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Abstract

A Feasibility Study of Cell Membrane
Engineering for PSMA-Targeted Cell

Therapy and Trafficking

Hye Won Kim
Department of Applied Bioengineering
Graduate School of Convergence Science and Technology

Seoul National University

Cell therapy is based on cells such as stem cells and immune cells. In particular,
immunomodulatory cell therapy treats diseases by activating the immune response
using immune cells such as dendritic cells, natural killer cells, and T-cells. Among
them, a concept of introducing a gene expressing a chimeric antigen receptor into T
cells (CAR-T) has been developed recently for cancer treatment and is expected to
be approved internationally. However, these CAR-T-based therapies have some
limitations due to side effects of on-target/off-tumor effects when adequate
targeting is not achieved. To overcome the limitations and side effects of these
targeting capabilities, efforts are being made to develop bispecific CAR-T cells or
to improve the performance and efficacy of CARs.

Metabolic glycoengineering is a technology that can introduce receptors that can

be chemically labeled on the cell surface using artificial sugar and glycoprotein



synthesis. Reactive azide groups can be formed on the cell surface for chemical
labeling using a substrate such as N-azidoacetyl-mannosamine (AcsManNAz).
After that, it can easily and quickly combine various structures that be conjugated
by bioorthogonal chemical reactions in vitro or in vivo.

This study aimed to increase the targeting ability against PSMA in cell therapy
using metabolic glycoengineering and “click reaction” and visualize cell trafficking
using PET imaging.

THP-1 cells were incubated with AcsManNAz at various concentrations (0, 5, 10,
20, 50, and 100 uM) for 24 h to incorporate reactive functional groups on the cell
surface. Metabolically glycoengineered cells were stained by DBCO-bearing
fluorophore (ADIBO-Cy5.5) for 1 h at different concentrations (0, 5, 10, 20, 50,
and 100 puM) and analyzed by confocal fluorescence microscopy and flow
cytometric assay. For PSMA ligand attachment to THP-1 cells, AcsManNAz
treated THP-1 cells were incubated with DBCO-PSMA ligand (ADIBO-GUL) at a
final concentration of 100 uM for 1 h. To evaluate the effect on cell recognition,
PSMA ligand-armed THP-1 cells (as effectors) were co-cultured with PSMA-
positive, 22RV1 cells or PSMA-negative, PC3 cells (as target cells) at a 3:1
effector-to-target cell (E/T) ratio. The interaction between THP-1 and target cells
was monitored by confocal fluorescence microscopy. THP-1 cells were used
without a PSMA targeting motif as a negative control. [¥°Zr]Zr(oxinate); was
prepared from its oxalate form by using an anion exchange “sep-pak” cartridge.
LogD74 assay was performed to confirm the lipophilicity of the synthesized
[¥Zr]Zr(oxinate)s. For preparing the radiolabeled THP-1, the cells were treated at
the activity level of ~740 kBq of [¥Zr]Zr(oxinate)s/5x10° cells. Radiolabeled cells

were analyzed for determination of cell-associated radioactivity by gamma
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counting and cell viability was measured up to 7 day by MTS assay. PSMA
targeting ligand armed THP-1 cells radiolabeled with [%°Zr]Zr(oxinate); was
injected into normal mice through the tail vein. PET images were obtained at 2
hours, 1, 4, and 6 days after injection.

In the cytotoxicity assay, THP-1 cells did not present cytotoxicity even when the
AcsManNAz or ADIBO-Cy5.5 treated concentration was 100 uM. In confocal
imaging and flow cytometric assay, ADIBO-Cy5.5 efficiently labeled THP-1 cells
in a dose-dependent manner, and the dose of 100 uM was the optimum
concentration for the following experiments. Intercellular gluing was not observed
in PSMA negative PC3 cells. 22RV1 cells did not show cell-to-cell gluing with
non-armed THP-1 cells. However, the clusters of PSMA ligand-armed THP-1 cells
and 22RV1 were identified, indicating cell-cell recognition over the cell surface
between two types of cells. LogD7 4 of [¥*Zr]Zr(oxinate), was determined as 1.47 +
0.02. Cell radiolabeling efficiency was 54.5 + 17.8%. THP-1 labeled with 0.09 +
0.03 Bg/cell showed no significant cytotoxicity compared to unlabeled THP-1 up
to 7 days. Injected THP-1 cells accumulated in the lung and gradually moved to
other organs, such as the liver and spleen, over time.

AcsManNAz treated cells were prepared efficiently and labeled with ADIBO-
GUL for preparing the PSMA-targeted cells. [3Zr]Zr(oxinate), can be used to label
cells without toxicity. The study results suggest that PSMA-ligand armed cell

therapy could improve cell targeting efficacy and be monitored by PET imaging.

Keyword: Cell therapy, PSMA, Metabolic glycoengineering, Click chemistry, Cell
trafficking, PET
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Figure legends

Figure 1.1 Schematic illustration of cell labeling via metabolic glycoengineering.
AcsManNAz is taken up by cells and incorporated into membrane proteins,
resulting in the metabolic labeling of membrane proteins with azide.

Figure 1.2 Schematic illustration of the generated azide groups after AcsManNAz
treatment and bioorthogonal copper-free click chemistry for cell labeling.

Figure 1.3 Schematic representation of the [¥Zr]Zr(oxinate), synthesis.

Figure 1.4 Schematic illustration of developing various Lys-urea-Glu scaffold-
based radiolabeled PSMA targeting inhibitors.

Figure 2.1 In vitro cytotoxicity of THP-1 cells at various concentrations of
AcsManNAz.

Figure 2.2 In vitro cytotoxicity of THP-1 cells at various concentrations of DBCO-
Cy5.5.

Figure 2.3 Differences in the efficiency of bioorthogonal labeling according to the
DBCO-Cy5.5 treatment concentration. (A) Confocal microscopy analysis of
AcsManNAz treated THP-1 cells after DBCO-CyS5.5 conjugation at various
concentrations. The merged image showed Cy5.5(red) localized on the cellular
membrane. (B) Flow cytometric assay of AcsManNAz treated THP-1 cells after
DBCO-Cy5.5 conjugation at various concentrations. Fluorescence intensity
increased in a dose-dependent manner of DBCO-Cy5.5.

Figure 2.4 Cell-to-cell gluing test. Target cells(PC3 and 22RV1 cells) were stained
with Far-Red dye(red), and effector cells(THP-1 cells) were stained CFSE(green),

respectively.



Figure 2.5 Cytotoxicity of radiolabeled cells at different radioactivity conditions.
Radiolabeling under low activity conditions significantly increased cell viability
until day 3, after that, showed no difference from the negative control. However,
under high activity conditions, it was determined that cell viability was slightly
increased on day 1 and then decreased rapidly by cytotoxicity.

Figure 2.6 Representative small animal PET/CT images at 2, 24, 96, and 144 h

after injection of radiolabeled armed THP-1 cells in normal mice.

Table legends

Table 1. Initial cell number of radiolabeled THP-1 for daily cytotoxicity assay.
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Chapter 1. Introduction

1.1. Cell therapy

Cell therapy is rapidly evolving as cell-based therapy, including stem cells and
immune cells. In particular, immunomodulatory cell therapy involves treating
diseases by activating the immune response using immune cells such as dendritic
cells, natural killer cells, and T-cells. Among them, a concept of introducing a gene
expressing a chimeric antigen receptor into T cells (CAR-T) has been developed
recently for cancer treatment. Various therapies based on CAR-T are undergoing
clinical trials, and some are now licensed for clinical use [1-3]. However, these
CAR-T-based therapies have limitations due to side effects of on-target/off-tumor
effects when adequate targeting is not achieved [4,5]. To overcome the limitations
and side effects of these targeting capabilities, efforts are being made to develop

bispecific CAR-T cells or to improve the performance and efficacy of CARs [6-9].

1.2. Bioorthogonal engineering

Metabolic glycoengineering is a technology that can introduce receptors
chemically on the cell surface using artificial sugar and glycoprotein synthesis. N-
azidoacetyl-mannosamine (AcsManNAz) is widely used for engineering the living
cell surface. Azide groups can be expressed on the cell membrane for chemical
labeling using a substrate such as AcsManNAz. AcsManNAz is metabolized into
N-azidoacetyl neuraminic acid. Then, it is incorporated into glycans, such that
azide groups are expressed in the glycans on the surface of living cells (Figure 1.1).
As such, metabolic glycoengineering provides binding sites for nanoparticles by

creating bioorthogonal chemical receptors on the cell membrane.
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Figure 1.1 Schematic illustration of cell labeling via metabolic glycoengineering.
AcsManNAz is taken up by cells and incorporated into membrane proteins,
resulting in the metabolic labeling of membrane proteins with azide (reproduced

from Nishikawa, M. et al. [10]).
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A new strategy for cell trafficking using bioorthogonal copper-free click
chemistry has attracted considerable attention for its high specificity and low rate
of adverse effects in the cells. Indeed, after azide is expressed on the surface of
living cells, tumor-targeting motifs can easily and quickly conjugate to the cell

surface using bioorthogonal "click" chemistry in vitro or in vivo (Figure 1.2) [11].
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Figure 1.2 Schematic illustration of the generated azide groups after AcsManNAz
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1.3. Cell trafficking by PET

Non-invasive imaging is ideal for the whole-body quantification and longitudinal
monitoring of cellular and molecular processes. Positron emission tomography
(PET), a non-invasive imaging tool, can be applied to understand the spatio-
temporal dynamics of the trafficking of administered therapeutic cells. PET offers
very high sensitivity for monitoring cell trafficking. Only a trace amount of the
radiopharmaceutical in the order of picomolar concentrations is needed for
detection, pharmacokinetic modeling, and determining the biodistribution of the
administered cells [13, 14].

Successful cell trafficking methods for routine clinical applications require
tracers with a long half-life, reliable labeling ability, and cellular retention.
However, '8F used in ['"®F]FDG, a radiopharmaceutical currently actively used
clinically, is unsuitable for continuous tracking of administered cells due to its
short physical half-life (110 minutes). On the other hand, %Zr can be used to
acquire PET images and has a relatively long physical half-life of 78.4 hours,
making it suitable for continuous cell tracking [15, 16]. 3Zr has emerged as a
promising PET radioisotope for direct cell labeling and has been widely used for
antibody-based immuno-PET imaging over the last decade [17]. 3°Zr can be used
for the synthesis of the neutral and lipophilic complex [¥°Zr]Zr(oxinate), with four
oxine (8-hydroxyquinoline) ligands bound to ¥Zr that enter cells through passive

mechanisms (Figure 1.3).
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1.4. Prostate-specific membrane antigen(PSMA)

Prostate-specific membrane antigen (PSMA) is a human protein, and its regular
tissue expression is restricted to a few organs [18]. However, its expression is
further increased, especially in prostate cancer, attracting attention as a specific
target molecule for diagnosing and treating prostate cancer [19-21]. Various small-
molecular compound-based PSMA inhibitors have been developed and studied as
agents for targeting PSMA for imaging and diagnostic therapy. Among these
radiopharmaceuticals, [*®Ga]Ga-PSMA-11 and ['®F]F-DCFPyl have been approved
by the US Food and Drug Administration for diagnosis and are used clinically [20].

Among various small molecule PSMA inhibitors, a urea-based ligand is the most
widely used structure, which is stable and has a high affinity for PSMA [22]. Most
small molecule PSMA inhibitors for diagnosis and treatment have a PSMA-
targeting peptide, glutamine-urea-lysine (GUL), a chelator capable of binding a
metallic radioisotope, and a spacer. As a PSMA targeting pharmacophore, GUL can
bind to various ligands, radioisotopes, or cytotoxic anticancer drugs through

modification (Figure 1.4) [23, 24].



¢

(5:("
COOH

1
. he At
4 e LR L&
HO, -~ OH HO, A . oH HO, 2, oH
YN ONY YN TN
™GalPSMA-11 ["*FIDCFPyL [*FIPSMA-1007
NH,
COoOoH
Prostate Cancer Prostate Cancer
Radiotherapy

;T
QO L.
COOH

e
m:r\”J"H Eon

['"Lu]PSMA-617

. o
"oy

O-_.r‘" ) J Oﬁ"‘

Lys-urea-Glu

[:?;‘?,‘5,‘4).
o N,;/_N B
5 FAY

COOH

o=
HO\gA”ANIE/OH

P*AcIPSMA-617

o

1;0”32;“1"{;;
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1.5. Research objectives

In this study, THP-1 cells were modified to enhance the targeting ability for
PSMA -positive tumor cells using metabolic glycoengineering and bioorthogonal
“click” chemistry. In addition, THP-1 cells were radiolabeled with

[¥Zr]Zr(oxinate)s for PET imaging that could track their migration in vivo.



Chapter 2. A feasibility study of cell membrane
engineering for PSMA-targeted cell therapy and

trafficking

2.1. Background

Cell therapy is based on cells such as stem cells or immune cells. In particular,
immunomodulatory cell therapy treats diseases by activating the immune response
using immune cells such as dendritic cells, natural killer cells, and T-cells. CAR-T,
a novel immunomodulatory cell therapy involving the introduction of genes
expressing chimeric antigen receptors (CARs) into T cells, has recently been
actively researched clinically and is expected to be approved internationally.
However, these CAR-T-based therapies also have limitations due to side effects of
on-target/off-tumor effects when sufficient targeting is not achieved. To overcome
the limitations and side effects of these targeting capabilities, efforts are being
made to develop bispecific CAR-T cells or to improve the performance and
efficacy of CARs.

Cell-cell interactions between immune cells and tumor cells are essential to
overcome the problems of CAR-T-based immune cell therapy. More effective
anticancer treatment can be expected if the binding between these two types of
cells is enhanced. In particular, binding between ligands and receptors on the cell
surface plays an important role [25]. For example, CD20, CD22, HER2, etc., used
for CAR-T, are employed for targeting tumor cells [26, 27]. Recently, a method of
controlling glycostructure expression on the cell surface using metabolic
glycoengineering and binding structures such as artificial target ligands using

bioorthogonal “click” chemistry has been proposed [28, 29].
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Metabolic glycoengineering is a technology that can introduce receptors
chemically on the cell surface using artificial sugar and glycoprotein synthesis. A
reactive azide group can be expressed on the cell membrane for chemical labeling
using a substrate such as N-azidoacetyl-mannosamine (AcsManNAz). After that, it
can easily and quickly combine with various structures that can be conjugated

through bioorthogonal chemical reactions in vitro or in vivo.

2.2. Experimental

2.2.1. Materials

AcsManNAz, carboxyfluorescein succinimidyl ester (CFSE), Far-red solution,
4',6-diamidino-2-phenylindole (DAPI) were purchased from Thermo Fisher
Scientific (MA, USA). ADIBO-Cy5.5 was purchased from FutureChem (South
Korea). The MTS/PMS solution for the cytotoxicity test was purchased from
Promega(MS, USA). RPMI-1640 cell culture medium was purchased from
Welgene (South Korea). PBS, 8-hydroxyquinoline (8-HQ), 2-mercaptoethanol, and
fetal bovine serum (FBS) were purchased from Sigma-Aldrich (MA, USA).
Dulbecco’s Phosphate Buffered Saline (DPBS), trypsin, and antibiotic-antimycotic
were purchased from Gibco (MO, USA). THP-1 cell, a monocyte isolated from
peripheral blood from an acute monocytic leukemia patient, was purchased from
Korean Cell Line Bank (KCLB, South Korea). 22RV1 and PC3 cells, human
prostate carcinoma epithelial cell lines, were purchased from the American Type

Culture Collection (ATCC).

2.2.2. Cell culture

THP-1 cells were cultured in RPMI-1640 cell culture medium, supplemented
with 10% FBS, 1% antibiotic-antimycotic, and 0.05 mM of 2-mercaptoethanol.

THP-1 cells were maintained in suspension in a standard CO, incubator (5% CO,,
3

11 4 2-1
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37°C). 22RV1 and PC3 cells were cultured in RPMI-1640 medium, supplemented
with 10% FBS and 1% antibiotic-antimycotic. 22RV1 and PC3 cells were

maintained in suspension in a CO; incubator.

2.2.3. In vitro cytotoxicity assay

Cytotoxicity was evaluated using the MTS assay after treatment with
AcsManNAz or DBCO-Cy5.5, respectively. To determine the optimal
concentration of AcsManNAz for THP-1 cells, THP-1 cells were seeded onto 96-
well plates (1.0 x 103 cells/100 pl/well, n = 5) and incubated with various
concentrations (0, 5, 10, 20, 50, or 100 uM) of AcsManNAz for 24 h. After
incubation, the medium was discarded, and the cells were washed twice with DPBS.
MTS solution (20 pl/100 pl of cell culture media) was added to each well. After a 2
h incubation, the absorbance of each well was measured at 490 nm and a reference
wavelength of 700 nm using a microplate reader (SpectraMax Plus 384, Molecular
Devices Corp., SJ, USA).

To assess the cell viability, THP-1 cells were treated with DBCO-Cy5.5 (0, 5, 10,
20, 50, or 100 uM for 1 h). After incubation, the medium was discarded, and the
cells were washed twice with DPBS. MTS solution (20 pl/100 pl of cell culture
media) was added to the DBCO-Cy5.5-treated THP-1 cells and incubated for 2 h.
The absorbance of DBCO-CyS5.5-treated THP-1 cells was measured at 490 nm,
with a reference wavelength of 700 nm. The cell viability was calculated according
to Eq. 1:

Cell viability (9 ) =rsm:5100 95 -+ Eq.1
Contorl

where ODryeated and ODcontror Tefer to the optical density of each treated condition

and 0 puM treated of AcsManNAz or DBCO-CyS5.5.
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2.2.4. In vitro azide generation and bioorthogonal labeling of

THP-1 cells

In vitro, cell-surface azide expression and bioorthogonal labeling strategy were
used to increase the tumor-targeting ability of THP-1 cells. Confocal fluorescence
microscopy and flow cytometric assay were conducted to monitor azide generation
and bioorthogonal labeling. THP-1 cells (1.0 x 10° cells/1.2 ml) were incubated
with a final concentration of 100 uM of AcsManNAz for 24 h in a 24-well plate.
Then, THP-1 cells were transferred to a FACS tube and centrifuged at 130xg for 5
min, at 37°C, and the cell pellets were washed twice with DPBS. The azide-
expressing THP-1 cells were treated with various concentrations (0, 5, 10, 20, 50,
or 100 uM) of ADIBO-Cy5.5 for 1 h, at 37°C in a CO; incubator. Cy5.5 treated
THP-1 cells were washed twice with DPBS, and the cell pellets were resuspended
in DPBS, including 1% bovine serum albumin for flow cytometric assay. Flow
cytometry was performed at Ex: 633 nm/ Em: 667 nm. Furthermore, Cy5.5 treated
THP-1 cells were treated with DAPI for 10 minutes and then fixed in a 4%
paraformaldehyde solution for 30 minutes. DAPI-stained Cy5.5-THP-1 cells were

examined using confocal fluorescence microscopy (LSM 800, Zeiss, Germany).

2.2.5. Cell-to-cell gluing test

The azide-expressing THP-1 cells that had undergone bioorthogonal labeling
with ADIBO-GUL were named "armed" THP-1 cells. The GUL (glycine-urea-
lysine) motif on the cell surface increases the targeting ability for PSMA. THP-1
cells were treated with 100 uM of AcsManNAz for 24 hours to enable azide-group
expression on the cell surface. Next, the azide-expressing THP-1 cells were
centrifuged at 130xg for 5 min, and the cell pellets were washed twice with DPBS.
To conjugate the azide-expressing THP-1 cells with the PSMA targeting motif, they
were treated with 100 uM of ADIBO-GUL for 1 hour. Non-armed THP-1 cells

13 A -1l



were only treated with AcsManNAz as a negative control. Armed and non-armed
THP-1 cells were monitored using a cell-to-cell gluing test after CFSE staining.
Armed and non-armed THP-1 cells (1.5 x 10° cells) were stained with 1.1 uM of
CFSE for 20 min at 37°C. Both CFSE-stained armed and non-armed THP-1 cells
were washed twice with DPBS.

22RV1 (PSMA positive) and PC3 (PSMA negative) cells were used to determine
cell-to-cell gluing by the GUL motif for PSMA-targeted binding. To evaluate the
effect on cell recognition, PSMA ligand conjugated THP-1 cells (as effectors) were
co-cultured with PSMA positive 22RV1 cells (as target cells) at a 3:1 effector-to-
target cell (E/T) ratio. The interaction between THP-1 and 22RV1 was monitored
using confocal fluorescence microscopy. The target cells were planted into 6-well
plates (5.0 x 10° cells/well, n = 3) and incubated for adhesion to the bottom of the
plate for 24 h at 37°C in a CO; incubator. After incubation, the target cells were
treated with 1 mL/well of Far-red solution (0.167 uM) for 20 minutes in a dark
place. After incubation, the far-red solution was discarded, and the target cells were
washed twice using complete growth media. Finally, the growth medium was
replaced with 1 ml of fresh growth medium.

For the cell-to-cell gluing test, the target cells' culture media was removed. Each
well was treated with 1.5 x 10° cells/l ml of armed or non-armed THP-1 cells.
After a 4 h co-culture incubation, the supernatant was discarded to remove non-
adherent THP-1 cells and washed twice with 3 ml of DPBS. Each well was fixed in
4% paraformaldehyde solution for 30 min at room temperature. Afterward, the 4%
paraformaldehyde was removed, and confocal fluorescence microscopy was used
to identify whether the effector cells and target cells coexisted through cell-to-cell

adhesion.

2.2.6. [¥Zr]Zr(oxinate), synthesis and radio-TLC

14 -:lx'



[8Zr]Zr(oxinate)s complex was synthesized from [*Zr]Zr(oxalate)s using ion
exchange chromatography. Sep-Pak Light Accell plus QMA strong anion exchange
cartridge (Waters, MA, USA) was activated with 6 ml of acetonitrile, 10 ml of
saline, and 10 ml of distilled water (DDW). A water-diluted [¥Zr]Zr(oxalate),
solution (~ 18.5 MBg/10 mL) was passed through the activated anion exchange
cartridge. [¥Zr]Zr(oxalate), loaded cartridge was washed using more than 100 ml
of DDW to remove residual oxalic acid. [¥Zr]ZrCly was recovered by passing
through 300 pL of 1.0 M HCl into the washed cartridge. [**Zr]ZrCl, was adjusted to
a pH of 7.0-8.0 using 1.0 M HEPES buffer, and the pH was confirmed with a pH
test paper (Doo-San Scientific, South Korea).

An 8-Hydroxyquinoline (8-HQ) solution was prepared by combining 460 ug of
8-HQ with 1 ml of 10 mM HEPES buffer. 100 pl of the freshly prepared 8-HQ
solution was added to [**Zr]ZrCl, (5 MBq) and incubated at room temperature for
30 min. Radio-TLC (50 mM DTPA, pH 7.0) was conducted to validate the quality

of [¥Zr]Zr(oxinate)s complex.

2.2.7. Cell radiolabeling and cytotoxicity

The THP-1 cells (5.0 x 10° cells) were radiolabeled using 0.74 MBq (low
activity) or 7.4 MBq (high activity) [3*Zr]Zr(oxinate), treatment for 30 min (at
room temperature, 650 rpm using Thermomixer). The radiolabeled THP-1 cells
were washed with 3 ml of complete growth medium twice and PBS once. The

radiolabeling efficiency was calculated according to Eq. 2:

Radiolabeling efficiency (%):CB—HWX 100 % -----£q.2
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where cell pellet activity refers to the measured radioactivity using a dose
calibrator after the cell washing step, and the initial dose refers to the initially
treated radioactivity of [¥°Zr]Zr(oxinate)s,.

MTS assay was performed to determine the cytotoxicity of radiolabeled THP-1
cells for up to 7 days. Radiolabeled THP-1 cells were prepared in a 96-well plate,
as shown in Table. 1 below, and cytotoxicity was confirmed on the same day. As a

control, the same number of non-radiolabeled THP-1 cells were prepared.
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Table 1. Initial cell number of radiolabeled THP-1 for daily cytotoxicity assay

Days Radiolabeled THP-1 cells
0 1 x 10° cells
1 5 x 10* cells
3 5 x 10* cells
5 1 x 10* cells
7 1 x 10* cells

17



2.2.8. In vivo cell trafficking by PET imaging

Animal experiments were conducted with the approval of the Institutional
Animal Care and Use Committee (IACUC, approval number BA-2111-332-008-
03). BALB/c nude mice (male, six weeks old) were purchased from Orient Bio
(South Korea), and after a one-week incubation period, they were reared in a
specific pathogen-free (SPF) environment. Water and chow were fed ad libitum
under a normal night/day cycle of 12 hours.

The tail vein of the mice was injected with 5 x 10 radiolabeled, armed THP-1
cells ( ~ 740 KBq). PET/CT images were acquired using small animal PET/CT
(NanoPET/CT, Mediso Inc., Hungary) at 2 hours, 1, 4, and 6 days after injection.
PET images were analyzed using PMOD software (version 3.6, PMOD

Technologies Ltd., Switzerland).

2.2.9. Statistical analysis

The results are presented as mean + standard deviation (SD). Means between the
two groups were compared using Student’s two-tailed 7-test, whereas the one-way
ANOVA was used for comparison when more than two groups were compared. p
values < 0.05 were considered statistically significant. Statistical analyses were
performed using the GraphPad Prism 8.0 software (GraphPad Software Inc., CA,
USA).
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2.3. Results and discussion

2.3.1. In vitro cytotoxicity assay

Treatment with AcsManNAz at concentrations ranging from 5 to 100 pM did not

significantly increase cytotoxicity compared to the control group. (Figure 2.1).
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Figure 2.1 In vitro cytotoxicity of THP-1 cells at various concentrations of

AcsManNAz.
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Next, an assessment of the effect of the cytotoxicity of DBCO-Cy5.5 on THP-1
cells was conducted. THP-1 cells were treated for 1 h with DBCO-Cy5.5 (0, 5, 10,
20, 50, and 100 uM), and cytotoxicity was evaluated. Treatment with DBCO-5.5 at

5-100 uM concentration resulted in no significant cytotoxicity compared to the

control group (Figure 2.2).
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Figure 2.2 In vitro cytotoxicity of THP-1 cells at various concentrations of DBCO-

Cy5.5.
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Metabolic glycoengineering is a novel technology that can enable the expression
of reactive chemical groups on the cell surface using cellular metabolism. It has the
advantage of easily conjugating new functional groups to reactive groups formed
on cell membranes by bioorthogonal chemical reactions. This experiment
confirmed that there was no cytotoxicity caused by substances used in metabolic
glycoengineering (AcsManNAz or DBCO-bearing fluorophore). Accordingly, the

optimal treatment concentration of AcsManNAz was set at 100 uM.

2.3.2. In vitro cell-surface azide expression and bioorthogonal

labeling of THP-1 cells

THP-1 cells treated with AcsManNAz were conjugated with DBCO-Cy5.5 using
bioorthogonal labeling. The cells were treated with 100 pM AcsManNAz to
achieve maximal expression of azide without cytotoxicity. The non-toxic
concentration of DBCO-Cy5.5 for bioorthogonal labeling was also determined by
evaluating treatments with several concentrations of DBCO-Cy5.5 (0, 5, 10, 20, 50,
and 100 pM).

Confocal fluorescence microscopy and flow cytometry were conducted to
estimate the fluorescence signal intensity of Cy5.5 on the cell surface (Figure 2.3),
which was determined to increase in a dose-dependent manner. The treatment
concentration of ADIBO-GUL (100 pM), which exhibited no cytotoxicity and is
advantageous for bioorthogonal labeling, was optimized and applied to the next

experiment.
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Figure 2.3 Differences in the efficiency of bioorthogonal labeling according to the
DBCO-CyS5.5 treatment concentration. (A) Confocal microscopy analysis of
AcsManNAz treated THP-1 cells after DBCO-Cy5.5 conjugation at various
concentrations. The cell nuclei were stained with DAPI(blue). The merged image
showed Cy5.5(red) localized on the cellular membrane. (B) Flow cytometric assay
of AcsManNAz treated THP-1 cells after DBCO-Cy5.5 conjugation at various

concentrations. Fluorescence intensity increased in a dose-dependent manner of
DBCO-Cy5.5 .
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In the bioorthogonal chemical reaction, it was confirmed that the fluorescence
signal of conjugated Cy5.5 increased up to 100 uM in a dose-dependent manner.
Based on these results, the treatment concentration of ADIBO-GUL was also set to

100 M.
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2.3.3. Cell-to-cell gluing test

The cell-to-cell gluing test was performed to evaluate adhesion to target cells
(22RV1) using THP-1 cells conjugated with ADIBO-GUL instead of DBCO-CyS5.5.
To conjugate the PSMA targeting motif to THP-1 cells, they were treated with 100
uM of AcsManNAz for 24 h, followed by 100 uM ADIBO-GUL for 1 h. Cell-to-
cell gluing to 22RV1 cells was confirmed using the PSMA targeting motif armed
THP-1 cells as effector cells.

Non-armed THP-1 cells used as a control did not show adhesion to either PC3 or
22RV1 cells. Armed THP-1 cells also did not show adherence to PC3 cells. On the
other hand, it was confirmed that a large number of armed THP-1 cells were
attached and specifically bound to 22RV1 (Figure 2.4). This phenomenon is
considered to have influenced the interaction with 22RV1 cells by endowing THP-

1 cells with a PSMA targeting ability that did not previously exist.
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Figure 2.4 Cell-to-cell gluing test. Target cells(PC3 and 22RV1 cells) were stained
with Far-Red dye(red), and effector cells(THP-1 cells) were stained CFSE(green),

respectively.
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2.3.4. [¥Zr]Zr(oxinate), synthesis cell radiolabeling

The radio-TLC profile of [*Zr]Zr(oxinate)s synthesis is shown in Appendix
Figure Al. The [¥Zr]Zr(oxinate), complex was synthesized in an aqueous solution
and was used for cell labeling without further purification.

Cells were radiolabeled using [¥°Zr]Zr(oxinate), to monitor the trafficking of the
injected cells in vivo using PET imaging. To determine cytotoxicity by cell
radiolabeling, 5 x 106 cells of THP-1 cells were labeled with 0.74 MBq or 7.4 MBq
of [¥Zr]Zr(oxinate)s. Non-radiolabeled THP-1 cells were used as a negative
control. In the low-activity labeled group, cell viability significantly increased
compared to the control group on days 1 and 3 after radiolabeling, and there was no
difference from the control group until seven days. In the high-activity labeled
group, cell proliferation was temporarily increased on day 1 after radiolabeling, but
it was not significant. However, from day 3 after radiolabeling, the cell viability
decreased dramatically, and cytotoxicity was determined by radiolabeling
(Figure 2.5). According to these results, cell radiolabeling was performed in
subsequent experiments under low activity conditions. At low activity labeling
conditions, a labeling efficiency of 54.5 + 17.8% for [%Zr]Zr(oxinate),; was

determined.
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Figure 2.5 Cytotoxicity of radiolabeled cells at different radioactivity conditions.

Radiolabeling under low activity conditions significantly increased cell viability

until day 3 and, after that, showed no difference from the negative control.

However, under high activity conditions, it was determined that cell viability was

slightly increased on day 1 and then decreased rapidly by cytotoxicity.
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2.3.5. In vivo cell trafficking using PET imaging

PET/CT images were obtained at 2, 24, 96, and 144 hours after injection.
Radiolabeled, armed THP-1 cells migrated to the lung 2 h after injection and were
detected to be distributed throughout the lung until day 6. It was established that
some radioactively labeled armed THP-1 cells migrated to the liver and spleen
from day 1 after injection, and it was established that the amount of migration to

the liver and spleen gradually increased until day 6 (Figure 2.6).
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Figure 2.6 Representative small animal PET/CT images at 2, 24, 96, and 144 h

after injection of radiolabeled armed THP-1 cells in normal mice.
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It was reported that the concentration of eGFP-5T33 cells radiolabeled with
[¥Zr]Zr(oxinate)s peaked at 9 h after injection and then declined thereafter [30]. In
another report, [**Zr]Zr-DFO-Bn-NCS-labeled leukocytes were confirmed to
remain in the lungs up to 4 hours after the injection before migrating to the liver
and spleen, which continued until day 7. It was determined that human
mesenchymal stem cells radiolabeled in the same manner remained in the lungs for
up to 7 days [31]. This study determined that the radiolabeled armed THP-1 cells
stayed in the lungs and then gradually moved to the liver and spleen. However,
compared to previous reports, significant amounts of the injected cells were
identified in the lungs up to 6 days after injection. Considering these results, using
an actual prostate cancer tumor transplantation animal model may limit target cell
migration. This phenomenon is presumed to be the death of injected cells or their
stagnation without passing through pulmonary capillary vessels, and the cells

maintained in the lungs need to be identified histologically.
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2.4.Summary

In this study, the concentration of AcsManNAZ was optimized using a
cytotoxicity test. In addition, using the cytotoxicity test results and flow cytometric
assay, it was confirmed that the in vitro bioorthogonal labeling increased in a dose-
dependent manner for DBCO-Cy5.5 concentrations up to 100 uM. Next, the
PSMA-specific targeting ability of armed THP-1 cells was confirmed by labeling
them using ADIBO-GUL instead of DBCO-Cy5.5. This phenomenon is considered
to have influenced the interaction with 22RV1 cells by endowing THP-1 cells with
a PSMA targeting ability that did not previously exist.

The [¥Zr]Zr(oxinate)s complex was synthesized in an aqueous solution and was
used for cell labeling without further purification. Cells were radiolabeled using
[¥Zr]Zr(oxinate), to monitor the trafficking of the injected cells in vivo by PET
imaging. 5 x 10° THP-1 cells were labeled with low ( ~ 0.74 MBq) or high ( ~ 7.4
MBq) activity [**Zr]Zr(oxinate)s, and non-radiolabeled THP-1 cells as a control.
Low activity conditions did not cause any cytotoxicity to the THP-1 cells. However,
cell viability in the high-activity labeled group was dramatically decreased by
[®Zr]Zr(oxinate), until day 7. According to these results, cell radiolabeling was
performed in a subsequent experiment under low activity conditions, and at this
time, the labeling efficiency for [¥°Zr]Zr(oxinate)s was observed to be 54.5 £+ 17.8%.

PET/CT images were obtained at 2 hours, 1, 4, and 6 days after injection using
small animal PET/CT. Armed THP-1 cells migrated to the lung at 2 h after
injection and continued migrating throughout the lung until day 6. After that, it was
confirmed that armed THP-1 cells migrated to the liver and spleen from day 1, and

the migration gradually increased.
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Chapter 3. Conclusion

This study demonstrated that PSMA-targeting ligands that were conjugated to
THP-1 cells through metabolic glycoengineering and bioorthogonal chemistry were
specifically bound to PSMA-positive cell lines. The small animal PET/CT images
helped monitor the in vivo behavior of radiolabeled THP-1 cells. Based on the
results of this study, it is expected that metabolic glycoengineering can be used to
improve the targeting ability of immunomodulatory cell therapy products, evaluate
in vivo pharmacokinetics, and predict drug distribution using cell tracking imaging

techniques.
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Appendix

Figure Al. Radio-TLC profiles for [¥Zr]Zr(oxinate), synthesis
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Radio-TLC profiles on silica gel instant thin-layer chromatography paper (ITLC-
SG; Agilent Technologies) in 50 mM DTPA. (A) The radio-TLC result of
[¥Zr]Zr(oxalate)s; (B) [39Zr]ZrCly; (D) [3°Zr]Zr(oxinate)s. (C) Radio-TLC results

were obtained during the process of converting [3°Zr]ZrCl, to [3°Zr]Zr(oxinate)s.
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