activated tissues
[42,43], and are more effective in targeting tumor sites [44,45]. Thus,
the coating of lymphocyte membranes on the surface of a drug carrier
would increase the specific tumor accumulation and facilitate targeted
tissue interactions through native lymphocyte cell membrane adhesion
and complementary molecules [46,47].

Current applications of membrane-coated carriers include neutrophil
membrane-coated NPs for targeting metastatic tumor cells, which ex-
press ligands for the cell surface adhesive proteins on neutrophil mem-
branes [48]. In another lymphocyte-specific application, cytotoxic T
lymphocyte-coated NPs were used for targeting and treating gastric
cancer [49]. Our group has previously shown that a T-cell hybridoma
membrane expressing a melanoma-specific anti-gp100/HLA-A2 T-cell
receptor showed more than a two-fold increase in tumor retention
compared to non-modified NPs when coated onto Trametinib-loaded
PLGA NPs [46]. T-lymphocyte membrane-encapsulated poly (D, 1-lac-
tide-co-glycolic acid) (PLGA) NPs were able to avoid being segregated by
lysosomes and retained their lymphocyte coating on the NPs while
trapped in endolysosomal compartments [50]. Furthermore,
tumor-associated carcinoembryonic antigen chimeric antigen receptor
(CAR)-engineered Jurkat T-cells were actively accumulated in vivo in
liver tumors compared to non-engineered Jurkat T-cells in cell-based
therapeutic delivery [51,52]. Therefore, the strategy of targeting
molecule (CAR, T-cell receptor (TCR) and single-chain variable frag-
ment (scFv)) engineered lymphocyte cell membrane-coated drug
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delivery is a promising approach for the biomimetic drug delivery field.
This type of cell-based biomimetic drug delivery application might
provide a new pathway for individualized medicine applications by
applying the patients’ own cells for their treatments [34,50,53-56].

In this study, we hypothesize that cancer-specific CAR engineered T-
cell membrane-coated NPs (CAR-T-MNPs) for targeted chemothera-
peutic treatment of NSCLC could facilitate prolonged circulation and
specific accumulation at the tumor site, while avoiding systemic clear-
ance. The overall design is presented in Fig. 1. Here we describe a unique
approach combining Cisplatin-loaded PLGA NPs coated with CAR-T-cell
membranes from genetically engineered human Jurkat T-cells to target
HER2+ lung cancer. There is potential for an increased ability of anti-
HER2 CAR-T-MNPs to localize and accumulate at tumor sites that
would be otherwise challenging to achieve through current modification
and bioconjugation techniques of targeting moieties on NPs. PLGA NPs
were chosen due to their sustained drug release profile, biocompati-
bility, biodegradability, proven efficacy, and both the U.S. Food and
Drug Administration (FDA) and European Medical Agency approval to
be used as chemotherapeutic drug carrier systems and wide variable
drug loading capacities. Cisplatin is an FDA-approved CT drug used in
the study, which is effective against lung, ovarian, and breast cancer.
Novel CAR-T-MNPs are produced by camouflaging PLGA NPs with anti-
HER2 scFv-expressing cellular membranes isolated from genetically
modified Jurkat T-cells. Properties of CAR-T-MNPs, including in vitro
cellular uptake in lung cancer cells and therapeutic killing efficacy as
well as in vivo biodistribution, targeting and therapeutic efficacies were
evaluated using cell culture and animal models in comparison with non-
transduced Jurkat T-cell membrane-coated PLGA NPs and blank PLGA
NPs.

2. Materials and methods
2.1. Materials

Poly (lactic-co-glycolic acid) (PLGA), (LG 50:50, (M, 25,000-35,000
Da)), was purchased from Akina Inc (West Lafayette, IN). Polyvinyl
alcohol (PVA, MW 15,000-25,000), NHS, bovine serum albumin (BSA),
Dulbecco’s Modified Eagle’s Medium (DMEM), Iscove’s Modified Dul-
becco’s Medium (IMDM), dimethyl formamide (DMF), para-
formaldehyde, Protease inhibitor cocktail,1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and Triton R X-100 were
obtained from Sigma-Aldrich (St. Louis, MO), and dichloromethane
from Merck (Kenilworth, NJ). Cisplatin was received from Cayman
Chemicals (Ann Arbor, MI). SDS-PAGE gel, and Mini PVDF transfer
packs were bought from Bio-Rad (Hercules, CA). The Mini Extruder Kit
was acquired from Avanti Polar Lipids (Alabaster, AL). Formvar-coated
copper TEM grids were obtained from Electron Microscopy Sciences
(Hatfield, PA). Fetal bovine serum (FBS), 1X trypsin-EDTA, and
penicillin-streptomycin were ordered from Invitrogen (Waltham, MA).
Other chemicals, if not specified, were obtained from Sigma-Aldrich (St.
Louis, MO). All reagents were of analytical grade.

2.2. Cell lines and culture conditions

Lentiviral packaging cell line Lenti-X 293 T was purchased from
Takara-Clontech. Alveolar Type 1 (AT1) cells, HEK 293 T-cells, HER2
positive tumor cell lines SKOV-3, and Jurkat E6-1 were received through
American Type Culture Collection (ATCC, Manassas, VA). A549 WT,
A549 HER2 KO cells were ordered from UBIGENE (Austin, Texas). HEK
283 T, A549 WT, A549 HER2 KO, and SKOV-3 cell lines were cultured in
DMEM medium supplemented with 10% heat inactivated (HI) FBS, 100
U/mL penicillin, and 100 pg/mL streptomycin (Invitrogen, Waltham,
MA). AT1 cells were cultured in IMDM medium supplemented with 10%
HI FBS, 100 U/ml penicillin. Jurkat cells were cultured in GT-T551
medium (Takara Bio, San Jose, CA), supplemented with 10% HI FBS
at 37 °C and 5% CO2.
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Fig. 1. Overview of proposed CAR-T-MNPs for targeted lung cancer therapy.

2.3. Generation of CAR-T cells

Plasmids including packaging psPAX (Addgene_plasmid #12260) +
pLP/VSVG (Invitrogen) and expression plasmids 4GALUAS_tBFP_m-
Cherry (Addgene plasmid #79130) + anti-HER2SynNotch (Addgene
plasmid #85424) were used for generating CAR-targeting HER2" (or
anti-HER2) cancer cells. The Lenti-X 293T lentiviral packaging cell line
was used to generate lentiviral particles, which were employed in our
experiments for transduction purposes [57]. Plasmids were transfected
into Lenti-X 293T cells via Lipofectamine™ 3000 (Thermofisher). We
then optimized the lentiviral particles produced by transfected Lenti-X
293T cells using a viral titer kit (Cell Biolabs Inc.), and multiplicity of
infection (MOI) of 1:10 (T-cell: viral particles) was calculated to match
the viral titer requirement for Jurkat T-cells which underwent trans-
duction [58,59]. Internal mCherry expression was used for transduction
optimization, efficacy, and follow-up studies.

2.4. Synthesis of PLGA nanoparticles

Cisplatin-loaded PLGA nanoparticles (MNPs) were synthesized using
a modified version of a standard emulsion protocol [11-13]. Briefly, 10
mg of Cisplatin dissolved in 1 ml of DMF was added dropwise to 3 mL of
DMF containing 100 mg of PLGA and sonicated for 2 min. Resultant
emulsification was added dropwise to 20 mL of aqueous phase con-
taining 5% poly (vinyl alcohol) and emulsified using ultrasonication for
5 min. The mixture was subsequently stirred and centrifuged at 20,000
RPM for 20 min. The NPs were washed, collected, and freeze-dried. For
in vitro and in vivo uptake and biodistribution studies, 5 pg of
Coumarin-6 green dye or Indocyanine green (ICG) infrared dye was
added to the PLGA DMF solution instead of Cisplatin during PLGA NP
synthesis.

2.5. CAR-T-cell generation and membrane isolation

CAR-T-cells expressing anti-HER2 scFv were created by transduction
using lentiviral particles. The CAR-T Jurkat cells (10 [8]) were washed
three times with cold PBS (1X). The cells were then counted and
resuspended in cold hypotonic buffer Tris-HCI (10 mM, pH7.5) in 10 mL.
Protease and phosphatase inhibitor cocktail (PIC) (Sigma Aldrich, St.
Louis, MO) was added (5 pL/million cells) and incubated at 4 °C for 20
min. The mixture was centrifuged at 6000 g for 10 min. The resulting
pellet was resuspended in cold PBS (0.25X) + PIC at 1 mL/10 million
cells and incubated for another 20 min at 4 °C. The mixture was
centrifuged at 6000 g for 10 min, then the pellet was resuspended in cold
PBS (1X) + PIC and kept on ice. Deoxyribonuclease (DNAse) reaction
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was performed on the samples based on their DNA contents (20 IU
DNAse for 20 million cells for 4 h). The solution was then centrifuged at
6000 g for 10 min. The isolated membranes were collected, lyophilized
overnight and stored at 4 °C [46].

2.6. Synthesis of CAR-T-MNPs

CAR-T membrane-derived NPs were prepared as follows: Cisplatin-
loaded PLGA NPs were hydrated along with freeze-dried CAR-T mem-
branes, whereas the CAR-T membrane amount was slightly more than
the measured amount of lipid molecule derived from cells to cover the
entirety of PLGA NP surface. The mixture was sonicated for 5 min using
a probe sonicator (Qsonica, Newtown, CT). Subsequently, the mixture
was co-extruded using an Avanti mini extruder (Avanti polar lipids,
Alabaster, AL), as previously reported [34].

2.7. Physicochemical characterization of CAR-T-MNPs

Dynamic Light Scattering (DLS) technique was used to measure
physiochemical characterizations including size, zeta potential, and
polydispersity index. To measure the size of the NPs, a suspension of NPs
(10 pL of 500 pg/mL) was added to 3 mL of deionized water and
measured by the DLS (Brookhaven Instruments, Holtsville, NY) in
disposable square cuvette cells. Surface morphology of the formulated
NPs was visualized by transmission electron microscopy (TEM). Briefly,
freeze-dried NP samples in DI water were fixed onto ozone-treated
copper grids (Electron Microscopy Sciences, Hatfield, PA) and stained
with uranyl acetate (0.5%) (Sigma Aldrich, St. Louis, MO). A H-7500
TEM (Hitachi, Tokyo, Japan) transmission electron microscope was used
to visualize the particle’s morphology.

2.8. Characterization of CAR-T membrane coating

After extrusion, to measure the coating efficiency, Coumarin-6-
loaded CAR-T-MNPs were stained with lipophilic DiD dye (Thermo
Fisher Scientific, Waltham, MA) and analyzed by flow cytometry (red
channel). To identify the specific anti-HER2 CAR receptor in the CAR-T-
MNP formulations, the particles were stained with Allophycocyanin
(APC)-labeled anti c-myc tag antibody (Biolegend, San Diego, CA) to
detect scFv on the particle surface.

Western Blot analysis was done to confirm the successful trans-
duction of anti-HER2 CAR molecules on isolated membranes. In Western
Blot analysis, isolated membranes were run on SDS-PAGE gels under
denaturing conditions. First, membrane proteins were isolated from
obtained membrane fractions using Mem-PER plus membrane protein
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extraction kit (Thermo Fisher Scientific, Waltham, MA). Samples were
mixed with laemmeli buffer containing 10% f-mercaptoethanol, 4%
SDS, 125 mM Tris-HCl, 20% glycerol, 0.004% bromophenol blue
(Sigma-Aldrich) and run-on gel. Then they were transferred onto
nitrocellulose membranes. Then membranes were incubated with the
primary antibody against mouse c-myc tag (Biolegend, San Diego, CA) to
identify anti-HER2 CAR. Mouse anti-human CD3 zeta antibody (Bio-
legend, San Diego, CA) was used to detect CD3 zeta membrane protein as
a housekeeping protein. Later, membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary anti-mouse IgG antibody
(Jackson ImmunoResearch. West Grove, PA). After the washing steps,
blots were visualized using the Immobilon ECL (Millipore, Burlington,
MA) with ChemiDoc Imager (Bio-Rad, Hercules, CA). Non-transfected
cell membrane-coated NPs were used as a control.

2.9. Drug loading efficacy and in vitro drug release profile

To determine loading efficacy, Cisplatin encapsulated in PLGA NPs
was measured using a UV-VIS Spectrophotometer incorporating the
ortho-phenylene diamine (OPDA) technique [60]. The supernatant so-
lution obtained after ultracentrifugation of NPs during the formulation
process was used for loading efficiency determination via an indirect
method. For the drug release studies, suspensions of Cisplatin-loaded
NPs in PBS (pH 7.2) were added to dialysis bags (Spectrum Labora-
tories, Rancho Dominguez, CA) with a molecular weight cut-off of 8000
Da. Dialysis against PBS was carried out at 37 °C up to 21 days. At
pre-determined time points, dialysate was collected and stored at
—20 °C for analysis. As described by Mohit et al., [60] dilutions of
sample were made using 1 mL of 1.4 mg/mL of OPDA solution (Sigma
Aldrich, St. Louis, MO) and 2 mL of phosphate buffer pH 6.8 and heated
at 100 °C for 10 min to get a light-green color solution. The solution was
cooled, and the volume was adjusted to 10 mL by DMF. The concen-
tration of Cisplatin was then measured using an absorbance spectrom-
eter at A706 nm. A standard curve was plotted by measuring the
absorbance of known concentrations of Cisplatin. The amount of
Cisplatin released was then determined against the standard curve and
was correlated to the Cisplatin loading efficiency, which was determined
using the formula given below.

Total Cisplatin used — Cisplatin in supernatant X 100

(€Y

% Loading efficiency =

Total Cisplatin used

2.10. Biocompatibility studies

2.10.1. Hemocompatibility

Human blood from healthy donors was collected and handled by the
following methods. Informed consent was obtained from the study
participants before drawing blood. After collection, human blood was
incubated with CAR-T-MNPs at different concentrations (0, 250, 500,
750, and 1000 pg/mL), 0.9% saline (negative control), or distilled water
(positive control) for 2 h. Following centrifugation at 1000g, absorbance
readings were taken at A540 nm. The percentage of hemolysis was
calculated using the equation below:

(sample OD — negative control OD)

X 100
(positive control OD — negative control OD)

% Hemolysis = 2)

To study blood clotting kinetics, CAR-T-MNPs of varying concen-
trations (0, 250, 500, 750, and 1000 pg/ml) were added to blood that
was activated with CaCl2. At pre-determined time points (10, 20, 30,
and 60 min), the red blood cells (RBCs) not involved in clot formation
were lysed. Absorbance readings of supernatant were taken at 540 nm.
The absorbance readings were inversely proportional to clot formation.

2.10.2. Cytocompatibility
AT1 cells were seeded (5 x 10° cells/well) in 96-well plates and
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incubated overnight at 37 °C. CAR-T-MNPs were added at concentra-
tions ranging from 0 to 1000 pg/mL to the seeded cells. After incubation
for 48 h, cells were incubated with the MTS reagent (Promega, Madison,
WI) for 1 h, followed by absorbance measurement at 490 nm using an
UV-Vis spectrophotometer (Tecan, Mannedorf, Switzerland). Cell via-
bilities were calculated via normalizing to the control group (cells
exposed to complete media only were considered having a 100%
viability).

2.11. Targeting ability of CAR-T-MNPs

For fluorescent uptake microscopy imaging studies, A549 Wildtype
(WT) and A549 HER2 KO cells were seeded on glass-bottomed six-well
tissue culture plates (Corning, Corning, NY). Coumarin-6 (fluorescent
dye)-loaded Jurkat-T-MNPs, PLGA NPs or CAR-T-MNPs were added and
incubated with cells for 30 min at 37 °C. Cells were then washed using
PBS and were fixed using 5% formaldehyde for 20 min. The cell nuclei
were stained using NucBlue (Invitrogen, Waltham, MA), and cells were
imaged using the EVOS Floid inverted fluorescent microscopy (Invi-
trogen, Waltham, MA). For the spectrophotometric analysis of uptake,
Coumarin-6 (fluorescent dye) loaded Jurkat-T-MNPs, PLGA NPs and
CAR-T-MNPs at different NP concentrations (100 pg/mL, 250 pg/mL,
and 500 pg/mL) were exposed to cells in 96-well plates for 30 min and
subsequently washed with 1X PBS and lysed with 250 pL/well of 1%
Triton® X-100 (30 min incubation). Cell extracts were then analyzed for
protein content using the Pierce BCA protein assay kit (Thermo Scien-
tific, Rockford, IL) and Coumarin-6 fluorescent intensity (emitted from
particles the cell uptakes) using A458 nm/540 nm (em/ex) values on a
multimode microplate reader (Tecan, Mannedorf, Switzerland). Total
protein concentration in each lysate was calculated using a BSA standard
curve. The uptake of NPs was calculated by normalizing particle con-
centration (determined from fluorescence intensity in the lysate) in each
sample with total cell protein, which correlated to the number of cells in
the sample.

2.12. Invitro cell viability MTS assays

A549 WT, A549 HER2 KO and SKOV-3 cells were seeded (5 x 10°
cells/well) in 96-well plates and incubated overnight at 37 °C. Free
Cisplatin, Cisplatin-loaded PLGA NPs, Jurkat-T-MNPs, and CAR-T-MNPs
were then added to the seeded cells (n = 4) at a final Cisplatin con-
centration of 7 pM (A549), 4 pM (SKOV-3) & 7 pM (A549 HER2 KO). The
IC-50 for each cell line was chosen from established literature. The cells
were treated for 48 h with the NPs at 37 °C. The absorbance at A490 nm
was measured using a multimode microplate reader (Tecan, Mannedorf,
Switzerland) after treating with MTS reagents. Cell viabilities were
calculated via normalizing to the control group (cells exposed to com-
plete media, 100% viability).

2.13. Animal model

Nude mice (NU/J) aged 5-6 weeks (both sexes) were purchased from
Jacksons Laboratory. Briefly, 2 x 10° A549 cells in 200 pL of Matrigel
(Corning, Corning, NY) were injected subcutaneously in athymic nude
mice. Tumor volumes were checked at regular intervals of three days,
and treatment started when the volume reached ~300 mm®. Tumor
volumes were measured using a standard Vernier Caliper. All procedures
involving experimental animals were performed in accordance with the
protocols approved by the University of Texas at Arlington Institutional
Animal Care and Use Committee.

2.14. In vivo biodistribution of CAR-T-MNPs
The biodistribution study was performed to evaluate targeting effi-

ciency of intravenously injected CAR-T-MNPs towards subcutaneous
tumors implanted in nude mice. Indocyanine green (ICG)-loaded CAR-T-
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MNPs were prepared in the same aforementioned formulation proced-
ure. Saline, ICG-loaded PLGA NPs, Jurkat-T-MNPs, and CAR-T-MNPs
were intravenously given to mice via the tail vein at 5 mg of dye
(ICG)-loaded particles. At 1, 4, and 8 h, images of animals for all groups
were monitored and recorded by the Kodak FX/Pro imaging system. The
mice were euthanized at the end time point, and the tumor tissue and
major organs were collected, weighed, and fixed with 4% para-
formaldehyde. Fluorescence signals of tumors and each organ were
recorded using the Kodak FX/Pro imaging system for quantification.
Furthermore, weighted tumors and organs were homogenized for 2 min
using a tabletop Precellys homogenizer (Bertin Instruments, Montigny-
le-Bretonneux, France). Homogenates were centrifuged at 4000 rpm
for 10 min, and fluorescent measurements of supernatant’s were taken
at A786/825 nm (ex/em) using a multimode microplate reader (Tecan,
Mannedorf, Switzerland). Effective NP accumulation amounts in all
organs and tumors (ug NP per mg of organ) were determined using a
standard curve of ICG PLGA NPs and normalized against the saline
group.

2.15. In vivo therapeutic efficacy of CAR-T-MNPs

Xenograft tumors as described above were used to evaluate the
therapeutic efficacy of CAR-T-MNPs. After the tumor reached ~300
mms, mice were randomly distributed into three groups (n = 4). Prior to
treatment, all mice were ear-tagged, the initial tumor volumes were
measured by a caliper, and body weights were recorded. The treatment
groups received a single tail-vein IV administration of either 200 pL of
saline (control), Jurkat-T-MNPs, or CAR-T-MNPs. Tumor volume was
measured every 2-3 days via a caliper. Tumor volumes were calculated
by measuring the tumor perpendicular diameters with a caliper and
determined using the formula below, where a and b are the longest
diameter and its longest perpendicular diameter, respectively.

_ax?2b

Tumor Volume (V) 5

3

Tumor growth was monitored until the longest diameter reached 20
mm, or the animals exhibited unusual behavior, at which point they
were euthanized via carbon dioxide. Tumor tissue was collected and
fixed with 4% paraformaldehyde after the mice were euthanized. The
tissue was embedded in paraffin wax and sectioned into 5 pm sections
using Shandon Finnesse ME microtome (ThermoFisher, Waltham, MA),
followed by further histological examination using hematoxylin and
eosin (H&E) staining (Abcam, Waltham, MA).

2.16. In vivo toxicity analysis of CAR-T-MNPs

The mice were sacrificed after the completion of the study, and or-
gans from different animal groups were collected and analyzed via
histological staining to determine the organ toxicity. The kidneys and
lungs from the mice were embedded with paraffin, and then were sliced
into 6 pm sections. The lung sections were stained with Masson tri-
chrome stain (StatLab, USA) according to the manufacturers’
instructions.

For immunohistochemical staining of the kidney, paraffin sections
were rinsed with Tris -Buffered Saline (TBS) and antigen was retrieved
by a sodium citrate buffer treatment under steam for 10 min. After
subsequent washes with TBS, endogenous peroxidase activity of tissues
was abolished by treatment with 0.3% H3O» for 30 min. Following
several rinses with TBS, sections were blocked with 5% normal goat
serum in TBS for 1 h. Subsequently, the tissue was incubated with anti-
Ki67 monoclonal antibody (Abcam, US) overnight. Next, the sections
were extensively rinsed with TBS and processed with highly purified
Goat-anti-rabbit IgG- FITC labeled secondary antibody (Abcam, US) for
1 h. Following several rinses with TBS, the sections were incubated with
DAPI staining (Molecular Probes, US) for nuclei and washed and
mounted with mounting media. The cover slip was put on top of
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mounting media and viewed under 40X in an Echo fluorescent micro-
scope (Echo, San Diego, CA).

2.17. Statistical analysis

GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA) was used
to perform statistical analysis. Two-way ANOVA with Tukey’s multiple
comparisons test was done for all the analyses. Triplicate samples were
used for all the studies if not specified. (*P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001). Two-way ANOVA with Dunnett’s multiple
comparisons test was performed for the tumor growth delay study. A
Mantel-Cox test was performed for the mice survival study.

3. Results and discussion
3.1. Generation of CAR-T cells

Plasmids were transfected into Lenti-X 293T cells via Lipofect-
amine™ 3000 transfection reagent with a high efficiency and evaluated
using red fluorescence of mCherry reporter proteins. Transduction effi-
cacy determined through internal mCherry expression showed a
distinctive shift in transduced Jurkat T-cells compared to non-
transduced cells (Fig. 2A).

As shown in Fig. 2B, Jurkat T-cells were successfully transduced to
express anti-HER2 CAR scFv on their membrane surface. The c-myc tag
included towards the end of the extracellular CAR construct was used for
sorting and CAR characterization. After staining for the c-myc tag with a
specific APC-labeled antibody, a distinctive shift was seen in the trans-
duced T-cell group compared to the non-transduced group. In total,
approximately 40-50% of the transduced cell population was found to
express anti-HER2 CAR receptor on the surface.

Jurkat-transduced cells were sorted using anti-c-myc tag antibody in
a FACSMelody™ (BD Biosciences, San Jose, CA) cell sorter with a final
yield of 70-80% positive CAR-T cells (Fig. 2). A stability study of sorted
CAR-T Jurkat cells was assessed for two weeks, which revealed that
93-97% of CAR-T cells maintained engineered CAR expression. The
observed transduction efficiency is comparable to that observed in
literature [51]. After the confirmation of engineered CAR T-cells, they
were further cultured for isolating of their cell membranes as needed.

3.2. Synthesis and physiochemical and biomimetic characterization of
CAR-T-MNPs

The average diameter of the final Cisplatin-loaded CAR-T MNPs was
about 195 nm with a polydispersity index (PDI) = 0.117. These NPs
were spherical in shape (Fig. 3A). The zeta potential of both extruded
and bare PLGA NPs ranged from —7 to —5 mV (Fig. 3B). In recent
studies, Wang et al. showed identical results where T-cell membranes
coated on nanoparticles displayed a range of —5 to —7 mV®. The in-
crease in zeta potential results corresponds to an increase in stability and
circulation time of nanoparticles in the blood stream which coincides
with the findings in literature [62,63]. The size of the CAR-T-MNPs was
~195 nm, with a nearly 25 nm increase compared to the bare PLGA NPs
(~170 nm) (Fig. 3B). The increase in size from coating is comparable to
previous studies done by Ma et al. [64] where the T cell membrane was
used to coat silica NPs for use as a theranostic drug delivery system.
Transmission electron microscopy (TEM) images of CAR-T MNPs
revealed a core shell structure of the particle with a size correlating to
the DLS data (Fig. 3A). Low polydispersity shows that the particles were
homogenous. The loading efficiency of CAR-T-MNPs was about 61%,
and the drug release kinetics displayed an initial burst release followed
by a sustained release of up to four days of incubation at 37 °C in PBS
(pH = 7.4) (Fig. 3C).

Coumarin-6 was loaded inside NPs for locating them in flow
cytometry (Green channel). After extrusion, membranes were stained
with lipophillic DiD dye (Invitrogen, Waltham, MA) to detect CAR-T
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Fig. 3. Physiochemical characterization of CAR-T-MNPs. A) TEM image of CAR-T-MNPs. B) Size, zeta potential, and polydispersity chart of NP formulations. C) Drug
release kinetics of CAR-T-MNPs in PBS buffer. Anti-HER2 presence and functionality confirmation of: D) CAR-T-MNPs by flow cytometry against c-myc tag protein

(CAR-T-MNPs (red) and uncoated PLGA NPs (Black)). E) CAR-T-cells by Western Blot shows a distinctive band correlating to anti-HER2 CAR scFv for CAR-T cells. No
such band was observed for Jurkat-T-cells. (Number of replicates, n = 3).

membrane (Red channel) presence on the NPs using flow cytometry.
Based on flow cytometric data, the coating efficacy of Coumarin-6 PLGA
NPs with cell membranes was between 72 and 77% on both transduced

and non-transduced CAR-T-cell membrane extruded groups. Further-
more, coating confirmation of PLGA NPs with CAR-T-cell membranes
was assessed via fluorescent microscopy. In the merged channel, yellow-
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colored particles detected by DiD staining (red) of lipids on the CAR-T
membrane coating and Coumarin-6 dye (green) from core PLGA NPs
confirms coating of the NPs with cell membranes.

Additionally, we performed flow cytometry using an APC-labeled
antibody targeting c-myc tag to re-confirm the presence of HER2 CAR
on the extruded NP surface. The results showed a distinctive shift
(55-60% positivity) for CAR-T membrane-coated PLGA NPs when
compared to that of the non-transduced T-cell membrane NP group
(Fig. 3D). Western Blot analysis of isolated CAR-T membranes also
showed bands respective to both CD3 and anti HER2 CAR proteins. The
estimated size of the anti-HER2 CAR receptor was 89 kDa (Fig. 3E).
However, Western Blot results indicated that the band belonging to the
receptor appeared on the 105-110 kDA band interval. This increment is
attributed to the CAR receptor’s glycosylation pattern during post
translational modification. As all proteomic scientists certify this phe-
nomenon, glycosylation of the proteins increases their molecular
weight. Therefore, it increases the size and slows protein migration
down on Western Blot [65]. The respective CD3 zeta chain (house-
keeping protein) on the blot is shown as two subsequent bands. The first
band appears on 18 kDa, and the other one is around 38 kDa. This in-
dicates that the antibody used in the study recognizes both monomer
and homodimer forms of the CD3 zeta receptors. Thus, anti-HER2 CAR
protein presence on isolated cell membranes was confirmed (Fig. 3E).
Overall, CAR-T-MNP formulation processes were optimized to obtain
engineered cell membrane-coated NPs.

3.3. Hemocompatibility and cytocompatibility of CAR-T-MNPs

To test the hemocompatibility of CAR-T-MNPs, their hemolysis and
blood clotting properties were investigated. The extruded NPs were
hemocompatible since CAR-TMNP-induced hemolysis was measured to
be <5% even up to 1000 pg/mL concentration of NPs (Fig. 4). According
to the criterion in the ASTM E2524-08 standard, percent hemolysis >5%
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is considered toxic to red blood cells (ASTM E2524-08, 2013). Thus,
CAR-T-MNPs showed complete compatibility for all concentrations. The
effects of CAR-T-MNPs on blood clotting were also tested and found to
have no significant effects on clotting up to 1000 pg/mL when compared
to the 0.9% saline control (Fig. 4). In order to meet the criteria for
hemocompatibility, a material must not trigger any thrombogenic or
anti-coagulating reactions within the body [66]. Our comprehensive
investigation was designed to evaluate how CAR-T-MNPs interacted
with the complex dynamics of blood clotting. The results of our study
unequivocally demonstrated that CAR-T-MNPs did not elicit any sig-
nificant alterations in the intricate processes associated with blood
clotting.

Cytocompatibility of CAR-T-MNPs was analyzed via a survival
analysis study against AT1 healthy lung cells. Various concentrations
ranging from 0 to 1000 pg/mL were used for 48-h treatment analysis.
CAR-T-MNPs showed very minimal toxicity for concentrations <250 pg/
mL. The relative toxicity observed in our study at higher concentrations
(500 and 1000 pg/mL) might be the result of gas and nutrient exchange
prevention due to excessive NP amount in a static 2D cell culture model
(Fig. 4C) [67-69]. Moreover, the above mentioned higher concentra-
tions fall far away from the possible physiological desired concentra-
tions of the NPs. These findings are particularly noteworthy as they
underscore the safety and suitability of CAR-T-MNPs for potential
medical applications, emphasizing their compatibility with the circula-
tory system.

3.4. Cell uptake and therapeutic efficacy of CAR-T-MNPs in vitro

The targeting efficiency of the CAR-T-MNPs was analyzed in vitro by
uptake studies (Fig. 5). Briefly, HER2-expressing A549 WT lung cancer
cells were used to measure CAR-T-MNP uptake efficiency compared to
PLGA NPs and Jurkat-T-MNPs. The confirmation of HER2 protein KO
was also verified by flow cytometry. Coumarin-6 loaded PLGA NPs
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Fig. 4. Hemo- and cyto-compatibility of CAR-T-MNPs in vitro. A) Blood clotting effect of CAR-T-MNPs at different concentrations (250 pg/mL —1000 pg/mL). B)
Hemolysis analysis of blood incubated with different concentrations (0 pg/mL - 1000 pg/mL) of CAR-T-MNPs. C) Cytocompatibility analysis of CAR-T-MNPs on AT1
cells to determine their in vitro cytotoxic effect on different concentrations (0 pg/mL —1000 pg/mL). (Number of replicates, n = 3).
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coated with either CAR-T-MNPs or Jurkat-T-MNPs were incubated for
30 min with A549 cells. The cells were washed and imaged using a
fluorescent microscope. Microscopy images of cells after incubation
(Fig. 5C) indicated that anti-HER2 CAR-T-MNPs had a significantly
higher uptake by A549 cells compared to those of the Jurkat-T-MNPs or
PLGA NPs. Spectrophotometric analysis of the NPs” uptake-exposed cell
lysates also revealed that CAR-T-MNPs had a significantly higher uptake
by A549 WT cells compared to the other groups (Fig. 5A) for a range of
concentrations from 100 to 500 pg/mL. The uptake of CAR-T-MNPs was
two-fold higher among comparison groups. Literature has also shown
immune cell coated nanoparticles have increased targeting towards
inflamed and/or carcinogenic cells [70]. In a recent study, engineered
T-cells against glioblastoma showed selective uptake by the target
glioblastoma cells. Interestingly, there was no significant nanoparticle
uptake by healthy astrocytes. This study also observed a 2.5 fold in-
crease in uptake in glioblastoma cells by the engineered nanoparticles
compared to that of non-engineered membrane coated nanoparticles
[61].

Thus, the correlating microscopy and spectroscopy studies prove our
hypothesis that the functional anti-HER2 molecule on the CAR-T-MNPs
significantly enhanced its cancer targeting and uptake onto lung cancer
cells and tumors. To verify that the increase in uptake was due to the
targeting effect but not to other factors, similar experiments were con-
ducted on HER2-negative A549 HER2 KO cells, and we observed no
significant difference in uptake of NPs between CAR-T-MNPs, Jurkat-T-
MNPs, and PLGA NPs (Fig. 5B). However, though not significant, we
observed that there is a higher uptake of PLGA NPs compared to the
Jurkat-T-MNPs in both cell lines; this can likely be either due to the
smaller size of PLGA NPs, or the interaction between the cancer cell
membrane and NP membrane coating. This, however, further attests the
importance of the targeting ligands and their effectiveness in selectively
targeting HER2 positive cancer cells.

In vitro cancer killing efficacy was determined by cytotoxicity anal-
ysis on HER2-positive A549 WT, SKOV-3 cancer cell lines, and HER2-
negative A549 HER2 KO cancer cell lines at specific concentrations.
The ICs (half maximal inhibitory concentration) value of Cisplatin on
cell lines was chosen from the literature [71-73] to be 7.5 pM, 4 pM, and
7.5 uM (~100, 53, and 100 pg of NPs), respectively. Bunn et al. [74]
previously described HER2 expression levels of various NSCLC cell lines
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via different methods, and found that the A549 cell line expresses
moderate to high expression of HER2 protein even if it does not contain
gene amplification [74]. The cancer killing efficacy of the CAR-T-MNPs
was tested through cell viability assays after 48 h of exposure (Fig. 6A
and B). We observed that CAR-T-MNPs showed significantly higher
cancer killing efficacy in both HER2-positive cell lines compared to all
the other comparison groups. This result demonstrates the effect of
CAR-T-MNPs’ higher uptake on HER2-expressing cells compared to free
drug or uncoated NPs. Jurkat-T-MNPs, however, have a significantly
lower cancer killing efficacy compared to CAR-T-MNPs; this shows that
NPs’ transport into cells are not just passive diffusion or membrane
fusion, but rather an active targeting-based killing. Similarly, efficient
killing profiles using T-cell membrane-coated NPs have been reported
previously, showing the influence of the T-cell membrane in improved
endocytosis and release of cargo intracellularly [75,76]. To further
prove this effect, we observed that there was no significant difference in
cancer killing between the groups in the HER2-negative cancer cell line.
We observed no significant difference between Jurkat-T-MNPs and
CAR-T-MNPs with similar treatment doses in the HER2-negative cancer
cell line. After 4 h of incubation, the cells undergo a washing process to
remove any nanoparticles (NPs) that have not been internalized during
this time frame. This phenomenon clarifies why CAR-T-MNPs exhibit a
more pronounced effect in wild-type (WT) cells compared to
HER2-negative cancer cells, as they are taken up via HER-2 dependent
targeting. These results indicate that the proposed CAR-T membrane--
coated NPs could potentially be used as a targeted chemotherapeutic
carrier to effectively treat lung cancer.

3.5. In vivo targeting efficacy evaluation of CAR-T-MNPs

The in vivo targeting efficacy of CAR-T-MNPs was analyzed by a
biodistribution study on a tumor-bearing mouse model. PLGA NPs were
loaded with ICG dye for deep-tissue imaging and then coated with either
anti-HER2 CAR-T-cells or Jurkat cell membranes. To ascertain whether
CAR-T-MNPs could efficiently target, localize, and accumulate at tumor
sites, their biodistribution in a HER2-expressing tumor xenograft mouse
model was assessed (Fig. 7A). All the groups had NPs accumulated
mainly in the liver and spleen within 1 h. However, PLGA NPs gradually
cleared from systemic circulation and all organs, including tumors,
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Fig. 6. Invitro therapeutic efficacy (cell killing) properties of CAR-T-MNPs. A) SKOV-3 B) A549 C) A549 HER2 KO cells exposed to free Cisplatin, PLGA NPs, Jurkat-
T-MNPs & CAR-T-MNPs for 48 h. Cell viability was quantified via MTS assays after exposure (Number of replicates, n = 4, ****P < 0.0001).

without any signs of specific targeting towards the tumor (Fig. 7A). On
the other hand, CAR-T-MNP groups showed gradual increases of fluo-
rescence in tumors over the course of study, and slowly cleared from the
body after 8 h (Fig. 7A). This increase in accumulation can be attributed
to long circulation times without much clearance due to several proteins
on the CAR-T-cell membrane coating which aid in immune evasion [64,
77].

Tumor accumulation properties of cytotoxic lymphocyte T-cells are
especially evident through our results, showing how membrane proteins
play a major role in improving targeting of conventional NPs such as
PLGA NPs and silica NPs [56,64]. Engineered T-cell membranes, with
various targeting proteins such as chimeric antigenic receptors, T-cell
receptor complexes, and ScFv can recognize neoantigens from an indi-
vidual cancer cell and can improve payload drug targeting when used as
a platform for personalized medicine in developing this technology [46,
51,61,78]. Intensities from the implanted tumors also showed a similar
trend in the in vivo images. As shown in the ex vivo organ and tumor
images, all groups showed similar accumulation in the kidney and liver,
but when comparing the tumor tissue, CAR-T-MNPs showed signifi-
cantly higher accumulation compared to those of either Jurkat-T-MNPs
or PLGA NPs. Spectrophotometric analysis of lysed organs showed a
similar trend of both in vivo and ex vivo measurements (Fig. 7B). In the
kidney and heart, membrane-coated NPs showed lower accumulation
compared to the PLGA NP group. In the liver and spleen, despite a trend
of low accumulation of membrane-coated groups, the amount of particle
per milligram of organ remained relatively similar in all groups. In the
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kidney, heart and lungs, CAR-T-MNPs showed similar or low levels of
accumulation compared to the PLGA NPs and Jurkat-T-MNPs groups,
although no statistical significance was observed. Lastly, when tumor
accumulation was compared, CAR-T-MNPs had significantly higher
accumulation in the tumor tissue (2.3 pg of particle/mg of tumor tissue)
compared to that of both the Jurkat-T-MNPs and bare PLGA NPs group
(0.21 and 0.46 pg of particle/mg of tumor tissues, respectively)
(Fig. 7C). Our results, therefore, show the significant enhancement of
CAR-T-MNPs in tumor targeting and accumulation. The CAR-T-MNPs
will thus act as a viable carrier for treatment of HER2-expressing lung
tumors.

3.6. In vivo therapeutic efficacy of CAR-T-MNPs

The in vivo therapeutic effect of CAR-T-MNPs was analyzed using a
tumor delay growth study in A549 tumor-bearing nude mice in which
the anti-tumor effect of CAR-T-MNPs was compared to that of Jurkat-T-
MNPs, free Cisplatin and saline (Fig. 8). Groups were chosen based on in
vitro data with consideration of the main scope of this research. The
Cisplatin concentration for all the groups was equal (3 mg/kg). We
observed that after two weeks post-treatment, CAR-T-MNPs had a sig-
nificant reduction in tumor volume growth compared to that of Jurkat-
T-MNPs and free Cisplatin (Fig. 8A). Although the tumor growth vol-
umes are not significantly different between free Cisplatin and CAR-T-
MNPs groups (Fig. 8A), the CAR-T-MNPs did show better animal sur-
vival rate (Fig. 8B) and lower tumor growth compared to that of free
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Cisplatin (Fig. 8A). In addition, the toxicity effects observed in kidneys
and lungs for the free Cisplatin group are much higher compared to
those of the CAR-T-MNPs group (Fig. 9), indicating the toxicity effects
due to non-specific targeting. Though the objective was to compare
tumor growth delay for a single dose of NPs (Fig. 8A), the tumor growth
delay trend suggests that with multiple doses, the anti-tumor efficacy
can be greatly improved for CAR-T-MNPs to the extent of complete
tumor regression. The weight change in the mice was also analyzed
throughout the duration of the study. We observed no significant
changes in the mice’s body weight throughout the study for any of the
groups. Similar observation regarding the tumor volume growth delay
was also supported by the survival of the animals, where we saw
significantly higher survival of the CAR-T-MNPs group compared to that
of Jurkat-T-MNPs and saline (Fig. 8C).

In vivo anti-tumor effect of the CAR-T-MNPs group was also analyzed
by hematoxylin and eosin (H&E) staining of tumor tissues. Histological
analysis showed a remarkable killing efficacy in tumor cells for the CAR-
T-MNPs-treated group compared to that of other groups and the control.
The H&E staining assay also indicated the tumor toxicity of CAR-T-
MNPs with decreased cellularity (Fig. 8C). Cells in tumor tissues from
the CAR-T-MNPs treatment group were loosely arranged with disinte-
gration, lysed nuclei, and cell fragments, whereas there were only a
small number of non-necrotic tumor cells as compared to the control
group. There was no obvious organ damage or toxic side effects
discovered in any of the groups; however, significant necrosis existed in
mouse tumors from CAR-T-MNP- treated groups (Fig. 8C). These results
were similar to the observation in the literature for the NP-based cancer
therapy mice model for lung cancer [79,80].
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Toxicity studies of different animal groups indicated free Cisplatin
animal groups showed more toxicity aspects than that of CAR-T-MNPs.
Histology study of toxicity in kidneys was performed with staining
against known diagnostic ki67 marker, which is upregulated in the acute
injury seen in renal tubular cells [81]. The histology staining showed
increase ki67 marker expression in free cisplatin group indicating the
presence of acute renal injury compared to a very low expression seen in
either jurkat or CAR-T cell coated NPs (Fig. 9A and B). We also observed
through histological analysis of the lung tissue that CAR-T-MNPs had
significantly lower damage to the lung tissue in the form of tissue
scarring and collagen deposition (Fig. 9C). With low toxicity and
decreased off-target delivery of the drug, CAR-T-MNPs did show a
higher survival among all other groups (Fig. 8B), indicative of its high
therapeutic value and use against cancer treatment. Furthermore, the
off-target delivery of CT drugs or non-targeted NPs loaded with CT drugs
can lead to systemic toxicity, adaptive resistance, and, therefore, limited
efficacy [82]. Both FDA approved PLGA polymer material and
CAR-T-cell membrane-coated groups showed no significant weight
change in mice (data not shown), suggesting a low systemic toxicity
profile of NPs, which may translate to a very promising drug delivery
platform.

Our preliminary research findings thus offer strong support for the
promising potential of CAR-T-MNPs as a remarkably precise and effi-
cient tool for targeting cancer cells. It can be clearly noted immuno-
histochemical staining (Fig. 9A) that cisplatin has a degenerate effect on
healthy organs. Though not significant, CAR-T-MNPs had higher tumor
regression efficiency, multiple dosed treatment can significantly
improve the therapeutic outcome of CAR-T-MNP with low systemic
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Fig. 9. Invivo toxicity analysis of CAR-T-MNPs on subcutaneous A549 tumor implanted in nude mice compared to Jurkat-T-MNPs and saline. A) Histological analysis
of kidney tissue, immunohistochemistry of Ki67(green) and nucleus (blue). B) Quantitative analysis of Ki67 protein expression in kidney tissue. C) Masson’s tri-
chrome staining of lung tissue comparing tissue scarring/collagen deposition as a result of cisplatin toxicity. (Number of replicates, n = 3, *P < 0.01).
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toxicity. Numerous studies have demonstrated the benefits of utilizing
multiple doses, emphasizing the low toxicity offered by membrane-
coated nanoparticles [83-85]. Although CAR-T based therapy has
shown advantages in increasing targeting specificity, combinatorial
approach with immuno-therapeutic interventions, immune checkpoint
inhibitors and chemotherapeutic interventions needs to be explored for
solid tumors. To delve deeper into the capabilities of proposed tech-
nology, we plan to conduct more comprehensive investigations using a
syngeneic mouse model and human and/or mouse T-cells. This approach
will allow us to evaluate the toxicity, targeting precision, and thera-
peutic effectiveness of primary T-cell membrane-coated MNPs. This
innovative strategy holds the promise of extending its application to a
broader spectrum of cancers characterized by elevated expressions of
specific biomarkers. By doing so, we aim to unlock the full potential of
CAR-T-MNPs in the fight against cancer, providing a tailored and
effective treatment approach for a variety of malignancies.

4. Conclusion

In summary, we have successfully developed a biomimetic NP plat-
form for targeted treatment of HER2+ lung cancer. The engineered CAR-
T-MNPs containing anti-HER2 scFv possess active targeting, tumor
accumulation, and therapeutic efficacy as confirmed by our in vitro and
in vivo studies. Therefore, we have proposed and characterized CAR-
engineered cell membrane-coated synthetic NPs. Our CAR-T-MNPs dis-
played a drug encapsulation efficiency of 61% and exhibited sustained
drug release over a period of 21 days. The drug release profile was found
to be dependent on the existence of a membrane on the particles in
which the membrane-coated NPs provided a slower release due to the
barrier effect. Fabricated CAR-T-MNPs were shown to be suitable for IV
administration in terms of their size (<400 nm), cell compatibility,
stability, and hemo-/cyto-compatibility. Moreover, cellular uptake
studies showed selective uptake by HER2-positive lung cancer cells
when compared to Jurkat membrane-coated PLGA and bare PLGA NPs.
These findings also correlated with enhanced therapeutic efficiencies of
CAR-T-MNPs. Therefore, a CAR-engineered membrane-coated NP sys-
tem could be a promising cell-mimicking drug carrier that could
improve therapeutic outcomes of lung cancer treatments. On the other
hand, severe systemic side effects have always been the major concern of
CT drugs. The developed CAR-T technology proved to be an effective
and safe alternative. As shown in the pre-clinical results, the CAR-T-
MNPs have very high targeting and retention towards tumor tissues
and less non-specific organ accumulation. CAR-T-MNP technology also
significantly reduced tumor growth with just a single dose treatment.

As cell membrane-coated nanocarriers have great potential to deliver
drugs at the desired location, we must also consider the limitations,
challenges, and future perspectives associated with this cell membrane
approach. The cell membrane is a unique structure and comprised of
various molecules (lipids, proteins, receptors, ligands, sugar moieties),
some of which are required for targeting (i.e., CAR) and evading im-
mune response (i.e., CD47), while other abundant proteins might have
unknown interactions in the host environment. Therefore, more
research is needed in the biomimetic drug delivery field to demonstrate
its potential in translational research. New CAR-like molecule in-
struments such as viruses or virus-like particles as carriers, new bio-
similars and therapeutic proteins such as payloads inside the carriers
and T cell engagers (BiTes), and bispecific antibodies or double-sided
antibodies as targeting ligands, might engender new strategies to
further develop the biomimetic payload delivery field. As one of these
new strategies is under investigation by our lab to implement double-
sided chimeric receptors and antibodies into the design, it might be a
new way to further develop the existing platform [86]. By continuing
this line of research, we expect that fully bioinspired carriers might be
designed, developed, and fabricated without human or lab intervention.
Therefore, the new generation of drug carriers ready for human use can
be fabricated directly either the cell culture (in vitro) or inside our bodies
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by our own cells. Various studies are already underway to improve and
optimize the coating efficiency of these membrane to effectively target
diseases [87,88].

In conclusion, this proposed research will reach new horizons in
design and development of superior therapeutic carrier platforms when
compared to existing nanoparticulate systems. Importantly, the devel-
opment of such personal medicine practices will enable us to improve
alternative strategies for other diseases. As a result, the development of
biomimetic therapeutic carriers, such as those mentioned in this
research, will lead to the emergence of the next generation of targeting
and delivery systems by integrating drug delivery systems into biolog-
ical systems.
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