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Abstract

Immune modulating nanomedicine for
cancer metabolism reprogramming and
rheumatoid arthritis vaccination

YINAWU

Department of Pharmacy
Pharmaceutics Major
The Graduate School

Seoul National University

The immune system plays a vital role in safeguarding the body against
pathogens and a broad spectrum of diseases. However, when the immune
system malfunctions, an imbalance can occur, resulting in either an
overactive or underactive immune response. For example, in the context of
cancer, the immune system fails to recognize and eliminate abnormal cells,
enabling their aggressive growth. In autoimmune diseases, the immune
system mistakenly recognizes healthy cells and tissues as foreign invaders,
leading to an immune response against them. Consequently, it becomes
crucial to modulate the function of immune system to address diverse
conditions in cancer and autoimmune disease therapies. Nanomedicine, an
exciting field harnessing nanotechnology, holds promise for developing
innovative diagnostic and therapeutic tools. By designing nanomaterials,
specific immune cells or tissues can be targeted, facilitating the delivery of
therapeutic agents to the desired locations. In this Ph.D. dissertation, three
nano-delivery systems have been developed to overcome the limitations
associated with current immunotherapeutic approaches in cancer and
autoimmune disease therapy by effectively modulating immune cells.

In Chapter 1, the current immunotherapy for cancer and autoimmune
disease treatment was reviewed. Additionally, the limitations of these
approaches in their current status were mentioned, emphasizing the
importance of developing nano-delivery systems to effectively modulate
immune cells and overcome these challenges.

In Chapter 2, the anticancer functions of T cells were activated by
inducing lipid metabolic reprogramming within the glucose-deficient tumor
microenvironment using nanomedicine. To achieve this, fenofibrate was
encapsulated in poly (y-glutamic acid)-based nanoparticles (F/ANs), and the
surfaces of F/ANs were modified with an anti-CD3e f(ab’)2 fragment,
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resulting in aCD3/F/ANs. Through the stimulation of fatty acid metabolism,
aCD3/F/ANs supported T cell proliferation within the hypoglycemic tumor
microenvironment. The treatment of tumor-bearing mice with aCD3/F/ANs
enhanced cytokine production within tumor tissues and prevented tumor
growth. This study highlights the potential of nanomedicine-enabled fatty
acid metabolic reprogramming of tumor-infiltrating lymphocytes as a novel
approach to overcome the challenge of nutrient deficiency in
immunotherapy.

In Chapter 3, a cationic lipid nanoparticle modified with mannose (M-
NP) was developed to deliver the nucleic acid adjuvant
polyinosinic:polycytidylic acid (PIC) specifically to antigen-presenting cells.
The PIC-loaded M-NP (PIC/M-NP) exhibited stable lipoplexes irrespective
of the ligand ratio and showed minimal cytotoxicity in bone marrow-derived
dendritic cells (BMDCs). This study demonstrated the uptake of PIC/M-NP
by DCs, and an increased mannose ligand ratio improved the efficiency of
DC uptake. Moreover, PIC/M-NP significantly enhanced the maturation of
BMDCs, and subcutaneous injection of PIC/M-NP in mice facilitated
lymphatic delivery and DC activation upon NP uptake. These findings
highlight the potential of PIC/M-NP as a promising vaccine delivery system
in immunotherapy.

In Chapter 4, a nanovaccine based on tannic acid for the treatment of
rheumatoid arthritis was designed, aiming to induce antigen-specific
immune tolerance. The nanovaccine, known as CitDTN, was engineered to
deliver dexamethasone and citrullinated peptide in a lipid-coated
nanoparticle, with tannic acid serving as the core material. The surface of
CitDTN was then modified with abatacept, resulting in AbaCitDTN.
AbaCitDTN successfully reshaped the properties of dendritic cells towards
tolerogenic phenotypes, disrupting the co-stimulatory signals between DCs
and T cells. This intervention resulted in suppressed T cell proliferation and
reduced secretion of IL-2. In a collagen-induced arthritis DBA/1 mouse
model, AbaCitDTN was subcutaneously administered on a weekly basis,
totaling four injections. This treatment led to diminished inflammation
within the synovial space and decreased autoimmunity against type Il
collagen and citrullinated peptide. Notably, in vivo administration of
AbaCitDTN improved clinical symptoms and provided joint protection
against destruction in this animal model. These findings indicate the
potential of tannic acid-based nanomaterials to induce antigen-specific
immune tolerance as a viable therapeutic approach for rheumatoid arthritis,
without causing severe systemic immune suppression that is associated with
the side effects of current autoimmune disease immunotherapy.

Keyword: nanomedicine, immunomodulation, metabolic reprogramming,

tolerogenic vaccine, cancer, rheumatoid arthritis
Student Number: 2017-28204

ii



Table of Contents

LiSt Of TADIES ... v
LiST OF FIQUIES ...t vi
Chapter 1. OVEIVIEW. ........coiiiiieieiiesie ettt 1
1.1. Imbalance of the immune SyStem ...........ccccevceveiieie e 2
110 CANCET ittt 2
1.1.2. AULOIMMUNE AISEASE.....eevviveenieeieesiierieeiee e sie et ee e 3
1.2. Current status and limitations of immunotherapy...........cc.cccceueene. 3
1.2.1. Immunotherapy for Cacner...........ccccovveveiieiesie e, 4
1.2.2. Immunotherapy for autoimmune diSease ............cccccvevverreennenn, 4
1.3. Nanomedicine for modulating immune cells............c.cccooveeinnn. 4
1.3.1. Nanomedicine for modulating T cells ..........cccoovnviiiiiienn 5
1.3.2. Nanomedicine for modulating antigen-presenting cells.......... 6
1.3.3. Advantage of nanomedicine for immune cell modulation......7
1.4, SCOPE OF STUAY ....ccvveeiciecece e 7
1.5, RETEIBNCE ..ot 8
Chapter 2. Nanoparticle-mediated lipid metabolic reprogramming of T
cells in tumor microenvironments for immunometabolic therapy ..... 11
2.1, INErOTUCTION. ..o e 11
2.2. Material and method ...........ccooveiiiieiieecceee e 14
2.3, RESUILS ...t 25
2.4, DISCUSSION ..ottt sttt sttt nes 42
2.5, CONCIUSION ...t 45
2.6. RETEIENCE ..ot 46
Chapter 3. Lipid nanoparticle-mediated lymphatic delivery of
immunostimulatory NUCIEIC aCids...........cccoveviieiieiecee e 51
3.1 INErOAUCTION ... e 52
3.2. Material and Method ...........ccovveeiiniieie e 53

3.3  RESUIS .. ;'"'-'"""-57 )

i J2



e DISCUSSION ettt e e et e e e e e e e e e e e aeeeaaas 62

3.5, CONCIUSION ... e 63
3.6. RETEIENCE ..o 64
Chapter 4. Tannic acid-based nanomaterials for tolerogenic
immunotherapy of rheumatoid arthritis...........c.ccccoooevveieeve e, 67
A2, INEFOTUCTION ..o 68
4.2. Material and method ..........cccooeiiiiiie i 70
4.3, RESUITS ...t 81
4.4, DISCUSSION ...vvvirieiieniesiesie sttt st sttt 108
N o] o Tod 1115 o] o TS 113
4.6. RETEIEINCE ....oovieeciiecee et 113
Chapter 5. SUMMAIY ......ccoooiiiieieece e 118
ADSEract iN KOFEAN .......cooiiiiiie e 120
ACKNOWIEAGEMENT ... 122
iv ’



List of Tables

Chapter 4

Table 1. Primer sequences for quantitative real time-PCR



Chapter 1

Figure 1.

Figure 2.

Figure 3.

Chapter 2

Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.

Figure 11.
Figure 12.

List of Figures

The immunosuppressive factors that inhibit functions of
immune cells in the TME are shown.

Strategy to enhance anticancer effect of TILs in the
hypoglycemic TME by nanomedicine is illustrated.
Nanomedicine-mediated DC modulation for immunotherapy.

Metabolic reprogramming of T cells by aCD3/F/ANs.
Characterization of nanoparticles.

Uptake of nanoparticles by T cells.

The cellular mechanism underlying aCD3/F/AN-induced
enhancement of lipid metabolism is illustrated.

Fatty acid metabolism-associated gene expression and lipid
uptake in T cells.

Mitochondrial morphology, membrane potential, and fatty
acid metabolism in T cells.

Enhanced T cell survival and proliferation induced by
metabolic reprogramming.

In vitro anticancer activity of aCD3/F/AN-treated T cells.

In vivo T cell-targeting ability of aCD3/F/ANs.

In vivo PPARa expression and lipid uptake by T cells in
tumor tissues.

Antitumor effects of aCD3/F/ANS in vivo.

In vivo cytokine production by T cells in tumor tissues.

Vi



Chapter 3

Figure 1.

Figure 2.
Figure 3.

Figure 4.
Figure 5.
Figure 6.
Figure 7.

Chapter 4

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.

Figure 7.
Figure 8.
Figure 9.

Figure 10.

Figure 11.
Figure 12.

Dendritic cell (DC)-mediated lymph node targeting by
polyinosinic:polycytidylic acid (PIC)/mannose-modified
cationic lipid nanoparticle (M-NP).

Characterization of PIC/M-NP.

PIC/M-NP cytotoxicity on bone marrow-derived dendritic
cells (BMDC).

Intracellular uptake of PIC/M-NP by BMDC.

In vitro activation of BMDC by PIC/M-NP.

In vivo lymph node-targeting ability of PIC/M-NP.

In vivo DC maturation in inguinal lymph nodes.

Tolerogenic reprogramming of DC by AbaCitDTN.
Characterization of TN.

Radical scavenging activity of nanoparticles.
Characterization of nanoparticles.

Quantification of tannic acid and CitP in nanoparticles.

DC targeting and endocytosis of AbaCitDTN via co-
stimulatory molecules.

Tolerogenic DC induction by nanoparticles.

Inhibition of inflammatory signaling pathway by
nanoparticles through tannic acid core-mediated ROS
scavenging.

Co-stimulatory signal blockade by nanoparticles.
Suppression of CitP-specific immune responses by
nanoparticles at cellular level.

In vivo lymph node targeting ability of AbaCitDTN.

Prophylactic efficacy of nanoparticles in CIA mouse model.

3 2]
vii -



Figure 13.
Figure 14.

Figure 15.

Figure 16.

Figure 17.
Figure 18.

Bone architecture and bone erosion observation.

Cytokine and chemokine evaluation in serum and synovial
fluid.

Regulation of antigen-specific immune responses by the
tolerogenic vaccine.

Immune cell profiling in lymphoid organs.

Histological analysis of knee joints.

Defensive immune responses against hemagglutinin.

viii



Chapter 1

Overview

1 - A2ty



Chapter 1. Overview

1.1. Imbalance of the immune system

The immune system is responsible for defending the body against
pathogens and providing protection against diverse diseases. However, if the
immune system does not function properly, it may lead to either an
overactive or underactive immune response, resulting in an imbalance in the
immune system [1]. In this context, two common types of immune system
imbalances will be discussed, including cancer and autoimmune disease.

1.1.1. Cancer

Immune system imbalance in cancer is related to the dysregulation or
malfunction of the immune system that fails to recognize and eliminate
cancer cells. Cancer cells have changed to an abnormal status and evaded
immune surveillance by creating an immunosuppressive tumor
microenvironment (TME) that allows them to thrive [2]. Several
immunosuppressive factors are shown in Figure 1.

Firstly, cancer cells can express certain molecules, such as PD-1 and
CTLA-4, on their cell surface. These molecules act by inhibiting the
activation of T cells and hindering their ability to attack cancer cells.
Secondly, the presence of chronic inflammation can contribute to the
development and progression of cancer. Inflammatory processes release
signaling molecules like cytokines and chemokines that can facilitate tumor
growth, invasion, and metastasis. Thirdly, within the TME, certain immune
cells can secrete factors such as TGF-B. These factors play a role in
suppressing immune responses and supporting the survival of tumors [3]. In
addition, the functionality of immune cells, particularly T cells, can be
impaired due to the nutrient deficiency. This can manifest as T cell
exhaustion or malfunction, which restricts their capability to recognize and
combat cancer cells [4]. Also, immunosuppressive metabolites such as
lactate and adenosine, along with oxidative stress produced by cancer cells,
inhibit the functions of immune cells within the TME. Finally, cancer cells
can decrease the expression of molecules involved in antigen presentation.
Consequently, immune cells face difficulties in identifying and responding
to cancer-specific antigens [5].
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Figure 1. The immunosuppressive factors that inhibit functions of immune
cells in the TME are shown.

1.1.2. Autoimmune disease

In autoimmune diseases, there is an imbalance or dysregulation of the
immune system that leads to an overactive immune response against the
body's own healthy cells and tissues. Instead of protecting the body, the
immune system mistakenly attacks and damages various organs and systems
[6].

Various mechanisms of immune imbalances contribute to development of
autoimmune diseases. Firstly, autoantibodies generated by the immune
system specifically target and attack the body’s own cells and tissues. These
autoantibodies can induce inflammation, tissue damage, and dysfunction in
affected organs. Secondly, an imbalance between regulatory T cells and
effector T cells can lead to an excessive activation that causes an attack on
self-tissues [6]. Thirdly, genetic factors have the potential to contribute to an
elevated risk of developing autoimmune diseases. These genetic variations
can impact components of the immune system, such as the major
histocompatibility complex (MHC) genes, which play a role in regulating
immune responses and distinguishing self from non-self [7].

1.2. Current status and limitations of immunotherapy

Immunotherapy utilizes the natural defense and protection mechanism of
the body, the immune system, to treat cancer and autoimmune diseases. It
works by regulating the immune response to eliminate abnormal cells or
modulate autoimmunity. By boosting or ameliorating the immune response
under abnormal conditions, immunotherapy is currently an emerging
approach in the treatment of various types of cancer and autoimmune
diseases [8, 9]. However, there are still limitations that require to be
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addressed.

1.2.1. Immunotherapy for cancer

To date, there are several types of immunotherapies in the treatment of
cancer. The notable approaches include immune checkpoint inhibitors, CAR
T-cell therapy, bispecific antibodies, cancer vaccine, and cytokine therapy
[10].

Although immunotherapy has shown remarkable success in treating
certain types of cancer, there are still limitations and challenges related to its
application.  Firstly, tumor can create an immunosuppressive
microenvironment including nutrient deficient, secreted factors, and
oxidative stress [4]. Secondly, tumor can have genetic alterations and
significant heterogeneity, making them less susceptible to immune
recognition and elimination [11]. Moreover, some tumors may have a low
number of infiltrating immune cells, making it difficult to elicit a robust
anti-cancer immune response [12].

1.2.2. Immunotherapy for autoimmune disease

Immunotherapy for autoimmune diseases refers to the use of medications
that modulate the immune system to suppress the overactive immune
response. Currently, the goal of immunotherapy for autoimmune disease is
to reduce inflammation and minimize damage to healthy tissues [13].

The common options of immunotherapy used for autoimmune diseases
include corticosteroids, disease-modifying anti-rheumatic drugs, biologic
therapies, and immunomodulatory drugs [14]. These therapies have made
significant advancements, but they still face certain limitations for
autoimmune disease treatment. Current therapies mostly focus on symptom
management and inflammation reduction rather than addressing the root
cause of the autoimmune diseases. While these treatments can provide relief
and improve quality of life, they may not offer a cure or halt disease
progression [15]. Also, some immunotherapy can cause systemic immune
suppression, increasing susceptibility to infections, gastrointestinal
disturbances, and cause liver and lung problems [16, 17]. Moreover, the
current therapeutic approaches often lack personalized strategies that
consider individual patient characteristics. Individual differences in immune
profiles, generics, and environmental factors can affect treatment outcomes
[15].

Addressing the limitations and challenges of immunotherapy for cancer
and autoimmune diseases requires ongoing research and innovation.
Advancements in understating the changes in the TME and the underlying
mechanisms of autoimmune diseases hold promise for overcoming these
challenges, improving the efficacy of immunotherapy for cancer and
autoimmune diseases.

1.3. Nanomedicine for modulating immune cells
4



Nanomedicine refers to the application of nanotechnology in the realm of
medicine. It employs materials at the nanoscale to diagnose, treat, and
prevent diseases at the molecular and cellular levels. Due to the unique
advantages in targeting ability, nanomedicine has emerged as a promising
approach for modulating immune cells, overcoming the limitations of
current immunotherapy.

1.3.1. Nanomedicine for modulating T cells

T cells have a significant impact on the development and progression of
cancer. In cancer, tumor-infiltrating lymphocytes (TILs), especially
cytotoxic CD8" T cells are associated with a better response for cancer
immunotherapy. However, TME is a glucose-deficient condition caused by
the glucose consumption of rapidly dividing cancer cells. TILs also require
glucose for their activation and effector functions [4]. The limited glucose
availability impairs TILs activity, leading to the inefficient outcome of
immunotherapy.

Nanomaterials can be used to modulate exhausted TILs in the
hypoglycemic TME. By modifying the surface of nanomaterials with T cell
targeting ligands, such as CD3, metabolic regulating agents can be
selectively delivered to TILs. This enables TILs to utilize alternative
nutrients as their energy source, overcoming the nutrient deprivation present
within the TME (Figure 2).

Hypoglycemic tumor Nanoparticle-mediated Metabolic reprogramming-
microenvironment-mediated metabolic reprogramming mediated T cell activation
immune cell suppression of T cells and anticancer effect

© © © 0 0 ® &

Cancercell Dead cancer Treg cell Inactivated Activated NKcell M1 macrophage
cell Tcell Tcell

2‘J“:‘I‘,:\: &)
B O A% & G o

M2 macrophage Glucose Amino acid Fatty acid Nanoparticle Cytokine Cancer metabolite

Figure 2. Strategy to enhance anticancer effect of TILs in the hypoglycemic
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TME by nanomedicine is illustrated.

1.3.2. Nanomedicine for modulating antigen-presenting cells

Antigen-presenting cells (APCs) play a vital role in initiating and
regulating immune responses by presenting antigens to T cells, thereby
eliciting specific immune responses [18]. Therefore, modulating APCs is a
promising approach in immunotherapeutic strategies (Figure 3).

Nanomaterials can be designed to carry both antigens and adjuvants,
substances that regulate immune responses. By co-delivering these
components, nanomaterials promote efficient antigen uptake by APCs and
provide immune-stimulating signals, leading to enhanced antigen
presentation and T cell activation. Moreover, nanomaterials can also be used
to modulate the regulatory functions of APCs, such as promoting immune
tolerance or dampening excessive immune responses. They can carry both
antigens and immunomodulatory drugs that selectively target regulatory
pathways in APCs, influencing their ability to modulate immune responses
[19].
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Tolerogenic immune response can be achieved by delivering tolerogenic
nanoparticles. Antigen-presentation by tolerogenic DC can facilitate
regulatory T cells (Tregs) differentiation and disarm effector T cells,
inducing immune tolerance against self-antigens.

1.3.3. Advantage of nanomedicine for immune cell modulation

The important aspect in which antibody-conjugated nanomedicines are
suitable for modulating immune cells is that they lack in vivo antibody-
dependent cytotoxicity (ADCC) or complement-dependent cytotoxicity
(CDC) towards immune cells. In order to specifically target immune cells,
targeting ligands such as antibodies are required. The antibody-drug
conjugate (ADC) is a targeted therapy composed of monoclonal antibodies
and potent drugs that are used for specifically targeting cells. Currently,
FDA-approved ADCs are used to target and kill cancer cells by specifically
targeting them and delivering potent cytotoxic drugs. In addition to the
direct cancer-killing effect due to the cytotoxic drugs, the ADCC and CDC,
caused by the interaction between the Fc segment and Fc receptors on the
surface of effector cells (NK cells, neutrophils, macrophages, etc.), or
protein C1q, can facilitate the anticancer effect of ADCs. These mechanisms
are effective for cancer-killing effects; however, they are not suitable for
immune cell modulation. It has been reported that antibody-conjugated
nanomedicines lack ADCC or CDC [20]. The binding orientation of the
antibody with Fc receptor is important for the potency of ADCC [21]. The
antibody conjugated on the surface of nanomedicines may not have the
proper binding orientation with the Fc receptor, thus limiting the initiation
of ADCC. Additionally, the structure of nanomedicines may hinder the Fc
segment, preventing the interaction between the Fc segment and the Fc
receptor. In this aspect, nanomedicines provide benefits compared to ADCs
for modulating immune cells to overcome the limitations of current
immunotherapy.

1.4. Scope of study

While immunotherapy has shown promise in the treatment of cancer and
autoimmune diseases, there are situations in which it may fail or not provide
the desired outcomes. In this research, various nano-delivery systems were
developed to enhance the outcomes and address the limitations of
immunotherapy in cancer and autoimmune diseases.

In Chapter 2, activation of the anticancer effector functions of T cells
through nanoparticle-induced lipid metabolic reprogramming was reported.
To this end, fenofibrate was encapsulated in amphiphilic poly (y-glutamic
acid)-based nanoparticles (F/ANs), and the surfaces of F/ANs were
modified with an anti-CD3e f(ab’)2 fragment, yielding aCD3/F/ANs.
Activation of fatty acid metabolism by aCD3/F/ANs supported the
proliferation of T cells in a glucose-deficient environment mimicking the
TME. In vivo administration of aCD3/F/ANs increased infiltration of T cells
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into tumor tissues. The treatment of tumor-bearing mice with aCD3/F/ANs
enhanced production of various cytokines in tumor tissues and prevented
tumor growth. Based on these findings, it is suggested that nanomedicine-
enabled reprogramming of lipid metabolism in T cells holds potential as a
novel approach in immunometabolic therapy. This approach aims to address
the current challenges of immunotherapy caused by the nutrient-deficient
TME

In Chapter 3, a mannose-modified cationic lipid nanoparticle (M-NP) was
developed to deliver the nucleic acid adjuvant, polyinosinic:polycytidylic
acid (PIC), to antigen-presenting cells (APCs). PIC-loaded M-NP (PIC/M-
NP) showed stable lipoplexes regardless of the ligand ratio and negligible
cytotoxicity in bone marrow-derived dendritic cell (BMDC). DC uptake of
PIC/M-NP was demonstrated, and an increased mannose ligand ratio
improved DC uptake efficiency. PIC/M-NP significantly promoted the
maturation of BMDC, and local injection of PIC/M-NP to mice facilitated
lymphatic delivery and activation (upon NP uptake) of DC. These results
support the potential of PIC/M-NP in delivering adjuvants as a promising
vaccine delivery system for immunotherapy.

In Chapter 4, a tannic acid-based nanomaterial was designed to treat
rheumatoid arthritis by inducing antigen-specific immune tolerance. The
tolerogenic nanovaccine was designed for targeted delivery of
dexamethasone and citrullinated peptide in a lipid-coated nanoparticle
consisting of tannic acid as core nanomaterial (CitDTN). The surface of
CitDTN was modified with abatacept to yield AbaCitDTN. AbaCitDTN
reprogrammed the properties of dendritic cells toward tolerogenic
phenotypes and interrupted co-stimulatory signals between DC and T cells,
leading to suppressed T cell proliferation and IL-2 secretion. Collagen-
induced arthritis DBA/1 model mice were subcutaneously administered with
AbaCitDTN weekly for a total of four injections. This reduced inflammation
in the synovial space and decreased autoimmunity against type Il collagen
and citrullinated peptide. In vivo administration of AbaCitDTN improved
clinical symptoms and protected joints from destruction in this animal
model. These findings suggest that tannic acid-based nanomaterials have the
potential to induce antigen-specific immune tolerance for the treatment of
rheumatoid arthritis. Importantly, it can be achieved without causing
significant systemic inflammation, which is commonly associated with
current immunotherapy approaches for autoimmune diseases.
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Chapter 2. Nanoparticle-mediated lipid metabolic reprogramming of T
cells in tumor microenvironments for immunometabolic therapy

2.1. Introduction

Anticancer chemicals and biologic necrosis factors have been delivered to
tumors using various nanoparticles [1-4]. To date, the most studied
anticancer nanomedicines for delivery of anticancer agents are those
containing tumor-targeting ligands. Despite progress in nano-enabled
targeted delivery of anticancer therapeutics to tumor tissues, clinical
translation of these nanomedicines remains limited. One reason for the
limited clinical translation of ligand-modified nanomedicines is the
heterogeneity of tumors. The responsiveness of tumor cells to anticancer
drugs can differ depending on tumor type. Moreover, the delivery of
anticancer drugs to nonresponsive tumor cells can exert variable effects
depending on the physiological properties of the cells [5,6]. Even in drug-
responsive tumor types, differing densities of target receptors on tumor cells
can variably affect the extent of delivery of therapeutics to cancer cells [7].
Folate receptors and transferrin receptors have long been studied for
targeted delivery of anticancer drugs to tumor cells. However, the density of
these receptors on tumor cells varies such that delivery of nanoparticle
anticancer drugs to tumor cells with a lower density of target receptors may
be insufficient [8].

An emerging approach for circumventing this tumor cell heterogeneity
focuses on leveraging tumor-adjacent immune cells in the tumor
microenvironment [9, 10]. Compared with tumor cells, adjacent cells in the
tumor microenvironments are reported to be less heterogeneous [11].
Reported targets in the microenvironment of various tumors include
fibroblast activation protein, expressed on cancer-associated fibroblasts
[12]; CD11c, expressed on dendritic cells [13]; and CD3, a biomarker of T
cells whose expression on T cells is reported to be preserved in various
tumors [14]. Exploiting this reduced heterogeneity of tumor-adjacent cells,
the activation of cancer-associated fibroblasts was reported to enhance the
delivery of doxorubicin in graphene-based nanosheets [15]. It has been
reported that dendritic cells in the tumor microenvironment can be activated
by immune adjuvant-loaded polydopamine nanoparticles [16] and other
nanoparticles, such as biopolymeric nanoparticles [17]. A number of studies
addressing modulation of the tumor microenvironment have reported
enhanced infiltration of T cells. However, the recruited T cells have been
reported to lose their activity in the hypoglycemic tumor microenvironment
[18]. Thus, there exists an unmet need for a therapeutic strategy for
activating effector functions of T cells in the tumor microenvironment.

The importance of manipulating metabolic imbalances in immune cells in
anticancer immunotherapy has become increasingly apparent [19]. Effector
cytotoxic T cells have been reported to lose their activity because of the
metabolically stressful conditions of the tumor microenvironment [20].
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Glucose is known to be deficient in the tumor microenvironment, and the
cytotoxic activity of T cells is impaired by a lack of energy. Thus, metabolic
reprogramming of immune cells in the tumor microenvironment to allow
utilization of different energy substrates would be a viable strategy for
improving immunotherapy.

In this study, the hypothesis that metabolic reprogramming of T cells was
tested using a nanotechnology approach could activate T cells to fight
against tumor cells (Figure 1). To this end, T cell-targeting nanoparticles
were designed to encapsulate the lipid metabolism-activating drug molecule,
fenofibrate, which is known to induce the expression of peroxisome
proliferator-activated receptor (PPAR)-a and downstream fatty acid
metabolism-related genes. In was previously reported that promoting fatty
acid metabolism by orally administered PPAR-o. agonist can relieve
metabolic stress from hypoglycemic condition in tumor microenvironment
and preserve effector function of T cells, thereby enhancing anti PD-1
immunotherapy [21]. For T cell-targeted delivery, fenofibrate was entrapped
in amphiphilic poly (y-glutamic acid)-based nanoparticles (F/ANs), and
further modified the nanoparticle surface with an anti-CD3e f(ab’)2
fragment, yielding aCD3/F/ANs. Here, aCD3/F/ANs showed the ability to
activate fatty acid metabolism, mitochondrial functions, and stimulate the
anticancer activity of T cells in tumor microenvironments.
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Figure 1. Metabolic reprogramming of T cells by aCD3/F/ANs. A)
Schematic illustration of the aCD3/F/AN preparation process. B)
Mechanism by which aCD3/F/ANs increase mitochondrial fatty acid
metabolism in T cells. C) Proposed effect of fatty acid metabolism
reprogramming on T cell-mediated killing of cancer cells.

2.2. Material and Method
2.2.1. Synthesis of amphiphilic poly (y-glutamic acid)

Amphiphilic poly (y-glutamic acid) (AP) was synthesized by grafting
phenylalanine ethyl ester with poly (y-glutamic acid) (y-PGA) through a
carbodiimide crosslinking reaction, as described previously [22]. Briefly,
5.94 umol of y-PGA (50 kDa; BioLeaders, Daejeon, Republic of Korea) was
dissolved in 30 ml of 0.3 M NaHCO3 solution followed by addition of 2.84
mmol of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) with stirring on
ice for 30 min. Next, 2.30 mmol of L-phenylalanine ethyl ester
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was added and the
solution was stirred for an additional 24 h at 37 °C. For imaging and
confocal microscopy, fluorescent dye-labeled AP (fAP) was synthesized by
adding 3.2 umol of fluoresceinyl glycine amide (5- (ammoacetamldo)
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fluorescein) (Thermo-Fisher Scientific, Waltham, MA, USA) to a solution
containing 2 pmol of y-PGA, 0.96 mmol of EDC and 0.77 mmol of L-
phenylalanine ethyl ester hydrochloride and allowing the reaction to proceed
for 24 h. The resulting AP and fAP were purified by dialyzing first in triple
distilled water for 48 h and then in methanol for 48 h using a Spectra/Pore
dialysis membrane (MWCO, 3 kDa; Spectrum Labs, Rancho Dominguez,
CA, USA), after which they were lyophilized and stored at 4 °C until use.
The synthesis of AP was confirmed by *H NMR spectroscopy.

2.2.2. Preparation of fenofibrate-loaded and anti-CD3 antibody-
modified nanoparticles

Fenofibrate was encapsulated in AP-based nanoparticles (ANs) and fAP
using a thin film hydration method. In brief, 0.55 pumol of fenofibrate
(Sigma-Aldrich) in 1 ml methanol was added into 1 ml of 0.1 mM AP in
methanol solution. After solvent removal using a rotary evaporator (CCA-
1110; Tokyo Rikakikai, Tokyo, Japan), the resulting film was hydrated with
1 ml of phosphate-buffered saline (PBS; pH 7.4) and sonicated for 10 min.
The resulting fenofibrate-loaded ANs (F/ANs or F/fANs) were purified from
unencapsulated fenofibrate by centrifugation at 12,000 x g for 3 min. For
modification with anti-CD3 antibody, F/ANs (3.5 mg) were first mixed with
6.4 umole of EDC, then reacted on ice for 5 min and allowed to stand at
room temperature (RT) for an additional 5 min. A solution of anti-mouse
CD3e f(ab’)2 antibody (Bio X Cell, West Lebanon, NH, USA, catalog
#BEOOO1-1FAB, lot #659618A1) was added to the EDC-activated F/AN
suspension at a 1:50 molar ratio of antibody to AP and stirred at RT for 6 h.
Free antibody was removed by dialysis (MWCO, 300 kDa; Spectrum Labs),
and after quantifying the amount of antibody on the nanoparticle surface by
BCA assay (Thermo-Fisher Scientific), anti-mouse CD3e f(ab’)2 antibody-
conjugated F/ANs (aCD3/F/ANs) or anti-mouse CD3e f(ab’)2 antibody-
conjugated F/fANs (aCD3/F/fANs) were concentrated from reactants using
an Amicon filter (Merck, Kenilworth, NJ, USA). In some experiments, anti-
mouse CD3e f(ab’)2 antibody was conjugated to plain ANs (aCD3/ANSs) or
to fANs (aCD3/fANs). Physical mixture of equivalent amount of anti-mouse
CD3e f(ab’)2 antibody with F/ANs (aCD3+F/ANs) or with F/fANs
(aCD3+F/fANs) were used as control groups.

2.2.3. Quantification of encapsulated fenofibrate

The amount of fenofibrate encapsulated in ANs was analyzed by high-
performance liquid chromatography (HPLC) using a Hewlett Packard model
1100 system (Hewlett Packard, Palo Alto, CA, USA) equipped with a
reverse-phase C18 HPLC column (Nucleosil 100-5 C18; Macherey-Nagel,
Diren, Germany). Lyophilized nanoparticles were dissolved in 200 pl of
MeOH and injected into the C18 column. The column (temperature, 40 °C)
was eluted using a mobile phase consisting of acetonitrile:water (pH of
water adjusted to 4 with acetic acid) (90:10, v/v) at a flow rate of 1 mL/min.
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The peak of fenofibrate was monitored by measuring absorbance at 287 nm
using at UV detector. Fenofibrate concentration was determined by
reference to a standard curve prepared using a series of fenofibrate solutions
in methanol.

2.2.4. Characterization and stability studies

Nanoparticles were characterized by size, surface charge, morphology,
and elemental composition. The size distribution and zeta potential of
nanoparticles were measured by dynamic light scattering (DLS) using an
ELSZ-1000 instrument (Otsuka Electronics Co., Osaka, Japan). The
morphology of nanoparticles was visualized by transmission electron
microscopy (TEM) using a JEM1010 transmission electron microscope
(JEOL, Tokyo, Japan). The presence of elemental oxygen, chlorine and
sulfur in nanoparticles was determined by energy-dispersive X-ray
spectroscopy (EDS-STEM) using a JEM-2100 F transmission electron
microscope (JEOL). The stability of nanoparticles was monitored for up to 7
d. F/ANs and aCD3/F/ANs were stored in PBS at 4 °C. The sizes of
particles were measured daily by DLS using an ELSZ-1000 instrument
(Otsuka Electronics Co.).

2.2.5. In vitro study of pH-dependent release

The pH dependence of fenofibrate release from ANs was tested using a
dialysis approach. Fenofibrate released from ANs was quantified by
immersing a dialysis bag (MWCO, 3.5 kDa; Spectrum Labs) containing
aCD3/F/ANs in 15 mL PBS containing 0.1% (w/v) Tween-80 (Sigma-
Aldrich) at different pH values. At each time point, 1 mL of dialysis buffer
was collected and the volume of dialysis was maintained by adding fresh
buffer. Collected samples were lyophilized and dissolved in 200 pL
methanol, and the amount of fenofibrate release was analyzed by HPLC.

2.2.6. Animals

Five-week-old C57BL/6 mice were purchased from Raon Bio and
maintained under standard pathogen-free conditions at the Animal Center
for Pharmaceutical Research, Seoul National University. All animal
experiments were performed according to the Guidelines for the Care and
Use of Laboratory Animals of the Institute of Laboratory Animal Resources,
Seoul National University (approval number, SNU-190417-15(E)).

2.2.7. Evaluation of CD3 expression

The expression levels of CD3 were determined at various cells including
murine lung fibroblast cell line MLg (Korean Cell Line Bank, Seoul,
Republic of Korea), human lung fibroblast cell line MRC-5 (Korean Cell
Line Bank), human embryonic kidney cell line 293T (ATCC, Manassas, VA,
USA), murine bone marrow-derived macrophages (BMDM), murine bone
marrow-derived dendritic cells (BMDC), and T cells. BMDM and BMDC
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were differentiated from monocytes as previously described [16, 23]. T cells
were isolated from spleens of C57BL/6 mice using nylon wool columns [24].
MLg, MRC-5, 293T, BMDM and BMDC, and T cells were stained with
FITC-conjugated anti-mouse CD3 antibody (BioLegend, San Diego, CA,
USA,; catalog #100203, lot #B8263028) for 1 h. The expression of CD3 was
evaluated by flow cytometry.

2.2.8. In vitro study of nanoparticle uptake

In vitro cellular uptake of nanoparticles was evaluated using flow
cytometry and fluorescence microscopy. For flow cytometry, MLg, MRC-5,
293T, BMDM, BMDC and T cells were seeded onto 24-well plates (SPL
Life Sciences) at 1 x 10° cells/well, and treated with 2 mg/mL of fluorescein
isothiocyanate (FITC)-labeled various nanoparticles for 4 h. Cells were
harvested, washed with PBS, and analyzed by flow cytometry. For
fluorescence microscopy, T cells were seeded onto 24-well plates (1 x 10°
cells/well) and treated with 2 mg/mL FITC-labeled nanoparticles for 4 h.
After washing and resuspending cells in 100 uL PBS, cell suspensions were
plated onto poly-L-lysine coverslips (Corning, New York, NY, USA) and
allowed to completely attach (30 min). Cells were then fixed with 4%
formaldehyde in PBS for 10 min, washed with PBS, and stained with DAPI
(4’,6-diamidino-2-phenylindole, Sigma-Aldrich). The fluorescence of cells
was observed using a confocal laser-scanning microscope (LSM 5 Exciter;
Carl Zeiss, Inc., Jena, Germany).

2.2.9. In vitro cell viability study

In vitro viability of cells was measured after treatment of nanoparticles.
After treatment with various nanoparticles, T cells were suspended in 100
puL RPMI medium containing 10% WST-1 reagent. After incubating for 2 h
at 37 °C, absorbance of the medium at 430 nm was measured using a Multi-
Reader (Molecular Devices, San Jose, CA, USA). The other adherent cells
including MLg, MRC-5, 293T, BMDM and BMDC were incubated with
culture medium containing 10% MTT reagent. After incubating for 2 h at 37
°C, absorbance of medium at 570 nm was detected using a Multi-Reader
(Molecular Devices).

2.2.10. In vitro study of PPARa, CD36 and fatty acid oxidation-
associated gene expression

Expression levels of PPARa, CD36 and fatty acid oxidation-associated
genes in T cells following treatment with nanoparticles were measured by
reverse transcription-polymerase chain reaction (RT-PCR), flow cytometry
and western blot. The fatty acid oxidation-associated genes and gene
products measured included carnitine palmitoyltransferase 1B (CPT1B),
acyl-CoA dehydrogenase medium chain (MCAD) and acyl-CoA
dehydrogenase long chain (LCAD) [21, 25]. Isolated mouse T cells were
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seeded onto 24-well plates (1 x 10° cells/well) and treated with various
nanoparticle preparations containing 20 uM fenofibrate for 24 h. For RT-
PCR, total RNA was isolated from T cells using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from mRNA
using an AccuPower RT PreMix (Bioneer, Daejeon, Republic of Korea).
Quantitative real-time RT-PCR was performed using a LightCycler FastStart
DNA Master SYBR Green I system (Roche, Basel, Switzerland). Primer
sequences used in RT-PCR are listed in Table 1. For western blot, T cells
were lysed with a commercial radioimmunoprecipitation assay lysis buffer
(Rockland, Limerick, PA, USA) containing a cocktail of protease inhibitors
(cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, Sigma-Aldrich
(Roche). The amounts of protein were quantified by BCA assay and boiled
at 95 °C 10 min. As primary antibodies, anti-mouse CPT1B (Proteintech,
Rosemont, IL, USA; catalog #22170-1-AP, lot #00048665), anti-mouse
LCAD (Proteintech, catalog #17526-1-AP, lot #00051417), anti-mouse
MCAD (Proteintech, catalog #55210-1-AP, lot #09000327) and anti-mouse
B-actin (Cell signaling, Denver, MA, USA; catalog #8457, lot #6) were used.
Horseradish peroxidase-linked anti-rabbit 1gG (Cell signaling, catalog
#7074, lot #28) was used as secondary antibody. Amersham ECL Prime
Western Blotting detection reagent (GE Healthcare, Chicago, IL, USA) was
used for signal detection.

Expression levels of PPARa protein were assessed by flow cytometry.
Briefly, T cells were seeded onto 24-well plates (1 x 10° cells/well) and
treated with various nanoparticle preparations containing 20 uM fenofibrate
for 48 h. Cells were harvested, washed with PBS, and stained with FITC-
conjugated anti-mouse CD3 antibody (BioLegend) for 1 h. Cells were fixed
and permeabilized using a transcription factor buffer set (BiolLegend,
catalog #424401) and incubated with Alexa Fluor 647-conjugated anti-
mouse PPARa antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA;
catalog #sc-398394, lot #H1017) for 1 h.

Protein expression levels of the fatty acid translocase, CD36, were
analyzed by flow cytometry. Briefly, T cells seeded onto a 24-well plate
(1 x 10® cells/well) were treated with various nanoparticle preparations
containing 20 uM fenofibrate for 48 h and then stained with FITC-
conjugated anti-mouse CD3 antibody and allophycocyanin (APC)-
conjugated anti-mouse CD36 antibody (BiolLegend; catalog #102611, lot
#B270594) for 1 h.

2.2.11. Assessment of mitochondrial activation

Mitochondrial activation was evaluated based on morphology, membrane
potential and oxygen consumption rate (OCR). T cells were seeded onto a
24-well plate (1 x10° cells/well) and stimulated with anti-CD3/CD28
antibody-tethered Dynabeads (Thermo-Fisher Scientific) at a 1:1 ratio of T
cells to beads in the presence of interleukin (IL)-2 (10 ng/mL) for 48 h.
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After removal of beads, T cells were treated with various nanoparticle
preparations containing 20 uM fenofibrate in the presence of IL-2 (10
ng/mL) for 48 h. Cells were then starved by incubating for 24 h in low-
glucose medium (XF DMEM Base Medium) containing 0.5 mM XF glucose,
1 mM XF glutamine, 0.5 mM carnitine (Sigma-Aldrich), 1% fetal bovine
serum (FBS) and 40 uM palmitate-bovine serum albumin (BSA; Seahorse
Biosciences, Billerica, MA, USA). For TEM observation of mitochondrial
morphology, T cells were fixed with Karnovsky’s solution and pelleted,
after which cell pellets were fixed with 1% osmium tetroxide for 1 h and
stained with 0.5% uranyl acetate overnight. Cell pellets were dehydrated
with ethanol and sequentially immersed in ethanol/Spurr’s resin (1:1)
solution and ethanol/Spurr’s (1:2) solution for 1 h each [26]. Cells were then
incubated with Spurr’s resin again at 4 °C overnight, followed by incubation
at 70 °C overnight. Thin sections (60 nm) were prepared and observed by
TEM (Talos L120C; Thermo Fisher Scientific, Inc.).

Mitochondrial membrane potential was measured by flow cytometry and
confocal microscopy. For flow cytometry, cells were incubated with 0.125
uM MitoTracker Orange CMTMRos (Life Technologies) for 30 min and
analyzed by flow cytometry. For confocal microscopy, cells were seeded
onto poly-L-lysine coverslips after staining with MitoTracker. Nuclei were
counterstained with DAPI and fixed with 4% formaldehyde. The
fluorescence of T cells was observed by confocal laser-scanning microscopy
(TCSS8; Leica Microsystems GmbH, Wetzlar, Germany).

OCR and extracellular acidification rate (ECAR) were measured with an
XFp Extracellular Flux analyzer (Seahorse Biosciences) using an XFp Cell
Mito Stress Test Kit (Seahorse Biosciences) and XFp Glycolysis Stress Kit
(Seahorse Biosciences), according to the manufacturer’s instructions. For
OCR measurements, T cells were seeded onto a Cell-Tak (Seahorse
Biosciences) pre-coated XFp culture microplate (4 x 10° cells/well).
Immediately prior to OCR measurements, 100 uM of palmitate-BSA was
added to the plate. During measurements, 2 uM oligomycin, 1.5 uM
carbonyl cyanide-4 (trifluoromethoxy)phenylhydrazone and 1 uM rotenone
and antimycin A mixture were added to each well. For ECAR measurements,
T cells were seeded onto a Cell-Tak pre-coated XFp microplate (4 x 10°
cells/well). During the measurement, 10 mM glucose, 1 uM oligomycin and
100 mM 2-deoxy-D-glucose were added to each well.

2.2.12. Invitro T cell proliferation test
The effect of nanoparticles on T cell proliferation was studied using cell
apoptosis, cell proliferation, and live/dead cell assays. Mouse T cells were
seeded onto a 24-well plate (1 x 10° cells/well) and activated by adding anti-
CD3/CD28 Dynabeads at a T cell:Dynabeads ratio of 1:1 in the presence of
IL-2 (10 ng/mL) for 48 h. After removing Dynabeads, T cells were treated
with various nanoparticle preparations containing 20 uM fenofibrate for 48
h in the presence of IL-2 (10 ng/mL). The medium was then ?hgnged to
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low-glucose medium supplemented with 40 pM palmitate-BSA and
incubated for an additional 24 h.

Apoptosis of T cells was measured using an Annexin V Apoptosis
Detection Kit FITC (Thermo-Fisher Scientific). Apoptotic cells were
detected by staining cells with annexin V and propidium iodide (PI). Cell
viability was measured using WST-1 reagent (Sigma-Aldrich). In brief, T
cells were suspended in 100 uL RPMI medium containing 10% WST-1
reagent and then seeded onto a 96-well plate. After incubating for 2 h at
37 °C, absorbance of the medium at 430 nm was measured using a Multi-
Reader (Molecular Devices). For live/dead assays, T cells were harvested
and stained with 2 uM calcein AM and 4 uM PI for 15 min. Cell viability
was assessed by examining under a fluorescence microscope (DM IL;
Leica).

2.2.13. In vitro measurement of lipid uptake by T cells

Lipid uptake by T cells was measured by flow cytometry using
fluorescently labeled lipids. T cells were seeded onto a 24-well plate
(1 x 10° cells/well) and stimulated with anti-CD3/CD28 antibody-tethered
Dynabeads at a T cell to bead ratio of 1:1 in the presence of IL-2 (10 ng/mL)
for 48 h. Dynabeads were then removed and T cells were further treated
with various nanoparticle preparations containing 20 uM fenofibrate in the
presence of IL-2 (10 ng/mL) for 48 h. The medium was then replaced with
fresh RPMI-1640 medium, and T cells were treated with 1 uM BODIPY Css
(Thermo-Fisher Scientific), a fluorescent fatty acid, at 37 °C for an
additional 2 h. T cells were harvested and washed with PBS, and lipid
uptake was analyzed by flow cytometry.

2.2.14. In vitro measurement of T cell secretion of fatty acid metabolites

Secretion of fatty acid metabolites from T cells was evaluated by assaying
B-hydroxybutyrate in culture medium. Briefly, isolated T cells were seeded
in a 24-well plate (1 x 10° cells/well) and activated with anti-CD3/CD28
antibody-tethered Dynabeads at a T cell to bead ratio of 1:1 in the presence
of IL-2 (10 ng/mL) for 48 h. Dynabeads were removed and T cells were
treated with nanoparticle preparations containing 20 uM fenofibrate. After
incubation with nanoparticles for an additional 48 h, cells were washed with
PBS and resuspended in low-glucose medium with 40 uM palmitate-BSA.
After starvation for 24 h, B-hydroxybutyrate concentration in the culture
medium was measured using a B-Hydroxybutyrate Assay Kit (Abcam,
Cambridge, England).

2.2.15. In vitro assessment of the cancer cell-killing activity of

nanoparticle-stimulated T cells
The ability of nanoparticle-treated T cells to kill B16F10 melanoma cells
was measured by fluorescence dye staining and live, real-time video
monitoring. T cells from splenocytes were exposed to tumor-associated
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antigens and treated with various nanoparticle preparations. To better mimic
the in vivo tumor microenvironment, splenocytes were isolated from spleens
of adjuvant-treated B16F10 tumor-bearing mice. In brief, C57BL/6 mice
were inoculated subcutaneously with B16F10 cells (5 x 10° cells). Seven
days after tumor inoculation, doxorubicin (DOX; Sigma-Aldrich), used as
an immunogenic cell death inducer [27], was injected intratumorally at a
dose of 50 pg/mouse together with monophosphoryl lipid A (MPL;
InvivoGen, San Diego, CA, USA), used as an adjuvant [28], at a dose of 20
ug/mouse [29]. After 2 d, mice were sacrificed and splenocytes were
isolated from the spleen and antigenically stimulated with B16F10 lysates,
prepared by repeatedly freezing and thawing (5 cycles) B16F10 cells
(2 x 10° cells/mL). Splenocytes were incubated with the resulting tumor
lysates for 48 h, after which collected T cells were treated with various
nanoparticle preparations with or without 20 uM fenofibrate for 48 h, and
then further treated with low-glucose medium containing 40 uM palmitate-
BSA for 24 h.

The cancer cell-killing activity of T cells was evaluated by first seeding
B16F10 cells, pre-stained with CellTracker Green CMFDA Dye (Thermo-
Fisher Scientific), onto a 24-well plate (1 x 10* cells/well) and co-culturing
them with B16F10 tumor lysate-stimulated T cells (1 x 10° cells/well). After
24 h, cancer cells were stained with Pl, and the population of dead
(CMFDA'/PI*) cancer cells was analyzed by flow cytometry. In some
experiments, the anticancer effects of T cells were evaluated by staining T
cells with FITC-conjugated anti-mouse CD3 antibody or APC-conjugated
anti-mouse CD3 antibody (BioLegend; catalog #100235, clone 17A2, lot
#B256435). Then cells were fixed and permeabilized using a transcription
factor buffer set (BioLegend) and incubated with Alexa Fluor 647-
conjugated anti-mouse granzyme B antibody (BioLegend; catalog #5154086,
clone GB11, lot #B233111) or PE-conjugated anti-mouse IFN-y antibody
(BioLegend; catalog #505808, clone XMG1.2, lot #B265789) for 1hr and
the percentage of CD3"Granzyme B* or CD3*IFN-y*cells analyzed by flow
cytometry. For real-time monitoring of stimulated T cell-mediated cancer
cell lysis, T cells pre-stained with CellTracker Green CMFDA dye were
seeded onto a 24-well plate and cocultured with B16F10 cells stained with
CellTracker Red CMTPX dye (Thermo-Fisher Scientific) at a T cell:cancer
cell ratio of 100:1. Cancer cell lysis was recorded in real time over 45 h
using an Operetta High-Content Imaging System (PerkinElmer, Waltham,
MA, USA).

2.2.16. In vitro study of FoxP3 expression

The expression levels of FoxP3 in T cells after treatment with various
nanoparticles were evaluated by flow cytometry. T cells were seeded onto
24-well plates (1 x 108 cells/well) and treated with various nanoparticles
containing 20 uM fenofibrate for 48 h. Cells were harvested, washed with
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PBS, and stained with FITC-conjugated anti-mouse CD3 antibody, PE/Cy5-
conjugated anti-mouse CD25 antibody (Biolegend; catalog #102010, lot
#B277468) and PE-conjugated anti-mouse CD4 antibody (Biolegend;
catalog #116006, lot #B255181) for 1 h. Cells were fixed and permeabilized
using a transcription factor buffer (BioLegend) and incubated with APC-
conjugated anti-mouse FoxP3 antibody (Invitrogen; catalog #17-5773-82,
lot #1984797) for 1 h.

2.2.17. In vivo T cell targeting of nanoparticles

In vivo T cell targeting of nanoparticles was evaluated using molecular
imaging and flow cytometry. Six-week-old mice were subcutaneously
inoculated in the right flank with 5 x 10° B16F10 cells. After 7 days, mice
were injected intratumorally with various FITC-labeled nanoparticle
preparations. For molecular imaging, the fluorescence intensity of tumor
tissue was recorded at various time points using an IVIS Spectrum in Vivo
Imaging System (PerkinElmer). For flow cytometry, tumors were extracted
at 24 h immediately after injection of FITC-labeled nanoparticles. T cells in
extracted tumors were analyzed by incubation with APC-conjugated anti-
mouse CD3 antibody and the percentage of CD3*FITC* cells was
determined by flow cytometry.

The distribution of nanoparticles to T cells was visualized by first
extracting the tumor and fixing it by incubating with 4% formaldehyde for 4
h at RT. The tissue was then embedded in OCT cryostat sectioning medium,
frozen at -80 °C, and sectioned at 10 um using a Leica CM 3050 S
microtome (Leica). The tumor sections were washed three times with PBS
and blocked with 1% BSA in PBS for 30 min. After blocking, the sections
were incubated with APC-conjugated anti-CD3 antibody (BiolLegend;
catalog #100235, lot #B290370) for 12 h at 4 °C. After staining with DAPI,
tissue fluorescence was assessed under a confocal laser-scanning
microscope (LSM 5 Exciter; Carl Zeiss).

2.2.18. In vivo PPARa. expression measurement

T cell lipid metabolism in vivo was evaluated by measuring PPARa
expression. B16F10 cells (5 x 10° cells) were subcutaneously inoculated
into the right flank of 5-wk-old C57BL/6 mice. After 7 days, DOX (50
ug/mouse) and MPL (20 ug/mouse) were injected intratumorally. On days
10 and 12 after B16F10 cell inoculation, various nanoparticle preparations
(18 pg fenofibrate/mouse) were administered intratumorally. On day 14,
mice were sacrificed and extracted tumors were stained with FITC-
conjugated anti-mouse CD3 antibody and Alexa Fluor 647-conjugated anti-
mouse PPARq antibody (Santa Cruz Biotechnology; catalog #sc-398394, lot
#H1017) for 1 h, followed by flow cytometry. For immunofluorescence
staining, tumors were extracted and fixed with 4% formaldehyde for 4 h at
RT, after which the tissue was embedded in OCT and cryosectioned at a
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thickness of 10 um with a Leica CM 3050 S microtome (Leica). After
permeabilizing tissue with 0.3% Triton X-100 (Sigma-Aldrich) in PBS for
10 min and blocking with 0.025% Triton X-100 and 1% BSA in PBS for 1 h,
the sections were incubated with FITC-conjugated anti-mouse CD3
antibody and Alexa Fluor 647-conjugated anti-mouse PPARao antibody
(Santa Cruz Biotechnology). Tissues were then counterstained with DAPI
and observed under a confocal laser-scanning microscope (LSM 5 Exciter;
Carl Zeiss).

2.2.19. In vivo lipid uptake and metabolite imaging in T cells

Lipid uptake and metabolism in T cells was assessed by flow cytometry
and matrix assisted laser desorption ionization (MALDI) imaging mass
spectrometry, respectively. Briefly, mice were injected intratumorally with
25 nug/kg BODIPY Cis0n the day after the last injection of nanoparticles.
After 4 h, tumors were extracted and T cells were stained with APC-
conjugated anti-mouse CD3 antibody for 1 h and the percentage of
CD3*BODIPY* T cells was analyzed by flow cytometry. For lipid
metabolite analysis, F/ANs and aCD3/F/ANs were administered
intratumorally on days 10 and 12. On day 14, tumors were extracted and
embedded in 2% carboxymethyl cellulose (Sigma-Aldrich) and
cryosectioned at 10 um with a Leica CM 3050 S microtome (Leica). Frozen
tissue sections were mounted onto indium-tin-oxide—coated glass slides
(Bruker, Billerica, MA, USA) and then were sprayed with 10 mg/mL
solution of a a-cyano-4-hydroxycinnamic acid (Bruker) in 70% acetonitrile
with 0.1% trifluoroacetic acid. The samples were scanned over the relevant
molecular weights, and the distribution of representative metabolites was
determined using a rapifleX system (Bruker).

2.2.20. In vivo assessment of fatty acid oxidation-associated gene
expression
In vivo expression levels of fatty acid oxidation-associated genes in CD3-
positive T cells were measured RT-PCR and western blot. Briefly, tumors
were extracted and digested by 1 mg/mL collagenase (Sigma-Aldrich).
Single cells were stained with APC conjugated anti-mouse CD3 antibody
and CD3-positive cells were collected using BD FACSAria™ 111 sorter (BD
Biosciences, San Jose, CA, USA). For RT-PCR, total RNA was isolated
from CD3-expressing T cells using the TRIzol reagent (Thermo-Fisher
Scientific). cDNA was synthesized from mRNA using an AccuPower RT
PreMix. Quantitative real-time RT-PCR was performed using a LightCycler
FastStart DNA Master SYBR Green [ system. For western blot, CD3-
expressing T cells were lysated with RIPA buffer containing protease
inhibitor. The amounts of protein were quantified by BCA assay. Primary
antibodies for detecting following proteins were uses: anti-mouse CPT1B
(Proteintech), anti-mouse LCAD (Proteintech), anti-mouse MCAD
(Proteintech) and anti-mouse B-actin (Cell signaling). HRP-linked anti-
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rabbit IgG (Cell signaling) was used as secondary antibody. Amersham ECL
Prime Western Blotting detection reagent was used for signal detection.

2.2.21. In vivo antitumor efficacy

The in vivo antitumor activity of various nanoparticle preparations was
evaluated by monitoring B16F10 tumor growth. B16F10 cells (5 x 10° cells)
were subcutaneously inoculated into the right flank of 5-wk-old C57BL/6
mice. After 7 days, DOX (50 ug/mouse) and MPL (20 ug/mouse) were
injected intratumorally, and on days 10 and 12, various nanoparticle
preparations containing fenofibrate (18 pg/mouse) were administered
intratumorally. Tumor size was measured in two dimensions every 2 days
using a slide caliper, and tumor volume was calculated as a x b x b x 0.5,
where a and b are the lengths of the largest and smallest dimensions [16].

2.2.22. Detection of tumor-infiltrating lymphocytes and cytokines

Tumor infiltrating lymphocytes (TILs) and cytokines in tumor tissues
were measured by flow cytometry and immunofluorescence staining. For
flow cytometry, extracted tumors were digested by incubating with 1 mg/mL
collagenase (Sigma-Aldrich) in RPMI-1640 medium and the resulting cell
suspensions were stained with a mixture of FITC-conjugated anti-mouse
CD3 antibody and APC-conjugated anti-mouse CD8a antibody (BioLegend,;
catalog #100712, clone 53-6.7, lot #B266721) for 1 h. TIL function was
assessed by staining cell suspensions with FITC-conjugated anti-mouse
CD3 antibody, Alexa Fluor 647-conjugated anti-human/mouse granzyme B
antibody (BioLegend; catalog #515406, clone GB11, lot #B233111), and
PE-conjugated anti-mouse IFN-y antibody (BioLegend; catalog #505808,
clone XMG1.2, lot #B265789) for 1 h.

For immunofluorescence staining, tumors were first extracted and fixed
with 4% formaldehyde for 4 h at RT. The tissue was then embedded in OCT
and cryosectioned at a thickness of 10 um using a Leica CM 3050 S
microtome (Leica). After tissue permeabilization, sections were incubated
with PerCP/cyanine 5.5-conjugated anti-CD8 antibody (BioLegend; catalog
#100734; lot #B277115), PE-conjugated anti-IFN-y antibody, and Alexa
Fluor 647-conjugated anti-human/mouse granzyme B antibody for 12 h at
4°C. The tissue was then washed three times with PBS, followed by staining
with DAPI. Tissue fluorescence was observed using a confocal laser-
scanning microscope (LSM 5 Exciter; Carl Zeiss).

2.2.23. In vivo toxicity study
Five-week-old C57BL/6 mice were subcutaneously injected twice with
various nanoparticles. Two days after first injections, whole blood and
serum samples were collected for analysis of hematological parameters
regarding to white blood cell (WBC), red blood cell (RBC), hemoglobin
(Hb), hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular  hemoglobin  (MCH), mean corpuscular hemoglobin
2] 2 1]
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concentration (MCHC), neutrophil, lymphocyte, monocyte, eosinophil,
alanine aminotransferase (ALT), aspartate transaminase (AST), blood urea
nitrogen (BUN) and creatinine. Organs (liver, lung, heart, spleen, kidney)
were collected for hematoxylin and eosin staining.

2.2.24. Statistics

A one-way analysis of variance (ANOVA) with the
Student—Newman—Keuls post-hoc test was used for statistical analyses.
Experimental data were analyzed with SigmaStat software (version 12.0,
Systat Software). A P-value less than 0.05 was considered statistically
significant (***p<0.001, **p<0.01, and *p<0.05).

2.3. Results
2.3.1. Characterization of aCD3/F/ANs

aCD3/F/ANs were characterized based on the physicochemical features
of morphology, size, and surface charge. The structures of the various
nanoparticle preparations are illustrated in Figure 2A. Hydrophobic
fenofibrate was encapsulated in self-assembled AP nanoparticles, and the
surfaces of F/ANs were chemically modified with an anti-CD3 antibody,
resulting in aCD3/F/ANs. TEM revealed that aCD3/F/AN particles were
spherical in shape (Figure 2B), and dynamic light scattering data showed
that the sizes of aCD3/F/ANs did not significantly differ compared with
those of F/ANs (Figure 2C). The surface zeta potentials of all nanoparticles
were negative regardless of antibody modification (Figure 2D). EDS-TEM
showed the presence of elemental sulfur in aCD3/F/ANs, reflecting the
presence of the anti-CD3 antibody (Figure 2E). The amount of fenofibrate
per nanoparticle was not significantly different between F/ANs and
aCD3/F/ANs (Figure 2F). F/ANs and aCD3/F/ANs retained their stability in
PBS for at least 7 days (Figure 2G). The in vitro release of fenofibrate from
aCD3/F/ANs was pH-dependent. At pH 7.4 and 6.8, less than 20% of
fenofibrate was released from nanoparticles over 8 h. However, at pH 5.0,
the release of fenofibrate from aCD3/F/ANs was greater than 60% at 8 h
(Figure 2H).
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Figure 2. Characterization of nanoparticles. A) Schematic illustration of
ANs, aCD3/ANs, F/ANs and aCD3/F/ANs. B) Morphology of aCD3/F/ANs,
observed by TEM. Scale bar: 200 nm. C) Mean particle size of different
nanoparticles, determined using DLS. D) Zeta potential of nanoparticles,
measured by laser Doppler microelectrophoresis. E) Characterization of
aCD3/F/ANs with respect to the elements oxygen, chloride and sulfur,
conducted by STEM-EDS. Scale bar: 200 nm. F) Amount of fenofibrate
encapsulated in nanoparticles, quantified by HPLC. G) Particle sizes of
F/ANs and aCD3/F/ANs in PBS, monitored for 7 days. H) Release of
fenofibrate from aCD3/F/ANs, quantified by HPLC under different pH
conditions (***p<0.001).

2.3.2. Uptake of aCD3/F/ANs by T cells

The uptake of aCD3/F/ANs by T cells was monitored by confocal
microscopy (Figure 3A) and flow cytometry (Figure 3B, C) using
fluorescent dye-labeled nanoparticles. Confocal fluorescence microscopy
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revealed negligible uptake of F/fANs by T cells. Similarly, there was no
notable uptake of a physical mixture of anti-CD3 antibody and fANs. In
contrast, treatment with aCD3/F/fANs resulted in higher uptake of
nanoparticles by T cells. Consistent with confocal microscopy images, flow
cytometry showed that the fluorescence-positive T cell population was
highest after treatment with aCD3/F/fANs (Figure 3B), which resulted in a
3.8-fold higher fluorescence-positive T cell population compared with that
observed in other treatment groups (Figure 3C).
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Figure 3. Uptake of nanoparticles by T cells. Mouse spleen-derived T cells
were incubated with various fenofibrate-containing nanoparticle
preparations. After 24 h, cellular uptake of nanoparticles was visualized by
confocal microscopy (A) and quantified by flow cytometry (B, C)
(***p<0.001, n.s., not significant). Scale bar: 10 pum.

2.3.3. Effect of aCD3/F/ANs on the expression of fatty acid metabolism-
related genes and lipid uptake in T cells

Treatment of T cells with aCD3/F/ANs affected fatty acid oxidation-
related gene expression levels and lipid uptake. The cellular mechanism
underlying PPARa-mediated lipid metabolism enhancement is shown in
Figure 4. To evaluate metabolic reprogramming quantitatively, the
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expression levels of PPARa in T cells were measured by flow cytometry.
It was revealed that expression levels of PPARa were highest in T cells
treated with aCD3/F/ANs (Figure 5A, 5C). The PPARa-positive T cell
population increased by more than 7.2-fold upon treatment with
aCD3/F/ANs compared with the untreated group. In addition, the expression
level of a fatty acid translocase CD36, which exists on cell membrane, was
also evaluated by flow cytometry. The expression of CD36 was 2.2-fold
higher in the aCD3/F/AN group compared with the F/AN group (Figure 5B,
5D). Western blot data showed that aCD3/F/ANs significantly increased the
protein expression levels of CPT1B, LCAD, and MCAD compared to
untreated and other groups (Figure 5E). Consistently, mRNA level of
CPT1B, LCAD, and MCAD was increased by 4.4-fold, 2.5-fold, and 2.8-
fold, respectively, compared with untreated cells (Figure 5H). Since one
consequence of the observed changes in gene expression is an increased rate
of lipid uptake, lipid uptake by T cells was measured using fluorescent dye-
labeled lipid, BODIPY Cis. Compared with untreated cells, T cells treated
with ANs, aCD3/ANs, F/AN, or with a mixture of anti-CD3 antibody and
F/ANs (aCD3 + F/ANs) showed no significant change in lipid uptake by T
cells (Figure 5F). In contrast, treatment of T cells with aCD3/F/ANs
increased lipid uptake 3.1-fold compared with untreated cells (Figure 5G).

aCD3/F/AN Fatty acid
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Figure 4. The cellular mechanism underlying aCD3/F/AN-induced
enhancement of lipid metabolism is illustrated. The left half of the
schematic cell depicts the untreated condition, and the right half shows
treatment with aCD3/F/ANs. aCD3/F/AN treatment is proposed to activate
PPARa in T cells, leading to over-expression of fatty acid metabolism-
associated proteins, including CD36 (fatty acid translocase), CPT1B, LCAD,
and MCAD. The increased fatty acid metabolism in mitochondria generates
higher energy via the TCA cycle.
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Figure 5. Fatty acid metabolism-associated gene expression and lipid
uptake in T cells. A, C) The corresponding levels of PPARa protein in T
cells (PPARa*/CD3"), measured by flow cytometry. B, D) The levels of
CD36 protein in T cells (CD36%/CD3"), measured by flow cytometry. E)
The protein levels of CPT1B, LCAD and MCAD in T cells were measured
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by western blot. F, G) T cells treated with different nanoparticle
preparations were incubated with fluorescent lipid BODIPY Cie, and the
association of fluorescent lipid with T cells was determined by flow
cytometry (F) and expressed as mean fluorescence intensity (G)
(***p<0.001). H) mRNA expression levels of the fatty acid metabolism-
associated genes, CPT1B, LCAD and MCAD, determined by RT-PCR
(***p<0.001).

2.3.4. T cell mitochondrial activation by aCD3/F/ANs

Mitochondrial functions in T cells, including fatty acid metabolism, were
modulated by treatment with aCD3/F/ANs. To mimic the glucose-deficient
tumor microenvironment, T cells were incubated in low-glucose medium. In
low-glucose environment containing palmitate as a lipid source, untreated T
showed poorly-defined mitochondrial cristae with shrunken morphologies
compared to the mitochondrial of T cells in high-glucose condition (Figure
6A). In contrast, T cells treated with aCD3/F/ANs showed mitochondrial
structures with clear cristae, similar to those observed in high glucose
environment. In addition to altering the morphology of mitochondria,
aCD3/F/ANs increased mitochondrial membrane potential, with fluorescent
dye staining revealing the highest mitochondrial membrane potential in T
cells treated with aCD3/F/ANs (Figure 6B). Treatment with aCD3/F/ANs in
palmitate-supplemented low-glucose medium expanded the population of T
cells with increased mitochondrial membrane potential by more than 6.3-
fold compared with other treatment groups (Figure 6C).

aCD3/F/AN-mediated delivery of fenofibrate to T cells enhanced lipid
metabolism and mitochondrial activity. However, the ECAR value, an
indicator of glycolysis, showed little difference among groups, suggesting
similar levels of glycolysis in all groups (Figure 6D). In contrast to ECAR,
basal OCR, an indicator of mitochondrial respiration, was significantly
higher in the aCD3/F/AN-treatment group compared with other groups
(Figure 6E, F). In addition, spare respiratory capacity (SRC), which is
related to the extra ATP capacity produced by mitochondrial metabolism
during a sudden increase in energy demand (calculated by subtracting
minimal respiration from maximal respiration), was highest in the
aCD3/F/AN-treatment group, reaching a level 8-fold higher than that in the
F/AN group (Figure 6G). Moreover, the aCD3/F/AN group exhibited the
highest ratio of OCR to ECAR, with a value 2.2-fold higher than that of the
F/AN-treated group (Figure 6H). Consistent with the observed enhancement
in lipid metabolism, aCD3/F/AN treatment significantly increased the
production of B-hydroxybutyrate, a major lipid metabolite (Figure 6l),
increasing it by 2.2-fold upon palmitate supplementation compared with
F/ANs.
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Figure 6. Mitochondrial morphology, membrane potential, and fatty acid
metabolism in T cells. T cells were treated with aCD3/F/ANs in low-glucose
medium supplemented with palmitate as a lipid source. A) TEM of
mitochondria of T cells in high-glucose medium or low-glucose medium
with or without aCD3/F/AN treatment. Scale bar: 1 um (upper panels) and
500 nm (lower panels). B) Mitochondrial membrane potential, assessed
using MitoTracker Orange CMTMRos and visualized by confocal
fluorescence microscopy. C) Populations of T cells with increased
mitochondrial membrane potentials, quantified by flow cytometry. D, E)
ECAR (D) and OCR (E), measured using a Seahorse XFp analyzer. F-H)
Basal OCR (F), SRC (G) and OCR/ECAR H values, obtained based on
ECAR and OCR values (*p<0.05, **p<0.01). 1) B-Hydroxybutyrate
secretion levels (***p<0.001).

2.3.5. In vitro proliferation of metabolically reprogrammed T cells
Treatment with aCD3/F/ANs affected the survival and proliferation of T
cells. In these experiments, T cells were treated with various nanoparticle
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formulations under glucose-deficient conditions. In some experiments, low
glucose medium was supplemented with palmitate as a lipid source.
Fluorescent dye-based live/dead assays revealed that, in such a glucose-
deficient, but palmitate-replete, environment, the aCD3/F/AN-treatment
group showed the highest fraction of live T cells (Figure 7B) and a
significantly higher annexin V/PI~ cell population compared with other
treatment groups (Figure 7C, D). In addition, upon palmitate
supplementation, the proliferation of aCD3/F/AN-treated T cells was 5.4-
fold higher than that in the untreated group (Figure 7E).
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Figure 7. Enhanced T cell survival and proliferation induced by metabolic
reprogramming. T cells were activated and treated with various nanoparticle
preparations and incubated under glucose-limiting conditions, with or
without a lipid source. A) Illustration of the experimental scheme. B) Live
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and dead T cells, visualized by fluorescent dye staining. Scale bar: 10 um. C,
D) T cells were stained with annexin V and PI, and the annexin V7/PI~
population was quantified for each group (***p<0.001). E) Proliferation of
T cells, measured using WST-1 assays (***p<0.001).

2.3.6. In vitro cancer cell-killing activity of aCD3/F/AN-treated T cells

The treatment with aCD3/F/ANs enhanced the cancer cell-killing activity
of T cells. Upon co-incubation of T cells with B16F10 melanoma cells, the
levels of granzyme B and IFN-y in aCD3/F/AN-treated T cells were 2.3- and
3.0-fold higher compared with those in the F/AN-treated group, respectively
(Figure 8B-8E). The cancer cell-killing activity of T cells treated with ANs,
F/ANs, aCD3/AN, or aCD3 + F/AN, were not different from those of
untreated T cells (Figure 8F). However, the population of dead cancer cells
following incubation with aCD3/F/AN-treated T cells was 15.6-fold higher
than that following incubation with T cells treated with aCD3 + F/ANs. Real
time video recordings further showed that untreated T cells did not attack
B16F10 cells, whereas aCD3/F/AN-treated T cells vigorously attacked
B16F10 cells. The images of untreated T cells and aCD3/F/AN-treated T
cells captured at various time points are shown in Figure 8G.
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Figure 8. In vitro anticancer activity of aCD3/F/AN-treated T cells. T cells
were treated with various nanoparticle preparations and co-incubated with
B16F10 cells under glucose-limiting conditions in the presence of palmitate
as a lipid source. A) lllustration of the experimental scheme. B, C) Flow
cytometry data of T cells positive with granzyme B (B) and IFN-y (C). D, E)
The populations of T cells positive with granzyme B (D) and IFN-y (E) were
quantified. (***p<0.001). F) Dead cancer cell population, quantified by
flow cytometry (***p<0.001). G) Lysis of cancer cells by T cells, recorded
in real time. Cancer cells were labeled with red fluorescent dye, whereas T
cells were labeled with green fluorescent dye.

2.3.7. In vivo distribution of aCD3/F/ANs to T cells in tumor tissues
The in vivo distribution of nanoparticles to T cells in tumor tissues was
visualized by determining colocalization with T cells in fluorescence images.
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aCD3/F/fANs showed the highest retention in tumor tissues compared with
F/fANs and the aCD3 + F/AN group (Figure 9A). An intensity analysis
showed that the distribution of nanoparticles to tumor tissues over 72 h post-
dose was highest in the group treated with aCD3/F/fANs (Figure 9B).
Uptake of nanoparticles by T cells in tumor tissues was tested by assessing
colocalization of nanoparticles and the FITC*'CD3" T cell population. The
colocalization of nanoparticles to CD3* T cells was highest in the
aCD3/F/fAN-treatment  group, which exhibited 7.6-fold greater
colocalization than the F/fAN group at 24 h (Figure 9C, D). Tumor tissue
staining showed higher colocalization of aCD3/F/fANs with CD3" T cells in
tumor tissues (Figure 9E).
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group (***p<0.001). E) Colocalization of nanoparticles (green) with CD3"
T cells (red), visualized by confocal microscopy. Scale bars: 20 um.

2.3.8. Reprogramming of in vivo fatty acid metabolism in aCD3/F/AN-
treated T cells

The intratumoral administration of aCD3/F/ANs modulated in vivo
PPARa expression, lipid uptake, and metabolism by T cells. The in vivo
experimental scheme is illustrated in Figure 10A. Flow cytometry showed
that PPARa-positive (Figure 10B) and BODIPY Cie-positive (Figure 10C).
T cell populations were increased to a greater extent in the aCD3/F/AN-
treatment group. Expression of PPARa was increased 4.1-fold and 2.6-fold
in this group compared with F/AN- and aCD3+F/AN-treatment groups,
respectively (Figure 10D). Uptake of BODIPY Cgs lipid was almost 2-fold
higher in the aCD3/F/AN-treatment group than in other groups (Figure 10E).
Mice treated with aCD3/F/AN showed significantly increased protein
expression and mRNA levels of CPT1B, LCAD, and MCAD compared with
untreated group (Figure 10F, G). Immunostaining revealed distinct PPARa.
expression in CD3" T cells in tumor tissues, as demonstrated by
colocalization of CD3 and PPARa staining (Figure 10H, 1). MALDI
imaging revealed enhanced levels of the fatty acid oxidation metabolites,
acetoacetate, B-hydroxybutyrate and palmitoylcarnitine, in T cells treated
with aCD3/F/ANs (Figure 10J).
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CPT1B, LCAD and MCAD in tumor infiltrating T cells were determined by
RT-PCR (***p<0.001). H, I) Confocal microscopic images of untreated (H)
and aCD3/F/AN-treated tumor tissue (1) stained with anti-CD3 (green) and
anti-PPARa (red) antibody. Scale bars: 100 um. J) Tumor tissue distribution
of acetoacetate (m/z=103.09), B-hydroxybutyrate (m/z=105.10) and
palmitoylcarnitine (m/z=400.60), as visualized by MALDI imaging. Scale
bar: 5 um.

2.3.9. In vivo antitumor efficacy of metabolically reprogrammed T cells

To assess the effects of aCD3/F/ANs on tumor growth and the survival of
mice, B16F10 tumor-bearing mice were intratumorally injected with various
nanoparticle preparations twice, once on day 10 after tumor inoculation and
again on day 12 (Figure 11A). aCD3/F/AN treatment exerted significantly
higher tumor growth-inhibitory effects than treatment with other
nanoparticle preparations (Figure 11B, C). Notably, the survival rate of mice
treated with aCD3/F/ANs was 100% up to day 60. In contrast, no mice
survived beyond 44 days after tumor inoculation in any other treatment
group (Figure 11D).
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To test whether the observed antitumor efficacy was attributable to the
enhanced function of metabolically reprogrammed T cells, tumor-infiltrating
CD8" T cells were quantified (Figure 12B). The CD8" T cell population in
tumor tissues was significantly increased in mice treated with aCD3/F/ANs,
which exhibited a CD8" T cell population in tumor tissues 14.8-times higher
than that in F/AN-treated mice (Figure 12B, E). In vivo treatment with
aCD3/F/ANs affected expression levels of IFN-y and granzyme B in T cells.
Specifically, IFN-y—expressing T cells accounted for 20.5% + 4.1% of tumor
T cells in the aCD3/F/AN-treated group—a more than 5-fold increase
compared with F/AN- and aCD3+F/AN-treatment groups (Figure 12C, 12F).
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Similar to the IFN-y expression pattern, the highest percentage of granzyme
B—expressing T cells was observed for the group treated with aCD3/F/ANSs,
which showed more than a 3.9-fold increase in levels compared with other
treatment groups (Figure 12D, 12G). An immunohistochemical analysis of
tumor tissues showed no notable infiltration of CD8" T cells in tumor tissues
in the untreated mice (Figure 12H). However, considerable infiltration of
CD8* T cells in tumor tissues and secretion of IFN-y and granzyme B were
observed in tumors treated with aCD3/F/ANs (Figure 121).
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days 10 and 12 after tumor inoculation. On day 14, tumor tissues were
extracted for analysis. B-D) Infiltrating CD8" T cells, IFN-y—expressing T
cells and granzyme B—expressing T cells among tumor tissue CD3* T cells,
determined by flow cytometry (***p<0.001). Populations of CD3*/CD8"
cells (E) CD3*/ IFN-y* cells (F), and CD3*/granzyme* cells (G) are shown.
H, I) In untreated (H), and aCD3/F/AN-treated mice (I), tumor tissues were
extracted, and immunostained with anti-CD8 (yellow), anti-IFN-y (green)
and anti-granzyme B (light purple) antibodies, and counterstained with
DAPI. Scale bar: 20 um.

2.4. Discussion

This study demonstrated that enhanced delivery of fenofibrate to T cells
modulated the fatty acid metabolism of T cells and stimulated their cancer
cell-killing activity. T cell-directed delivery of fenofibrate was achieved by
modification of the surfaces of fenofibrate-loaded nanoparticles with an
anti-CD3 antibody. Uptake of aCD3/F/ANs by T cells increased
mitochondrial function and the expression of fatty acid metabolism-related
genes, including PPARa. T cells metabolically reprogramed by
aCD3/F/ANs efficiently killed B16F10 melanoma cells in vitro, and an in
vivo study showed that aCD3/F/AN treatment prevented the growth of
tumors and increased the production of various cytokines.

In this study, fenofibrate was entrapped in ANs, and modified the surfaces
of F/ANs with anti-CD3e f(ab’)2 antibody fragments. The nanoparticle is
based on the amphiphilic derivative of poly (y-glutamic acid) which is
natural biopolymer produced from Bacillus species [30]. Due to the
biocompatibility and biodegradability, poly (y-glutamic acid)-based
biomaterials have been studied for delivery systems of various active
substances. Poly (y-glutamic acid) and gold nanocluster hybrid
nanoparticles were reported for receptor-mediated cancer cell delivery and
photothermal therapy [31]. Poly (y-glutamic acid) coating of doxorubicin-
loaded mesoporous silica nanoparticle was shown to increase the delivery to
cancer cell and enhance the anticancer effect of doxorubicin [32].
Amphiphilic phenylalanine derivative of poly (y-glutamic acid) was found
to self-assemble polymeric micelles and entrap hydrophobic anticancer
drugs in the hydrophobic phenylalanine core parts [22]. Moreover, the
carboxylic groups at the surfaces of amphiphilic poly (y-glutamic acid)-
based nanoparticles enables the surface modification with other functional
molecules such as targeting ligand chemicals and antibodies [33].

Here, fenofibrate was encapsulated inside of the AN matrix, which is
thought to provide a hydrophobic core by virtue of the phenylalanine
moieties of AP. The release of fenofibrate from aCD3/F/ANs at lower pH
values might be attributable to protonation of carboxyl groups in AP. The
CD3 receptor, which has been used as a marker of T cells [34], was chosen
as a target because it is overexpressed on T cells and has been reported to
induce receptor-mediated endocytosis upon binding of nanoparticles [33].
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Indeed, the results showed the enhanced uptake of aCD3/F/ANs by T cells
compared with plain F/ANs both in vitro (Figure 3) and in vivo in B16F10
tumor tissues (Figure 9). The comparable T cell uptake of aCD3/ANs
(Figure 3) supports the major role of CD3 antibody fragments in T cell
delivery. The CD3 antibody mediated delivery enable aCD3/F/ANs to show
high selectivity to T cells without side effect to other cells.

CD3 receptor-mediated enhanced delivery of fenofibrate to T cells was
shown to induce the expression of fatty acid uptake- and metabolism-related
genes (Figure 5). The results showed that uptake of fluorescent lipid by T
cells was increased only in aCD3/F/AN-treated T cells, and not T cell
treated with other nanoparticle preparations (Figure 5F, 5G). The higher
uptake of fluorescent lipids by aCD3/F/AN-treated T cells may be
attributable to upregulation of fatty acid transport, consistent with a previous
report that PPARa agonists induce up-regulation of the fatty acid transporter,
CD36 [35]. Indeed, the results demonstrated that expression of CD36 was
highest in T cells treated with aCD3/F/ANs (Figure 5B, 5D). CD36, known
as fatty acid translocase, functions in mediating the entry of extracellular
fatty acids into the cytosol of cells [36].

Fatty acids entering T cells via CD36 can be transported to mitochondria,
where they feed into the TCA cycle. The results showed that treatment with
aCD3/F/ANs increased the expression of CPT1B, LCAD, and MCAD
(Figure 5E, 5H). CPT1B is known to increase the transport of fatty acids
from the cytosol to mitochondria [37], whereas LCAD and MCAD are
involved in the B-oxidation of fatty acids [38, 39]. The increased expression
of fatty acid oxidation-related genes is attributable to the ability of the
pharmacological agent fenofibrate to activate PPARa. [40]. PPARa, the
molecular target of fenofibrate, is a key transcriptional regulator of fatty
acid oxidation-related genes. In association with enhanced expression of
PPARq, the results showed the increased expression of the downstream
fatty acid oxidation-related genes CPT1B, LCAD and MCAD. Consistent
with this, it has been reported that expression of CPT1B, LCAD and MCAD
Is induced by activation of the transcription factor, PPARa [25].

These observations support the interpretation that uptake of aCD3/F/ANs
by T cells activates fatty acid metabolism, but not glycolysis (Figure 6). The
significantly higher OCR and ECAR ratio in aCD3/F/AN-treated T cells
further support the conclusion that fenofibrate affected fatty acid
metabolism. T cells were metabolically reprogrammed to take up and use
fatty acids as an energy source. In the presence of a fatty acid energy source,
the reprogrammed T cells maintained a higher metabolic state and enhanced
mitochondrial function, as evidenced by the levels of lipid metabolites in
aCD3/F/AN-treated T cells. Because these data showed that treatment with
aCD3/ANs alone did not affect fatty acid metabolism, it is unlikely that fatty
acid metabolism is affected by nanoparticles per se; instead enhanced fatty
acid metabolism is attributable to activation of PPARa by fenofibrate.
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Consistent with this, it has been reported that fenofibrate activates PPARa
in various cell types, including endothelial cells [41], cardiomyocytes [42],
and adipocytes [43].

The enhanced mitochondrial functions of aCD3/F/AN-treated T cells may
be attributable to the prolonged survival, proliferation, and effector
functions of T cells. T cells are known to undergo metabolic stress and
exhibit  mitochondrial  dysfunction in  glucose-deficient  tumor
microenvironments [44]. The TEM imaging revealed a shrunken
mitochondrial morphology and decreased mitochondrial membrane
potentials in glucose-deprived T cells (Figure 6A). Mitochondrial membrane
potential is known to play a crucial role in ATP production and maintenance
of cellular functions [45]. Treatment with aCD3/F/ANSs restored clear cristae
structures and membrane potentials of mitochondria. Notably, treatment
with aCD3/F/ANs enhanced the cancer cell-killing effector function of T
cells, likely owing to the reprogramming of T cells to use fatty acids as an
alternative energy source.

Fatty acid metabolism via the TCA cycle, which can provide greater
energy to T cells, may lead to the production of various cytokines, as
underscored by several reports on the relationship between robust
mitochondrial function and energy production in T cells on the one hand and
cytokine secretion on the other. Consistent with this, the results showed that
metabolic reprogramming of T cells by aCD3/F/ANs resulted in increased
secretion of the cytokine, granzyme B (Figure 8). It was previously reported
that fenofibrate induces mitochondrial fatty acid oxidation-mediated
augmentation of the effector function of T cells by enhancing granzyme B
and IFN-y secretion [21]. Other studies have also reported that
mitochondrial metabolism is essential for the ability of T cells to adapt by
rapidly modifying their energy requirements. It has been reported that
memory CD8* T cells maintain a higher mitochondrial metabolic rate
through fatty acid oxidation and actively produce the cytokines, IFN-y and
IL-2 [46]; their mitochondrial function and secretion of IL-2 and TNF-a. are
also enhanced by acute infection [47]. These observations are in agreement
with previous findings that mitochondrial function plays a crucial role in the
production of cancer-killing cytokines by T cells.

The metabolic reprogramming of tumor-infiltrating T cells, as revealed by
their elevated expression of PPARa in aCD3/F/AN-treated tumor tissues
(Figure 10), contributes to the anticancer efficacy of aCD3/F/ANs. An
additional contributing factor is the enhanced in vivo delivery of
aCD3/F/ANs to T cells in tumor tissues, which exceeded that of all other
nanoparticle preparations (Figure 9). In this study, to enhance infiltration of
T cells into tumor tissues, mice were pretreated with DOX, which is
reported to act as an immunogenic cell inducer [27], and MPL, used as an
immunoadjuvant [28]. The enhanced infiltration and activation of T cells by
aCD3/F/AN-induced metabolic reprogramming, in turn, enhanced the
killing of tumor cells. This is supported by the production of the]cytok_ines, _
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IFN-y and granzyme B (Figure 12), the latter of which has been shown to be
a marker of activated cytotoxic T cells [50].

In this study, the selective activation of PPARa. by delivering fenofibrate
only to T cells was achieved using an aCD3 antibody fragment. The
selective delivery of fenofibrate can increase the amount of fenofibrate
available to T cells and reduce the nonspecific distribution of fenofibrate to
other tissues of the body. The importance of selective T cell targeting is
supported by the demonstration that the physical combination of
aCD3+F/AN produced no meaningful alterations in metabolism in virtually
all experimental settings. Importantly, the lack of significant anticancer
effect of aCD3+F/AN and the observation that aCD3/F/AN treatment
completely abrogated tumor growth in B16F10 tumor-bearing mice support
the importance of T cell targeted delivery of nanoparticles. However,
aCD3/F/AN was injected intratumorally, which limits the application of the
T cell lipid metabolism reprogramming strategy to invisible cancers and
cancer metastasis. Therefore, in order to expand the application of this
strategy in clinical settings, it is crucial to conduct further research on
modifying nanoparticles to enhance the lipid metabolism of tumor-
infiltrating T cells.

Although PD-1 checkpoint inhibitors have shown effectiveness in cancer
treatment, not all patients respond to this therapy. One reason for this is that
tumor-infiltrating CD8" T cells experience metabolic stress in the
hypoglycemic tumor microenvironment. The efficacy of PD-1 blockade
therapy is associated with the functions of tumor-reactive CD8" T cells.
Therefore, enhancing fatty acid metabolism to maintain the anticancer
functions of tumor-reactive CD8" T cells may facilitate PD-1 blockade
therapy. Further studies are required to evaluate the therapeutic efficacy of
aCD3/F/AN in combination with PD-1 blockade therapy and investigate
whether regulating lipid metabolism of tumor-infiltrating T cells can
improve the therapeutic outcomes of PD-1 blockade therapy.

Although this research targeted tumor-infiltrating T cells by aCD3/F/AN,
the concept of lipid metabolic reprogramming can be broadly applied to
adoptive T cell transfer. Currently, the anticancer effects of chimeric antigen
receptor-engineered T cells against solid tumors are limited, partly because
of their diminished viability in the hypoglycemic tumor microenvironment
[51]. For adoptive T cell transfer, ex vivo pretreatment of T cells with
aCD3/F/ANs might be used to fortify the survival and effector functions of
these cells in the tumor microenvironment.

2.5. Conclusion

In conclusion, this research has provided evidence that metabolic
reprogramming of T cells can be used as a new mode of anticancer
immunometabolic therapy. The enhanced T cell delivery achieved using
CD3/F/ANs was shown to activate fatty acid oxidation metabolic pathways
and restore mitochondrial functions of T cells in a glucose-deficient
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environment. Treatment with aCD3/F/ANs also increased effector functions
of T cells against tumor cells. T cells were metabolic reprogrammed in the
current study, but the concept of metabolic reprogramming as a strategy for
activating anticancer effector functions can be broadly applied to the design
of other immunometabolic therapies against solid tumors.
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Chapter 3. Lipid nanoparticle-mediated lymphatic delivery of

immunostimulatory nucleic acids

3.1. Introduction

A vaccine adjuvant, which is an immunostimulatory component of a
vaccine formulation, is often very important for the successful vaccination
of an antigen [1-3]. Most recently developed vaccines do not apply the
entire pathogen but rather use certain components (e.g., major proteins) as
antigens [4]. However, a subunit vaccine alone often fails to induce a strong
immune response [5]. Aluminum-containing adjuvants have the longest
history of use [6,7], but they have a limited ability to induce cellular
immunity and thus are not suitable for intracellular antigen applications [8].
In addition, aluminum adjuvants can have some side effects, raising safety
issues [6,9]. Since preventive vaccines are used in people of various ages,
safety is a top priority in vaccine development.

Adjuvants composed of nucleic acids have great advantages in terms of
biocompatibility and safety [8]. The Toll-like receptor 9-agonizing nucleic
acid, CpG 1018, is included as an adjuvant in the hepatitis B vaccine,
HEPLISAV-B®, which was recently approved by the U.S. FDA [10].
Although this supported the efficacy of nucleic acid adjuvants, the
pharmaceutical application of nucleic acids has faced some limitations. For
example, many nucleic acid adjuvants target intracellular molecules in
immune-stimulating pathways and thus must be introduced into dendritic
cells (DC) [8]. In addition, nucleic acids have weak stability due to the
action of in vivo nucleases [11]. To compensate for these limitations, nucleic
acid adjuvants may need to be applied using an appropriately designed
delivery system.

Lipid nanoparticles (LNP), which represent such a drug delivery system,
have recently attracted attention as an antigen delivery strategy [1,12,13].
LNP hold great promise in customized medicine because their
manufacturing process is relatively simple and desirable properties (charge,
size, surface modification, etc.) can be easily imparted by altering the
composition of lipids [14,15]. It may also be possible to impart a synergistic
effect by simultaneously loading an antigen and adjuvant to the LNP. In the
BioNTech/Pfizer and Moderna mRNA vaccines recently approved for the
prevention of coronavirus infectious disease-19 (COVID-19), LNP
comprises a major component and are thought to play roles both in mRNA
delivery and as an adjuvant [1].

Here, an LNP was developed to target DC for lymphatic delivery of
nucleic acid adjuvants. Polyinosinic : polycytidylic acid (poly I:C, PIC) was
selected as a model nucleic acid adjuvant. The LNP was designed to carry a
cationic charge to enable the delivery of the negatively charged nucleic acid
adjuvant, and mannose-modified lipid was inserted to induce DC-specific
delivery. The effects of PIC-complexed mannose LNP (PIC/M-NP) on DC-
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specific cellular uptake and DC maturation were evaluated in vitro and in
vivo (Figure 1).
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Figure 1. Dendritic cell (DC)-mediated lymph node targeting by
polyinosinic:polycytidylic acid (PIC)/mannose-modified cationic lipid
nanoparticle (M-NP). A) PIC was complexed with M-NP via electrostatic
interaction to form PIC/M-NP. B) Mechanisms of DC activation and lymph
node targeting by PIC/M-NP.

3.2. Material and Method
3.2.1. Preparation of PIC-Loaded M-NP

M-NP were prepared using a thin-film hydration method [16]. Briefly,
0.292 pumol of 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine (DPhPE,
Avanti Polar Lipids, Alabaster, AL, USA), 0.464 umol of 3B-[N-(N’,N’-
dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol, Avanti Polar
Lipids), 1.24 umol of 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine
(EDOPC, Awvanti Polar Lipids), and various moles of 1,2-dipalmitoyl-sn-
glycero-3-phospho((ethyl-1",2”,3’-triazole)triethyleneglycolmannose)  (PA-
PEG3-man-nose, PEG m.w., 148.1, Avanti Polar Lipids) were dissolved in
chloroform. For flow cytometry and fluorescence microscopy, 0.03 pmol
fluorescent dye cyanine 5-labeled 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N (Cy5-PE, Avanti Polar Lipids) was added to the
lipid mixture. The chloroform was removed, and the remaining liquid was
dehydrated to a thin lipid film using a vacuum rotary evaporator. The lipid
film was rehydrated with 1 mL of 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (HEPES, pH 7.0), followed by
sonication for 30 min and centrifugation at 13,500 x g for 3 min. The
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supernatant was collected as M-NP. Various PA-PEG-mannose (0.04, 0.1,
0.2, or 0.4 umol) were used to make M-NPs containing 2, 5, 10, 20 mol%
mannose and described as M-NP 2, 5, 10, and 20, respectively. For the
preparation of poly I:C-loaded M-NP (PIC/M-NP), 5 ng of poly IL:.C
(average size of 0.6 kb, InvivoGen, San Diego, CA, USA) in HEPES buffer
was added into 20 uL of M-NP, vortex mixing was used to form PIC/M-NP
complexes via electrostatic interaction, and incubation was performed for 10
min at room temperature.

3.2.2. Characterization and Complexation Study of Nanoparticles

Nanoparticles were characterized by morphology, size, and net surface
charge. The morphology of nanoparticles was measured by transmission
electron microscopy (TEM) using a JEM-2100 F (JEOL, Tokyo, Japan). The
size distribution and zeta potential were evaluated using an ELSZ-1000
instrument (Otsuka Electronics Co., Osaka, Japan), based on the dynamic
light scattering method and laser Doppler microelectrophoresis, respectively.
For size measurement, various M-NP and PIC/M-NP samples stored at 4 °C
were diluted 20 mM HEPES buffer. The particle size was obtained by
cumulant intensity distribution, and size was measured 3 times for each
group. The particle size was measured over 1 week. The complexation of
PIC and M-NP was analyzed by gel retardation assay [8]. PIC/M-NP were
prepared by mixing PIC with M-NP at various weight ratios, followed by
1% agarose gel electrophoresis and analysis using a Gel Doc XR+ Imaging
System (Bio-Rad, Hercules, CA, USA).

3.2.3. Animals

Five-week-old Balb/c mice were purchased from Raon Bio Korea
(Yongin, Korea) and maintained under standard pathogen-free conditions.
All animal experiments were performed under the Guidelines for the Care
and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources, Seoul National University (approval number, SNU-190417-
15(E)).

3.2.4. Isolation of Bone Marrow-Derived Dendritic Cells (BMDC)
BMDC were isolated as previously described [17]. Briefly, femurs and
tibias were extracted from 5-week-old Balb/c mice and sterilized by
immersion in 70% ethanol for 5 min. The bones were washed thrice with
phosphate-buffered saline (PBS; pH 7.4), bone marrow was flushed with
complete RPMI medium (Welgene, Gyeongsan, Korea), and red blood cells
were lysed. The collected monocytes were resuspended in Iscove’s modified
Dulbecco’s medium (Welgene) supplemented with 10% fetal bovine serum
(GenDEPOT, Barker, TX, USA), 100 mg/mL streptomycin, 100 units/mL
penicillin (Gibco, Carlsbad, CA, USA), 20 ng/mL recombinant mouse
granulocyte-macrophage colony-stimulation factor (GenScript, Piscataway,
NJ, USA), 20 ng/mL recombinant mouse interlukin-4 (GenScript) and 50
1 2Tl
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um B-mercaptoethanol (Sigma-Aldrich). Fresh medium was added on day 3
and BMDC were ready to use on day 7.

3.2.5. In Vitro Cytotoxicity Assay

The cell viability of nanoparticle-treated BMDC was evaluated by MTT
(3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide) assay
(Sigma-Aldrich) and live cell staining [18]. BMDC were seeded to 24-well
plates (1 x 10° cells/well) and incubated for 24 h. BMDC was treated with
various nanoparticle formulations at a PIC dose of 5 pg for 4 h. The medium
was changed with fresh RPMI medium, and cells were incubated for 24 or
48 h and then treated with MTT (250 ug/mL) for 1 h at 37 °C. The formazan
crystals in the cells were solubilized with dimethyl sulfoxide (Sigma-
Aldrich), and the absorbance of the colored solution was measured using a
Multi-Reader (Molecular Devices, San Jose, CA, USA) at 570 nm. The cell
viability of BMDC was calculated by normalizing the absorbance of the
untreated BMDC group to 100%. For live cell staining, BMDC were stained
with 2 uM calcein AM (Molecular Probes, Eugene, OR, USA) for 15 min,
and live BMDC was observed by a fluorescence microscope (DM IL; Leica,
Buffalo Grove, IL, USA).

3.2.6. In Vitro Study of DC Targeting

The DC-targeted delivery efficiency of nanoparticles was evaluated by
flow cytometry and fluorescence microscopy. For flow cytometry, BMDC
were seeded in 24-well plates (1 x 10° cells/well), incubated for 24 h, and
treated with Cy5-labeled nanoparticles at a PIC dose of 5 pg for 4 h. The
cells were harvested, washed thrice with PBS, and analyzed by flow
cytometry (FACSCalibur; BD Bioscience, San Jose, CA, USA). For
fluorescence microscopy, BMDC were treated with Cy5-labeled
nanoparticles for 4 h, washed with PBS, and fixed with 4% formaldehyde in
PBS for 10 min. The cells were then washed with PBS, stained with FITC-
anti-mouse CD11c antibody (BioLegend, San Diego, CA, USA) for 1 h, and
then stained with 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St.
Louis, MO, USA) for 10 min. DC-targeting images were visualized using a
confocal laser-scanning microscope (LSM 5 Exciter; Carl Zeiss, Inc., Jena,
Germany).

3.2.7. In Vitro Study of DC Maturation
DC maturation was evaluated by analyzing the expression level of CD86
on the cell surface [19]. BMDC were seeded in 24-well plates (1 x 10°
cells/well), incubated for 24 h, and treated with various nanoparticle
formulations at a PIC dose of 5 ug for 24 h. The cells were harvested and
stained with FITC-anti-mouse CD1lc and APC-anti-mouse CD86
(BioLegend) antibodies for 1 h. For CD11c analysis, the excitation and
emission wavelengths used for flow cytometry of FITC were 495 and 519
nm, respectively. For CD86 analysis, the excitation and emission
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wavelengths used for flow cytometry of APC were 650 and 660 nm,
respectively. The expression of CD86 was analyzed using a BD
FACSCalibur flow cytometer (BD Bioscience). The expression of surface
markers on DC was determined by gating the CD11c* population.

3.2.8. In Vivo Lymph Node Targeting of Nanoparticles

The in vivo lymph node targeting ability of nanoparticles was evaluated
by flow cytometry and molecular imaging. Five-week-old Balb/c mice were
injected subcutaneously with PIC/Cy5-labeled M-NP at a PIC dose of 0.25
mg/kg. For lymph node imaging, mice were sacrificed after 24 h and
inguinal lymph nodes were extracted. The fluorescence of lymph nodes was
monitored using an IVIS Spectrum In Vivo Imaging System (PerkinElmer,
Waltham, MA, USA). For flow cytometry, single cells were prepared by
grinding lymph nodes through 70 uM cell strainers (SPL Life Science,
Pocheon, Korea) and stained with FITC-anti-mouse CD11c for 1 h. The
population of DC that took up nanoparticles (CD11c*Cy5") in the lymph
nodes was measured by flow cytometry.

3.2.9. DC Maturation Study in Lymph Node

DC maturation in lymph nodes was analyzed by measuring the expression
level of CD86 on DC isolated from Balb/c mice. Five-week-old Balb/c mice
were injected subcutaneously in the back with various PIC-loaded
nanoparticle formulations at a PIC dose of 0.25 mg/kg (5 pg PIC/mouse).
After 48 h, mice were sacrificed and inguinal lymph nodes were isolated.
Single-cell suspensions were stained with FITC-anti-mouse CD11lc and
APC-anti-mouse CD86 for 1 h. The population of activated DC
(CD11c*CD86") was analyzed by flow cytometry.

3.2.10. In Vivo Toxicity Study

Five-week-old Balb/c were injected subcutaneously in the back with
various PIC-loaded nanoparticle formulations. Seven days after injection,
whole blood and serum were collected for analysis of biochemical markers
of organ functions. As a biomarker of liver function, alanine
aminotransferase (ALT) level in the blood was measured. As a biomarker of
kidney function, blood urea nitrogen (BUN) level in the blood was
measured.

3.2.11. Statistics

Data were shown as mean * standard error of the mean (SEM). The
sample size (n) for each statistical analysis was indicated in the figure
legends. A one-way analysis of variance (ANOVA) with the
Student—Newman—Keuls post-hoc test was used to analyze statistical
differences. The SigmaStat software (version 12.0; Systat Software,
Richmond, CA, USA) was used for all statistical analysis. Significant
differences are indicated as ***p<0.001, **p<0.01, and *p<0.05.
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3.3. Results
3.3.1. Characterization of PIC/M-NP

The physicochemical features of poly IC/M-NP were characterized with
respect to morphology, size, zeta potential, and poly IC loading capacity.
TEM image revealed homogenous and round morphology of PIC/M-NP 10
(Figure 2A). In size, the M-NP measured around 150 nm in diameter
regardless of the mannose-PEG lipid content (Figure 2B). No significant
size change was observed after lipoplex formation with PIC. The particle
size of PIC/M-NP 10 was 157.7 £ 14.4 nm. Due to the cationic lipid
component, the M-NP showed a strong cationic surface charge higher than
60 mV (Figure 2C). When the cationic M-NP complexed with negatively
charged poly I:C, the zeta potential decreased significantly; the zeta
potential of PIC/M-NP 10 was 18.1 £ 4.2 mV. The loading capacity of poly
I:C on M-NP was confirmed by gel retardation. When poly IC was
complexed with M-NP at various w/w ratios, complete loading was
observed at a w/w ratio of 10 (Figure 2D).
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Figure 2. Characterization of PIC/M-NP. A) Morphology of polylC/M-NP
10 was observed by TEM. B) Mean particle sizes of nanoparticles in a
naked form or PIC-complexed form were measured by dynamic light
scattering (n = 3, one-way ANOVA and Student-Newman-Keuls test). C)
Zeta potential was measured by laser Doppler microelectrophoresis (n = 3,
one-way ANOVA and Student-Newman-Keuls test). D) Complexation
between poly IC and M-NP was determined by gel retardation. (***p<0.001,
n.s.: not significantly different).

3.3.2. Cytotoxicity of PIC/M-NP

The poly IC/M-NP did not induce significant toxicity to BMDC. When
various mannose-PEG lipid contents of PIC/M-NP were applied and cells
were incubated for 24 and 48 h, no notable change was observed in live cell
density (Figure 3A). Consistently, the cell viability calculated by MTT assay
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NP for 24 or 48 h (Figure 3B).
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Figure 3. PIC/M-NP cytotoxicity on bone marrow-derived dendritic cells
(BMDC). BMDC were treated with nanoparticles in a naked form or PIC-
complexed form. After 24 h and 48 h, the viability of BMDC was visualized
by live cell staining (A) and quantified by MTT assay (B) (n = 5, one-way
ANOVA and Student-Newman-Keuls test). Scale bar: 50 pm. (n.s.: not
significantly different).

3.3.3. Cellular Uptake of PIC/M-NP

The finely controlled nanoformulation significantly improved the cellular
uptake of PIC/M-NP in BMDC. As the content of mannose-PEG-Ilipid
increased, thus did the cellular uptake of PIC/M-NP (Figure 4A). In
particular, the use of 10% mannose-PEG-lipid significantly enhanced the
cellular uptake, with this group showing 1.90-fold and 1.20-fold higher
mean fluorescence intensity compared to those of the PIC/M-NP 0- and
PIC/M-NP 5-treated groups. However, when the content of mannose-PEG-
lipid was further increased to 20%, the cellular uptake was 9.35-fold lower
than that obtained with PIC/M-NP 10. Consistently, confocal microscopic
images revealed distinct endosomal localization of M-NP fluorescence in
BMDC treated with PIC/M-NP 10, whereas this was not seen for the
untreated group or those treated with PIC/M-NP of other ratios (Figure 4B).
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Figure 4. Intracellular uptake of PIC/M-NP by BMDC. BMDC were treate
with PIC/M-NP with mannose densities (0 to 10%) for 4 h. A) Intracellular
uptake of PIC/M-NP was measured by flow cytometry (A). (n = 5, one-way
ANOVA and Student-Newman-Keuls test). B) Intracellular locations were
visualized by confocal microscopy. Scale bar: 20 um. (***p< 0.001).

3.3.4. In Vitro BMDC Maturation Effect of PIC/M-NP

Poly 1C-loaded M-NP 10 remarkably enhanced BMDC maturation. When
BMDC were treated with M-NP lacking PIC, there was no significant
expression of the DC maturation marker, CD86 (Figure 5A). Similarly, free
PIC treatment did not show significant increase in the maturation of BMDC.
However, PIC/M-NP 10-treated BMDC showed a CD86-positive DC
population of 40.7 = 1.2%; this was significantly higher than the 13.9 +
1.9% seen in the untreated group, indicating that PIC/M-NP 10 significantly
promoted DC maturation (Figure 5B). BMDC treated with PIC/M-NP 0,
which lacked the mannose-PEG-lipid, had a 26.1 + 1.9% CD86-positive DC
population, indicating that this formulation triggered DC maturation but did
so less efficiently than PIC/M-NP 10.
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Figure 5. In vitro activation of BMDC by PIC/M-NP. BMDC was treated
with various PIC-loaded nanoparticles. After 48 h, the expression of CD86
on BMDC was quantified by flow cytometry. A) Populations of
CD11c*CD86" cells are shown for each group (n = 5, one-way ANOVA and
Student-Newman-Keuls test). B) A representative cell density plot is shown
for each group. (***p<0.001). Blue boxes indicate the gated areas for
CD11c*CD86" cells.

3.3.5. In Vivo Lymph Node Targeting of PIC/M-NP

Administered PIC/M-NP exhibited greater accumulation in lymph nodes
compared to the untreated group. One day after subcutaneous injection of
the nanoparticle to the backs of mice, whole-body imaging revealed that
mice treated with PIC/M-NP 0, poly IC/M-NP 5, or PIC/M-NP 20 showed
low-intensity fluorescence signals in their inguinal lymph nodes (Figure 6A).
On the other hand, higher fluorescence signal fluorescence was detected in
the lymph nodes of mice treated with PIC/M-NP 10. Ex vivo images of
extracted inguinal lymph nodes also showed increased PIC/M-NP 10-
derived fluorescence localized in the lymph nodes (Figure 6B). The radiant
efficiency calculated for the lymph nodes of the PIC/M-NP 10-treated group
was 2.40-fold and 2.03-fold higher than those of the PIC/M-NP 0- and
PIC/M-NP 5-treated groups, respectively (Figure 6C). Cellular uptake of
PIC/M-NP was observed in the DC population of lymph nodes. The PIC/M-
NP 10-treated group showed the highest DC population compared to other
groups (Figure 6D), and its fluorescence positive DC population was 5.7 +
1.0%, which was 25.7-fold higher than that seen in the PIC/M-NP 0-treated
group (Figure 6E).

60



S
PIC/M-NP 0 PIC/M-NP 5 PIC/M-NP 10 PIC/M-NP 20 QQ Q‘) Q\ Q
. R R I R\
- & & F
R < R 153108
G_‘ @ ﬁ . g -
3.43x107

D A PIC/M-NPO PIC/M-NP5 E
1047 1047
NE 10"._;,‘..‘-:.: 4 10:1., P : § 6 L3113
5§15 k% o 101‘&7 % T
S = *kk *XR o 107 10" o 4
L= i - !
E £10 S| %0 7o 1oi 7ot 0 %or Tor 10t 705 Tt E;
o E (3] PIC/M-NP10 __PIC/M-NP20 O
£3 ) %2
g 3 5 |j ’J_‘ ‘J_‘ 1032':: \ ) 108 :ofe.. -
< g 10§l - 102 o
g2, - L i 89 .—'—.I_Ll L
; ? ?‘"’ ?\Q ?1‘0 L] ———— ()0; ..... “ V\? “?
\X\ \l\ N N 105107 167 100 100100 107 16° 10° 134 G\ \“\ \\!\
?\g\ ?\c,\ \G\“\ \G\“\ s U el o

Figure 6. In vivo lymph node-targeting ability of PIC/M-NP. Mice were
injected subcutaneously with Cy5-labeled nanoparticles. After 24 h,
fluorescence at inguinal lymph node sites (A) and ex vivo images of
inguinal lymph nodes (B) were visualized. C) Radiant efficiency of inguinal
lymph nodes was quantified for each group (n = 5, one-way ANOVA and
Student-Newman-Keuls test). D) The uptake of nanoparticles in lymph
node-resident DC was measured by flow cytometry. Populations of
CD11c*Cy5* cells (E) are shown (n = 5, one-way ANOVA and Student-
Newman-Keuls test, ***p<0.001).

3.3.6. In Vivo DC Maturation Effect

Consistent with the enhanced cellular uptake of PIC/M-NP 10 into DC of
the lymph nodes, injection of PIC/M-NP 10 into mice induced significant
DC maturation, as determined by the expression of CD86. Two days after
subcutaneous injection of PIC/M-NP, the CD86-positive DC population in
the inguinal lymph node was analyzed. CD86-positive populations of mice
were 26.7 £ 3.4% for PIC/M-NP 0-treated group, and 21.7 £ 2.6% for M-NP
10-treated group (Figure 7A). There were no significant differences in
CD86-positive populations of mice between untreated (Figure 7B) and M-
NP 10-treated groups. In contrast, PIC/M-NP 10 treatment efficiently
induced DC maturation, yielding a positive population of 42.8 + 3.5%,
which was 1.58-fold and 1.60-fold higher than those seen in the untreated
and poly IC/M-NP O-treated groups, respectively.
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Figure 7. In vivo DC maturation in inguinal lymph nodes. Mice were
injected subcutaneously with nanoparticles in a naked form or PIC-
complexed form at a poly IC dose of 0.25 mg/kg. A) After 48 h, inguinal
lymph nodes were isolated, and the expression level of CD86 was measured
by flow cytometry. The blue box indicates the gated area for CD11¢c*CD86"*
cells. B) Population of CD11c*CD86" cells was quantified for each group (n
=5, one-way ANOVA and Student-Newman-Keuls test, ***p<0.001).

3.4. Discussion

In this study, PIC-loaded mannose conjugated nanoparticles, called
PIC/M-NP, were developed to efficiently target lymph nodes and induce
immune system activation. PIC/M-NP 10, which contains an optimized 10%
molar ratio of mannose-PEG-lipid in the nanoparticle, demonstrated the
most efficient lymph node targeting and cellular uptake into DC, which in
turn led to DC maturation by PIC.

M-NP 10 served as a suitable delivery system for introducing PIC to DC.
As a synthetic analog of double-stranded RNA, poly IC is a potent immune
adjuvant that can activate the innate immune system [20]. Since its receptor,
Toll-like receptor 3, is mainly localized to the endosomal compartment, the
PIC needs to enter the cellular endosomal pathway to be recognized [21].
However, the high molecular weight and highly negative charge of PIC
hinder its penetration of the plasma membrane. Previously, PIC has been
delivered using various cationic materials such as polysaccharide [22],
polymer [23], and lipid [24] nanoparticles. In these studies, cationic net
charges per se have not shown to induce the non-specific uptake of PIC to
the lymph nodes, indicating the need for specific ligands in the design of
delivery systems. In this study, the modification with mannose moieties
suggested the potential of improved targeting to the lymph nodes.

In this regard, targeting mannose receptors with M-NP 10 can be an
efficient strategy for delivering PIC to DC. The mannose receptor, also
called CD206, is known to be overexpressed on immature DC and induce
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endocytosis [25]. As the major role of mannose receptors in DC is to induce
internalization of pathogens by recognizing their glycans or mannosylated
antigens, targeting of mannose receptors is an efficient way to deliver
therapeutic agents to immune cells. [26,27]. M-NP 10 is less than 200 nm in
size and thus should be suitable for receptor-mediated endocytosis (Figure
2A) [28]. The ability to load poly IC on the surface of M-NP 10 through
charge-charge interaction further supports the promise of M-NP 10 as a
potent delivery system for activating the immune system (Figure 2C).

It has been reported that excessive PEGylated lipids in liposomes can
provide steric hindrance and reduce the efficiency of surface targeting
moieties to bind to the target cells [29]. Such phenomenon was termed as
‘PEG dilemma’. To avoid the PEG dilemma, the optimization of pegylated
lipid density in lipid nanoparticles would be essential. In this study,
triethyleneglycol mannose derivative of lipid was used. In a previous study,
di-, tetra, or hexaethylenglycol have been used to formulate mannosylated
lipid nanoparticles. In the study, tetraethyleneglycol was observed to
provide higher uptake by Raw 264.7 cells than diethyleneglycol or
hexaethyleneglycol-based nanoparticles [30]. This study suggests the
importance of PEG molecular weights in the design of nanoparticles.

The significant accumulation of signal in inguinal lymph nodes of mice
subcutaneously injected with PIC/M-NP 10 indicates that the PIC/M-NP 10-
internalizing DC migrated to the lymph node, where a systemic adaptive
immune response can be initiated (Figure 6). Cationic nanoparticles have
been reported to be taken up by macrophages in the lung, liver, and spleen
[31]. A previous study reported that subcutaneous injection of nanoparticles
could reduce the distribution to the liver or spleen and increase lymph node
delivery compared to intravenous injection [32]. Although the results
showed that the fluorescence signals in the liver and spleen after
subcutaneous injection of PIC/M-NP, biochemical markers related to liver
and spleen functions remain in normal ranges (Figure 8). The uptake of PIC
to DC supported their maturation and efficient migration and achieved cell-
mediated lymph node targeting. As a result, significantly more activated DC
were found in the lymph nodes of PIC/M-NP 10-treated mice compared to
control mice and those treated with the other formulations.

The capability of PIC/M-NP 10 to efficiently target and move antigen-
presenting cells to the lymph node suggest that this formulation could be a
promising vaccine delivery system. As DC critically links the innate and
adaptive immune systems and the lymph node is an immune-specialized
organ where T and B lymphocytes are concentrated, PIC/M-NP 10 has the
potential to induce profound adaptive immune responses against infectious
disease or cancers.

3.5. Conclusion
In conclusion, this research shows that the developed PIC-loaded
mannose conjugated nanoparticles, called PIC/M-NP, could efficiently target
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lymph nodes and induce immune system activation. PIC/M-NP 10, which
contains an optimized 10% molar ratio of mannose-PEG-lipid in the
nanoparticle, demonstrated the most efficient lymph node targeting and
cellular uptake into DC, which in turn led to DC maturation by PIC. The
capability of PIC/M-NP 10 to efficiently target and move antigen-presenting
cells to the lymph node suggest that this formulation could be a promising
vaccine delivery system. As DC critically links the innate and adaptive
immune systems and the lymph node is an immune-specialized organ where
T and B lymphocytes are concentrated, PIC/M-NP 10 has the potential to
induce profound adaptive immune responses against infectious disease or
cancers.
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Chapter 4. Tannic acid-based nanomaterials for tolerogenic
immunotherapy of rheumatoid arthritis

4.1. Introduction

Rheumatoid arthritis (RA), a chronic inflammatory disease characterized
by swollen and stiff joints, arises more predominantly in females and the
elderly [1, 2]. The current principal therapies for RA include the application
of non-steroidal anti-inflammatory drugs (NSAIDs) and disease-modifying
anti-rheumatic drugs (DMARDS) [3]. NSAIDs can alleviate inflammation in
RA and DMARD:s can achieve disease remission and delay joint deformity
by interfering with the progression of inflammation. However, some
patients fail to respond and there are risks for adverse effects. The
traditional NSAIDs, such as diclofenac, naproxen, and ibuprofen, can
trigger gastrointestinal events and cardiovascular problems [4]. Long-term
use of nonbiological DMARDs, such as methotrexate and leflunomide, can
lead to liver and lung problems [2]. Additionally, these approaches seek to
induce remission and delay joint damage rather than working to modulate
autoimmunity and maintain immune system homeostasis.

Efforts to induce antigen-specific tolerance and thereby dampen
autoimmunity have recently emerged as an approach for treating
autoimmune disease without inducing systemic immune suppression.
Antigen-presenting cells (APC), especially dendritic cells (DC), play a
critical role in initiating and regulating immune tolerance [5]. Compared
with  immunosuppressive therapies, tolerogenic immunotherapy via
tolerogenic DC induction modulates the immune system to reduce
autoreactive T cells and develop regulatory T cell (Treg) populations.
Recently, tolerogenic immunotherapy has been investigated for treating
autoimmune diseases such as type 1 diabetes and multiple sclerosis by
inducing antigen-specific tolerances in which insulin peptides and myelin
oligodendrocyte glycoprotein peptides, respectively, act as self-antigens [6].
To achieve successful antigen-specific tolerization for RA treatment,
researchers need to investigate self-antigens of RA.

In the clinic, autoantibodies toward immunoglobulin G (IgG) and
citrullinated proteins are used as markers of RA [7]. 1gG is not specific for
RA patients, as it occurs in many inflammatory conditions. In contrast,
citrullinated proteins are increased with relative specificity in RA patients,
while negligible levels are seen in other inflammatory disorders [8].
Environmental stimuli or genetic risk factors can trigger citrullination as a
post-translational modification of various proteins, such as collagen,
filaggrin, fibrinogen, and vimentin. These citrullinated proteins are abundant
in RA patients, and anti-citrullinated protein antibodies are detected in the
sera of almost 80% RA patients, indicating that citrullinated proteins act as
critical self-antigens in the progression of RA [9, 10]. A multiepitope
peptide including the sequences of various citrullinated autoantigens
reportedly induced immune tolerance and ameliorated inflammatory
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symptoms in the adjuvant arthritis rat and CIA mouse models [11, 12, 13].
Thus, citrullinated proteins appear to have potential as autoantigens for
inducing antigen-specific immune tolerance in RA.

For the induction of immune tolerance to treat autoimmune diseases, an
emerging approach focuses on using nanoparticles to simultaneously co-
deliver specific amounts of self-antigens and tolerogenic drugs to DC.
However, most of the nanoparticles designed to date lacked DC-specific
targeting ligands and failed to amplify antigen-specific immune tolerance or
show therapeutic efficacy. Abatacept, also known as CTLA4-Ig, is a fusion
protein comprising the extracellular domain of cytotoxic T lymphocyte
associated protein 4 (CTLA4) and the Fc region of 1gG1 [8, 14]. This fusion
protein has been used to treat autoimmune diseases like RA by binding to
the co-stimulatory molecules, CD80 and CD86, on the surface of DC; this
blocks the interaction of CD80/CD86 with CD28 on effector T cells to
prevent their activation [15, 16]. Hence, abatacept offers the possibility of
simultaneously blocking T cell activation and targeting DC.

To generate antigen-specific immune tolerance via a DC-specific
targeting approach for RA treatment, an abatacept-conjugated nanovaccine
composed of a core tannic acid nanoparticle (TN), citrullinated peptide
(CitP), and dexamethasone (Dexa) was designed (Figure 1). Tannic acid,
with its phenol-rich structure, is capable of binding to various polymers,
such as collagen [17]. As a result, it is reasonable to create a nanocore
through hydrogen bonding with alcohol residue-containing polymers such
as PVA. Moreover, tannic acid is a well-known antioxidant agent and Dexa
is a potent tolerogenic agent that can induce tolerogenic DC. For DC-
targeted delivery, TN was coated with a Dexa-loaded lipid layer (to create
DTN) and the surface was engineered with abatacept and the self-antigen,
CitP, to yield AbaCitDTN. Here, the tolerogenic nanovaccine, AbaCitDTN,
offers the possibility of maximizing DC targeting, reprogramming
autoimmunity to antigen-specific immune tolerance, and maintaining
immune system homeostasis for the treatment of RA.
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Figure 1. Tolerogenic reprogramming of DC by AbaC|tDTN A) Synthesis
procedure of AbaCitDTN. B) Proposed mechanism through which
AbaCitDTN induces immune tolerance against CitP in the lymphoid organs.
C) Proposed effect of tolerogenic DC induction in ameliorating RA
symptoms.

4.2. Material and Method
4.2.1. Preparation of nanoparticles

As core nanoparticles, tannic acid-based nanoparticles were constructed.
In brief, 1 mg/mL polyvinyl alcohol (PVA) was mixed with an equal
volume of 1 mg/mL tannic acid solution. This mixture was added to a

70 ;ﬂ-.-T]'{:}-]_].f_



solution of polyethylene glycol (PEG) (molecular weight 8000; Sigma-
Aldrich, St. Louis, MO, USA) at a weight ratio of 1:24. After incubation at
room temperature for 10 min, the resulting tannic acid-based core
nanoparticles (TN) were purified by three rounds of centrifugation with
triple distilled water (TDW) at 1100 x g for 15 min.

Lipid-coated TN (LTN) were prepared using a thin-film hydration
method, as previously reported [18]. Briefly, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (16:0 PC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (sodium salt) (16:0 PG), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide (polyethylene glycol)-2000]
(@ammonium salt) (DSPE-PEG2000 Maleimide) were dissolved in
chloroform at a ratio of 7:2.8:0.2 (m/m). In some experiments, cyanine 5-
conjugated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (18:1 Cy5 PE,
Avanti Polar Lipids, Alabaster, AL, USA) was added at total lipid contents
of 0.066 % and 0.66 % for cellular and animal imaging, respectively. To
load Dexa to the nanoparticles, Dexa was added into the lipid mixture at a
ratio of 0.3:10 (m/m). After the solvent was removed by rotary evaporation,
the lipid film was sonicated with 1 mg of TN in 1 mL of TDW. The
resulting Dexa-loaded lipid-coated tannic acid core nanoparticles (DTN)
were passed through a 0.4-um membrane filter using an extruder. For some
experiments, lipid nanoparticles (LN) and Dexa-loaded lipid nanoparticles
without a tannic acid core (DLN) were prepared by hydrating the lipid film
with TDW.

For modification of DTN with CitP (CitDTN), cysteine-modified
citrullinated peptide (CitP-Cys,
VCitLCitSSVESTCIitGRSCIitPAPPPACItGLTC; Peptron, Daejeon, Republic
of Korea) was added into DTN at a TN:CitP-Cys weight ratio of 1:0.2 and
reacted at 4 °C overnight [11]. For surface modification of CitDTN with
abatacept (AbaCitDTN), abatacept was thiolated with Traut’s reagent and
conjugated using the maleimide—thiol reaction. Briefly, abatacept was
dissolved in phosphate-buffered saline (PBS) (pH 8.0) and reacted with
Traut’s reagent for 1 h at room temperature. Unreacted Traut’s reagent was
removed from the thiolated abatacept using a 50 kDa Amicon Ultra filter
(Merck Millipore, Burlington, MA, USA). For some experiments, OVA was
modified with thiol groups using Traut's reagent, followed by removal of
unreacted Traut's reagent with a 3 kDa Amicon Ultra filter. Thiolated
abatacept and CitP-Cys were then added to DTN at a weight ratio of 1:1:0.2
and reacted overnight at 4 °C. For other experiments, thiolated abatacept
and thiolated OVA were reacted with DTN at a weight ratio of 1:1:0.2. The
resulting AbaCitDTN or AbaOVADTN was purified by centrifugation at
27,000 x g for 15 min, and the pellet was reconstituted in 5% glucose for
further experiments. For some experiments, DLN was modified with CitP
and abatacept to yield AbaCitDLN.

4.2.2. Characterization of nanoparticles
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Nanoparticles were characterized by morphology, size, surface charge,
elemental analysis, and diverse spectrochemical analysis. The morphology
was observed using a Tecnai F20 transmission electron microscope (TEM)
(FEI, Hillsboro, Oregon, USA). The presence of elemental carbon, oxygen,
and phosphate in nanoparticles was evaluated by field-emission scanning
electron microscopy (FE-SEM) (AURIGA; Carl Zeiss, Oberkochen,
Germany). Nanoparticle size and surface charge were measured by dynamic
light scattering (DLS) using an ELSZ-1000 instrument (Otsuka Electronics
Co., Osaka, Japan). The Raman spectra of nanoparticles were analyzed
using a Raman microscope (LabRAM HR Evolution, HORIBA, Kyoto,
Japan) at a laser wavelength of 532 nm.

Optical imaging and Raman mapping were performed using a LabRAM
HR Evolution, with a 500-3500 cm™ range within a 20 x 20 um? area using
a 2 x 2 um? point size. Lyophilized powder was prepared for Raman
analysis. The Fourier transformation infrared (FT-IR) spectrum of the
nanoparticles was analyzed using an attenuated total reflection method and
an FT-IR spectrometer (FT/IR-4700, JASCO, Tokyo, Japan) with
lyophilized powder; the measurement resolution was 4 cm™. X-ray
photoelectron spectroscopy (XPS) spectra were obtained for elemental
analysis (Axis-HSi; Kratos Analytical Ltd., Manchester, UK) and data were
analyzed with the CasaXPS software (Casa Software Ltd., Teignmouth,
UK). For measurement of XPS spectra, samples were lyophilized and
stabilized in a vacuum chamber under an ultra-high vacuum (10 mbar) for
24 h. The crystallinity of samples was confirmed by X-ray diffraction
(XRD) using an X-ray diffractometer (D8 Advance 2020, Bruker, Billerica,
MA, USA); the samples were prepared with lyophilized powder.

4.2.3. Quantification of components in nanoparticles

The amount of tannic acid in nanoparticles was evaluated using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay as previously reported [19]. In
brief, DPPH was prepared in ethanol (0.2 mM) and mixed with 1 mg/mL
nanoparticles at a ratio of 5:1 (v/v), and the mixture was vortexed and
incubated in the dark for 1 h. The absorbance of samples was measured at
517 nm using a Microplate Reader (Molecular Devices, San Jose, CA,
USA). The tannic acid concentration was measured based on a standard
curve prepared by reacting different concentrations of tannic acid with
DPPH.

The amounts of Dexa and CitP in AbaCitDTN were evaluated by high-
performance liquid chromatography (HPLC). For Dexa quantification,
lyophilized nanoparticles were dissolved in methanol and sonicated for 30
min to extract Dexa. The solution was centrifuged at 27,000 x g for 20 min
and supernatants were collected and injected into a C18 column (Nucleosil
100-5 C18; Macherey-Nagel, Duren, Germany). The column was eluted
using a mobile phase consisting of TDW and acetonitrile at a ratio of 70:30
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(v/v). The flow rate was set at 1 mL/min and the Dexa peak was detected at
254 nm.

For CitP quantification, nanoparticles were centrifuged at 27,000 x g for
20 min and free peptides in the supernatant were collected and injected into
a C18 HPLC column. The column was eluted with a mobile phase
consisting of 0.1% trifluoroacetic acid in TDW (solvent A) and 0.1%
trifluoroacetic acid in acetonitrile (solvent B). The flow rate was fixed at 1
mL/min and the following gradient was used: 3%-20% B over 2 min, 20%-
50% B over 10 min, 50%-70% B over 1 min, and 70%-3% B over 4 min.
The column temperature was set to room temperature and the peptide peak
was detected at 220 nm. The amount of abatacept in nanoparticles was
quantified using a bicinchoninic acid (BCA) assay kit (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s instructions.

4.2.4. Measurement of abatacept conjugated onto AbaCitDTN

The presence of conjugated abatacept on AbaCitDTN was tested by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and flow cytometry. For SDS-PAGE analysis, abatacept and various
formulations were treated with SDS containing 2-mercaptoethanol (4 X;
GenDEPOT, Katy, TX, USA) for 10 min at 100 °C. SDS-PAGE was run at
100 V for 90 min, and the gel was stained with Coomassie Brilliant Blue
(Bio-Rad, Hercules, CA, USA).

For flow cytometry, Cy5-labeled DTN, CitDTN, AbaDTN, and
AbaCitDTN were stained with phycoerythrin (PE)-conjugated anti-human
CTLA4 antibody (BioLegend, San Diego, CA, USA) for 1 h and
centrifuged at 27,000 x g for 20 min [20]. Nanoparticles were resuspended
in 5% glucose in TDW, and the fluorescence signals of nanoparticles and
abatacept were detected using a CytoFLEX LX Flow Cytometer (Beckman
Coulter, Brea, CA, USA).

4.2.5. Evaluation of radical-scavenging effect

The radical-scavenging abilities of tannic acid-based nanoparticles were
evaluated using both colorimetric and fluorescence methods. The Oz~
scavenging activity was assessed using the nitro blue tetrazolium (NBT)
assay [21] A solution of 75 uM NBT chloride (Cayman chemical, Ann
Arbor, MI, USA), 20 uM riboflavin (Sigma-Aldrich), and 12.5 mM
methionine (Sigma-Aldrich) in PBS (pH 7.4) was prepared and mixed with
varying concentrations of nanoparticles. Following 15 min of ultraviolet
irradiation, the absorbance spectrum was measured using a Microplate
Reader (Molecular Devices). The OH- scavenging activity was evaluated by
measuring the fluorescence of 2-hydroxyterephthalic acid [22]. A solution
of 0.5 mM terephthalic acid (Sigma-Aldrich) and 2 mM HO; in PBS (pH
7.4) was mixed with varying concentrations of nanoparticles. After
incubation in the dark for 12 h, the fluorescence emission spectrum was
obtained using a 315 nm excitation wavelength. The DPPH assay was
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performed by mixing a solution of 0.2 mM DPPH in ethanol with varying
concentrations of nanoparticles, and the UV-visible absorbance at 517 nm
was monitored using a Microplate Reader (Molecular Devices).

4.2.6. In vitro study of nanoparticle uptake by DC

The in vitro binding of and endocytosis of nanoparticles into bone
marrow-derived DC (BMDC) were studied using confocal microscopy and
flow cytometry. BMDC were isolated as previous reported [23] For
fluorescent imaging, BMDC (1 x 10° cells/well) were seeded onto a
confocal dish and treated with 1 mg/mL Cy5-labeled nanoparticles for 1 h.
The cells were washed with PBS, stained with LysoTracker Green DND-26
(Thermo Fisher Scientific) and Hoechst 33342 (Sigma-Aldrich), and fixed
with 4% formaldehyde in PBS for 10 min. The cellular co-localization of
nanoparticles and LysoTracker was observed at different time points under
confocal laser scanning microscopy (Leica Microsystems, Wetzlar,
Germany). For flow cytometry, BMDC (1 x 10° cells/well) were seeded
onto 24-well plates and treated with 1 mg/mL Cy5-labeled nanoparticles for
1 h. Cells were harvested and washed with PBS, and the fluorescence
intensity was quantified by flow cytometry. For the CD80/CD86-blocking
study, BMDC were pre-treated with anti-mouse CD80 antibody (aCD80, 20
ng/1 x 10° cells; BioLegend) or anti-mouse CD86 antibody (aCD86, 20 pg/1
x 10° cells; BioLegend) for 1 h. The cells were then washed with PBS,
treated with Cyb-labeled nanoparticles for 1 h, and analyzed by flow
cytometry.

4.2.7. In vitro tannic acid core-mediated modulation of inflammatory
signaling

The in vitro modulation of inflammatory signaling in BMDC was
evaluated using western blotting and reverse transcription polymerase chain
reaction (RT-PCR). For western blotting, BMDC were incubated with
various nanoparticles at a dose equivalent to 10 uM Dexa for 1 h. The
medium was refreshed, and the cells were incubated with 1 pg/mL of LPS
for another 1 h. The cells were washed with PBS, and the nuclear protein
was extracted using the NE-PER Nuclear and Cytoplasmic Extraction Kit
(Thermo Fisher Scientific).

The protein concentration was quantified using a BCA assay kit. Equal
amounts of nuclear protein were loaded onto SDS-PAGE (10%), transferred
to polyvinylidene fluoride membranes, and blocked with 3% bovine serum
albumin in Tris-buffered saline with 0.1% of Tween-20 for 1 h. The
membranes were probed with anti-NF-xB p65 antibody (Abcam, Cambridge,
UK) or anti-Histone H3 antibody (Abcam) at 4 °C overnight, followed by
incubation with horseradish peroxidase (HRP)-linked anti-rabbit 1gG (Cell
signaling, Denver, MA, USA) for 1 h. The signals were detected using an
Amersham ECL Prime Western Blotting detection reagent kit (GE
Healthcare, Chicago, IL, USA). The intensity of NF-xB p65 and Histone H3
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was quantified using Image] software (National Institutes of Health,
Bethesda, MD, USA).

For RT-PCR, BMDC were incubated with various nanoparticles for 1 h,
followed by incubation with 1 pg/mL of LPS in fresh medium for another 6
h. Total RNA was extracted from BMDC using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and cDNA synthesis was conducted using
the AccuPower RT PreMix (Bioneer, Daejeon, Republic of Korea). Real-
time quantitative PCR was performed using the TOPreal™ SYBR Green
gPCR High-ROX PreMIX (enzynomics, Daejeon, Republic of Korea). The
primer sequences used in this study are listed in Table 1.

Table 1. Primer sequences for quantitative real time-PCR

Primer sequence (5'- 3%)

Gene
Forward sequence Reverse sequence

GAPDH CATGGCCTCCAAGGAGTAAGA GAGGGAGATGCTCAGTGTTGG

HIF1a AATACATTTTCTCTGCCAGTTTTCTG TTGCTGCATCTCTAGACTTTTCTTTT

iNOS CACCTTGGAGTTCACCCAGT ACCACTACTCGTACTTGGGATGC

COX-2 CACTACATCCTGACCCACTT ATGCTCCTGCTTGAGTATGT

4.2.8. In vitro study of tolerogenic DC induction

In vitro tolerogenic DC induction was evaluated using flow cytometry
and confocal microscopy. As markers of tolerogenic DC, the surface
expression levels of CD86, CD80, and CD40, and the intracellular
expression levels of tumor necrosis factor alpha (TNF-a) and transforming
growth factor beta (TGF-8) were measured.

For flow cytometry, BMDC were incubated with various nanoparticles at
a dose equivalent to 10 uM Dexa for 1 h. The medium was refreshed and the
cells were incubated for another 48 h. To evaluate the expression levels of
CD86, CD80, and CD40, BMDC were activated with 1 pg/mL of LPS
(Sigma-Aldrich) for 24 h. To evaluate the surface expression levels of TNF-
o and TGF-B, BMDC were activated with 1 ug/mL of LPS and 5 pg/mL of
brefeldin A (Invitrogen, Waltham, MA, USA) for 6 h. Surface-expressed
CD86, CD80, and CD40 were evaluated using Fluorescein (FITC)-
conjugated anti-mouse CD11c antibody, allophycocyanin (APC)-conjugated
anti-mouse CD86, CD80 and CD40 antibodies, and PerCP/Cy5.5-
conjugated anti-mouse major histocompatibility complex (MHC) I
antibody. The intracellular expression levels of TNF-a and TGF- were
evaluated using APC-conjugated anti-mouse TNF-a. and TGF-B antibodies
with intracellular staining buffer (BioLegend), respectively.

For confocal imaging, BMDC were seeded onto a confocal dish and
treated with various nanoparticles for 48 h. After stimulation with LPS and
brefeldin A for 6 h, BMDC were fixed with 4% formaldehyde for 10 min,
and then stained with APC-conjugated anti-mouse TNF-o antibody and
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Hoechst 33342 dye. All antibodies were obtained from BioLegend. The
fluorescence of cells was observed using confocal laser scanning
microscopy.

4.2.9. In vitro ROS-scavenging effect of nanoparticles on DC

The in vitro ROS-scavenging effect of nanoparticles on DC was
evaluated using a nitric oxide assay, intracellular ROS imaging, and flow
cytometry. The isolated BMDC were incubated with various nanoparticles
at a dose corresponding to 10 uM Dexa for 1 h. The medium was refreshed
and the cells were incubated for another 24 h. The BMDC were activated
with 1 ug/mL of LPS for 6 h. For the nitric oxide assay, the medium was
collected and the amount of nitric oxide in the supernatant was measured
using Griess reagent. For fluorescent imaging of intracellular ROS, the
BMDC were stained with 10 uM CM-H2DCFDA in PBS for 30 min and the
cells were fixed with 4% formaldehyde for 10 min and stained with Hoechst
33342 dye for 10 min. The fluorescence of cells was observed using a
confocal laser scanning microscope. For flow cytometry, cells were stained
with CM-H2DCFDA, harvested, washed with PBS, and analyzed by flow
cytometry.

4.2.10. In vitro blockade of the interaction between DC and T cells

The ability of nanoparticles to block the co-stimulatory molecule
interaction between DC and T cells was evaluated using confocal
microscopy, a T cell proliferation assay, and an interleukin-2 (IL-2)
secretion assay. T cells were isolated from the spleens of DBA/1 mice using
nylon wool columns, as previously reported [24]. To visualize the
interaction between DC and T cells, T cells were pre-stained with primary
rat anti-mouse CD3 antibody (BioLegend) and PerCP/Cy5.5-tagged anti-rat
IgG antibody (BiolLegend). The cells were then seeded onto poly-I-lysine
coverslips and co-cultured with DC that had been pre-stained with FITC-
tagged anti-mouse CD11c antibody (BioLegend) ata T cell : DC ratio of 1:1.
Cyb-labled nanoparticles (1 mg/mL) were added and the co-culture system
was incubated for 1 h. The cells were then washed three times with PBS,
fixed with 4% formaldehyde, and stained with Hoechst 33342 dye. The
fluorescence of cells was visualized using a confocal laser-scanning
microscope.

For assessment of IL-2 secretion, splenocytes were seeded onto anti-CD3
antibody- and recombinant CD80 protein-Fc conjugate-coated plates along
with the various nanoparticles. A 96-well plate was coated with 10 pg/mL
anti-CD3 antibody (Bio X Cell, Lebanon, NH, USA) and 10 pug/mL CD80-
Fc (BioLegend) overnight at 4 °C. After washing the plate with PBS, either
free abatacept (50 pg/mL) or various nanoparticles at a dose corresponding
to 10 uM Dexa were added for 1 h. The splenocytes were washed with PBS
and seeded at a density of 2 x 10° cells/well. The plate was incubated for 72
h, the supernatant was collected, and the amount of IL-2 in the supernatant
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was measured using an IL-2 enzyme-linked immunosorbent assay (ELISA)
kit (R&D Systems, Minneapolis, MN, USA).

For the T cell proliferation assay, splenocytes were pre-stained with 5 uM
5,6-carboxy-succinimidyl-fluoresceine-ester (CFSE) dye and seeded onto an
anti-CD3 antibody- and CD80-Fc-coated plate. The plate was incubated for
72 h, and splenocytes were harvested and stained with APC-tagged anti-
mouse CD3 antibody, PE-tagged anti-mouse CD4 antibody, and
PerCP/Cy5.5-tagged anti-mouse CD8 antibody. All antibodies were from
BioLegend. The proliferation of T cells was analyzed using flow cytometry.

4.2.11. Animals

Male 7-week-old DBA/1 mice were purchased from Orient Bio
(Kyonggi-do, Republic of Korea) under standard pathogen-free conditions
at the Animal Center for Pharmaceutical Research, Seoul National
University. All animal experiments were carried out under approved
protocols and in accordance with the Guidelines for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources, Seoul
National University (approval number, SNU-210318-3-1, SNU-220227-1).

4.2.12. In vivo biodistribution study

The in vivo biodistribution of nanoparticles was evaluated using
molecular imaging, flow cytometry. DBA/1 mice were injected
subcutaneously injected at the center of the lower back with 0.2 mL of 1
mg/mL Cy5-labeled nanoparticles. For molecular imaging, the fluorescence
of nanoparticles at lymph nodes and other organs was detected at various
time points using an IVIS Spectrum in Vivo Imaging System (PerkinElmer,
Waltham, MA, USA). For flow cytometry, lymph nodes were harvested,
mashed, and passed through a cell strainer (70 um). The obtained single-cell
suspension was stained with PE-tagged anti-mouse CD11c antibody and
PerCP/Cy5.5-tagged anti-mouse MHCII antibody. The overlap of the Cy5
signal with the CD11c* and MHCII* cell population was analyzed by flow
cytometry. For imaging, cryosections of inguinal lymph nodes were stained
with Alexa Fluor 594-conjugated anti-mouse CD11c antibody (BioLegend)
and Hoechst 33342 dye and visualized using a THUNDER Imager (Leica
Microsystems, Wetzlar, Germany).

4.2.13. In vivo immune tolerance study

The antigen-specific immune tolerance induced by AbaCitDTN was
tested in the collagen-induced arthritis (CIA) mouse model, which was
induced according to following methods [25]: On day 0, 8-week-old male
DBA/1 mice were injected intradermally at the tail with 100 pg of chick
type 1l collagen (CII, 2 mg/mL, Chondrex, Redmond, WA, USA) emulsified
with an equal volume of Complete Freund’s Adjuvant (CFA, 4 mg/mL,
Chondrex). On day 21, the mice received a booster immunization at the tail
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with 100 pg of chick CII in an equal volume of Incomplete Freund’s
Adjuvant (IFA, Chondrex).

To evaluate tolerogenic vaccination efficacy, the mice were divided into
six groups and various nanoparticles were injected subcutaneously at the
center of the lower back, at doses equivalent to 50 ug of tannic acid, 45 ug
of Dexa, and 100 pg of CitP per mouse. Injections were done weekly for a
total of four times, starting on the day of the first emulsion injection. The
symptoms of mice were monitored every other day and scored using the
following criteria described in the Chondrex protocol: 0, normal; 1, mild
redness and swelling limited to the toes; 2, moderate redness and swelling of
ankle joints or wrists; 3, enhanced redness and swelling of entire paws; 4,
severe swelling of entire paws or ankylosed paws and toes. The paw
thicknesses of the right and left paws were measured using a caliper.

4.2.14. Suppression of CitP-specific splenocytes by AbaCitDTN

The capability of nanoparticles to suppress CitP-specific splenocytes was
evaluated using IFN-y ELISpot assay and cytokine ELISA. The CIA mouse
model was established as previously described, and spleens were harvested
7 days after the boost immunization, followed by dissociation into single-
cell suspensions. Splenocytes were then incubated with various
nanoparticles at a dose equivalent to 10 uM Dexa for 1 h. The medium was
refreshed, and the cells were incubated for 72 h. Splenocytes (4 x 10°
cells/well) were stimulated with 10 pg/mL CitP or 10 pug/mL OV As23-339
(InvivoGen, San Diego, CA, USA), respectively. After 24 h, cells were used
for the detection of IFN-y-secreting cells using an ELISpot kit (BD
Bioscience) according to the manufacturer’s instructions, and the
supernatant was collected for the detection of levels of IL-6, TNF-a, and
GM-CSF using ELISA kits (R&D Systems).

4.2.15. Detection of cytokine and chemokine levels in CIA mice

The cytokine and chemokine levels in blood or synovial fluid were
measured by ELISA. Mice were injected intradermally with type Il collagen
emulsion and injected subcutaneously with various nanoparticles. Mice
received four weekly treatments with nanoparticles. Mice were sacrificed at
42 days after the first dose of nanoparticles, and blood and hind paws were
collected. The hind paws were skinned and homogenized with PBS
supplemented with a protease inhibitor (Roche, Basel, Switzerland) using a
homogenizer. Each sample was centrifuged at 13,000 x g for 30 min and the
supernatant was collected. The levels of IL-6, interferon (IFN)-y, IL-1p,
TNF-a, and C-C Motif Chemokine Ligand 2 (CCL2) were quantified using
ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions.

4.2.16. Analysis of antigen-specific immune responses
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Antigen-specific immune responses were evaluated by specific antibody
titers and enzyme-linked immune absorbent spot (ELISpot) assay. Mice
were subcutaneously treated each week with various nanoparticles for a total
of four times, starting on the day of the first emulsion injection. For
antibody titer analysis, blood samples were collected from the heart at 42
days after the first nanoparticle treatment and serum samples were obtained
by centrifugation at 2,000 x g for 20 min. A 96-well immunoplate was
coated with 100 pL/well of 10 pg/mL CII or 10 pg/mL CitP in PBS (pH 7.4)
overnight at 4 °C. The plate was incubated with 100 pL/well of 100-times
diluted serum samples for anti-CitP 1gG detection and 10000-times diluted
serum samples for anti-CIl IgG detection. All serum samples were diluted in
blocking buffer. The plate was incubated at room temperature for 2 h. The
plate was treated with 100 pL/well of HRP-conjugated anti-mouse 1gG
(diluted 1:400, Santa Cruz Biotechnology, Dallas, TX, USA) for 2 h, and
then with 100 uL/well of H202 and tetramethylbenzidine mixing solution
(1:1, v/v). The optical density at 450 nm was determined immediately using
a microplate reader.

For the IFN-y ELISpot assay, splenocytes were seeded at 4 x 10° cells per
well for detection of CitP-specific IFN-y-secreting splenocytes or at 2 x 10°
cells per well for detection of CllI-specific IFN-y-secreting splenocytes. The
cells were then stimulated with 10 pg/mL of CitP or 100 pg/mL CII,
respectively. After 24 h of stimulation, the numbers of IFN-y-secreting cells
were evaluated using an ELISpot kit (BD Bioscience) according to the
manufacturer’s instructions.

4.2.17. Analysis of immune cell profiles in CIA mice

The immune cells profiles of spleen and lymph nodes were analyzed by
flow cytometry. Mice were subcutaneously treated each week with various
nanoparticles for a total of four times, starting on the day of the first
emulsion injection. On day 42 after the first injection, spleens and inguinal
lymph nodes were harvested and dissociated into single-cell suspensions
using 70-um cell strainers. Red blood cells were removed using ACK lysis
buffer (Thermo Fisher Scientific). The Treg population in the spleen was
evaluated by staining cell suspensions with PE-tagged anti-mouse CD4
antibody, FITC-tagged anti-mouse CD25 antibody, and APC-tagged anti-
mouse Foxp3 antibody. For IL-17A and IFN-y analysis, splenocytes were
stimulated with phorbol 12-myristate 13-acetate (Sigma-Aldrich),
ionomycin (Sigma-Aldrich) and brefeldin A for 4 h.

The Th17 cell population in the spleen was assessed by staining
stimulated splenocytes with FITC-tagged anti-mouse CD3 antibody, PE-
tagged anti-mouse CD4 antibody, and APC-tagged anti-mouse IL-17A
antibody. The pathogenic T cell population was analyzed by staining with
FITC-tagged anti-mouse CD3 antibody, PE-tagged anti-mouse CD4
antibody, PerCP/Cyb5.5-tagged anti-mouse CD8 antibody, and APC-tagged
anti-mouse IFN-y antibody. DC markers were evaluated by staining cell
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suspensions of lymph nodes with FITC-tagged anti-mouse CD11c antibody,
PerCP/Cy5.5-tagged anti-mouse MHCII antibody, APC-tagged anti-mouse
CD86 antibody, APC-tagged anti-mouse CD80 antibody, or APC-tagged
anti-mouse CD40 antibody (all antibodies were from BioLegend).

4.2.18. Microcomputed tomography

The bone architecture and bone erosion were observed by microcomputed
tomography (Micro-CT). Mice were subcutaneously treated each week with
various nanoparticles for a total of four times, starting on the day of the first
emulsion injection. On day 42 after the first injection, hind paws were
harvested, fixed in 4% formaldehyde in PBS, and scanned at 90 kV and 88
A with a resolution of 36 um using a Quantum GX2 microCT Imaging
System (PerkinElmer). The scanned paws were then reconstructed into
three-dimensional images. Bone assessment parameters, including the bone
volume/total volume (BV/TV), bone surface/bone volume (BS/BV), and
bone mineral density (BMD), were quantified for femurs and tibia using the
AccuCT microCT Analysis Software (PerkinElmer).

4.2.19. Histology and immunohistochemical study

Mice were subcutaneously treated each week with various nanoparticles
for a total of four times, starting on the day of the first emulsion injection.
Knee joints were collected on day 42 after the first injection, fixed in 4%
formaldehyde in PBS at 4 °C for 24 h, and decalcified with 10% EDTA
solution at 4 °C for 4 weeks. The decalcified joints were then embedded in
paraffin and stained with hematoxylin and eosin (H&E), safranin O, and
toluidine blue. Stained tissues sections were imaged using a Vectra
Automated Multispectral Imaging System (PerkinElmer). Semiquantitative
scoring was performed as previously reported [26]. Inflammation and bone
erosion were scored from H&E-stained images. Inflammation was scored
using the following criteria: 0, normal; 1, mild infiltration of inflammatory
cells, low cell density; 2, enhanced infiltration of inflammatory cells,
increased cell density; 3, maximal infiltration of inflammatory cells, high
cell density. Bone erosion was scored using the following criteria: 0, normal,
intact bone architecture; 1, small bone erosion at the superficial area of
cortical bone; 2, moderate bone erosion at the superficial area of cortical
bone; 3, severe bone erosion and complete loss of cortical bone. Cartilage
erosion was scored from safranin O-stained images using the following
criteria: 0, normal; 1, mild loss of cartilage zone (red) in the superficial
layer; 2, moderate loss of cartilage zone (red) in the superficial layer; 3,
complete loss of cartilage zone (red) in the superficial layer with only
counterstaining (blue) remaining.

For the immunohistochemical study, decalcified knee joints were
incubated in 15% sucrose in PBS for 1 h and then in 30% sucrose in PBS
for 24 h, and embedded in Tissue-Tek O.C.T. compound (Sakura Finetek,
Torrance, CA, USA). The O.C.T. compound was solidified at -80 °C and the
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embedded samples were cryosectioned at 10 um using a microtome. Slide-
mounted sections were blocked with 3% bovine serum albumin in PBS for 1
h at room temperature and incubated with Alexa Fluor 488-tagged anti-
mouse F4/80 antibody (BioLegend) and Alexa Fluor 647-tagged anti-mouse
Ly6G antibody (BioLegend) overnight at 4 °C. The slides were washed
three times with PBS, stained with Hoechst 33342 dye for 1 h, and
visualized using a THUNDER Imager (Leica Microsystems).

4.2.20. Defensive immune responses against hemagglutinin.

De novo priming of defensive immune responses was evaluated using a
hemagglutinin model. DBA/1 mice were subcutaneously administered with
various nanoparticles each week for a total of four times. On day 21 after
the first injection, the mice were subcutaneously injected with 2 ug of
hemagglutinin (Sino Biological, Beijing, People's Republic of China)
emulsified with an equal volume of CFA (4 mg/mL). On day 35, a booster
injection was performed with 2 pg of hemagglutinin emulsified with an
equal volume of IFA.

For anti-hemagglutinin IgG detection, blood samples were collected from
the tails each week from day 21 after the first nanoparticle injection,
followed by centrifugation at 2,000 x g for 20 min. A 96-well immunoplate
was coated with 100 pL/well of 2 pg/mL hemagglutinin in PBS (pH 7.4)
overnight at 4 °C. The plate was then incubated with 100 pL/well of 1000-
times diluted serum samples for 2 h, followed by incubation with HRP-
conjugated anti-mouse 1gG for 2 h. Then, the plate was incubated with 100
uL/well of H20. and tetramethylbenzidine mixing solution. The optical
density was read at 450 nm.

For the hemagglutinin-specific IFN-y ELISpot assay, the mice were
sacrificed on day 42 after the first nanoparticle injection. Spleens were
harvested, dissociated into single-cell suspensions, and seeded at 4 x 108
cells per well. The cells were stimulated with 10 pg/mL of hemagglutinin
for 24 h. The hemagglutinin-specific IFN-y ELISpot was performed using
an ELISpot kit according to the manufacturer’s instructions.

4.2.21. Statistical analysis

Results are presented as the mean + standard deviation. GraphPad Prism
version 8 (San Diego, CA, USA) was used for statistical analysis. For data
sets with more than two groups, the Dunnett's post hoc test was conducted
following a one-way analysis of variance (ANOVA). A p value of less than
0.05 was considered to be statistically significant (*p<0.05, **p< 0.01, ***p
<0.001, and ****p<0.0001).

4.3. Results
4.3.1. Characterization of nanoparticles

To develop and validate the TN-based tolerogenic vaccine formulation,
various nanoparticles were developed throughout the research. The TN core
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was composed of tannic acid, PVA, and PEG. The driving force of TN
synthesis was hydrogen bonding. Because of the polyphenol structure,
which is identical to that of tannic acid, the hydroxyl group of PVA
generated a hydrogen bond with tannic acid under simple physical mixing.
The formed complex was stabilized by PEG, which possesses numerous
ether groups. TN synthesis was confirmed by FT-IR spectrum analysis,
which revealed all structural properties of each component. TN presented O-
H stretching at 3262 cm™, indicating the polyphenol structure in tannic acid
or the alcohol group in PVA [27]; C-H stretching at 2900-2880 cm™,
representing the alkyl chains abundant in PEG and PVA, carbonyl group
(C=0) stretching in tannic acid at 1729 cm™; and C-O stretching in PEG at
1100 cm™ (Figure 2B) [28]. Additionally, TN demonstrated a concentration-
dependent ability to scavenge radicals such as the superoxide anion (O2"),
hydroxyl radical (OH-), and radical biomolecule (Figure 3B).

PEG 4 Q
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B OH CH c=0 C-0
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3262 g
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©
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& 2903
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4000 3000 2000 1000
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Figure 2. Characterization of TN. A) Procedure for synthesizing TN. B) FT-
IR spectra of tannic acid, PVA, PEG, and TN, as analyzed by FT-IR
spectrometry.
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Figure 3. Radical scavenging activity of nanoparticles. A) Proposed radical
scavenging mechanism of TN is illustrated. B) Superoxide anion scavenging
activity of TN was evaluated using a NBT assay. C) Hydroxyl radical
scavenging activity of TN was measured by the fluorescence intensity of 2-
hydrxoyterephthalic acid. D) Organic radical compound scavenging activity
of TN was measured using DPPH assay.

TEM revealed that AbaCitDTN, was a spherical nanoparticle of 100 nm
in size (Figure 4B). SEM imaging confirmed the spherical morphology of
AbaCitDTN, and elemental analysis showed that the particles contained
carbon (C), oxygen (O) and phosphorus (P) (Figure 4C). The lipid layer was
investigated by physicochemical characteristic analysis. The lipid-coated
formulations were reduced in size compared to TN, due to the extrusion
procedure performed during the core-encapsulation step (Figure 4D). TN
can be considered as soft nanomaterials that possess a deformable and
flexible nature. After coating with lipids and extruding through 0.4 um pores,
the large-sized lipid-coated TN undergo repolymerization, resulting in the
formation of smaller-sized nanoparticles. Lipid coating slightly increased
the zeta potential (Figure 4E). This may reflect characteristics of the
component lipids, especially DPPC, which has a weak positive charge from
an amine group when in water phase [30]. Characteristics of the TN core
were found in all formulations by Raman spectroscopy. In range (1),
covering 1400-1700 cm™, the results showed the signals for phenol
structures including C-OH plane bending in the aromatic ring (1437 cm™)
and aromatic C=C stretching 8a mode (1605 cm™). Aromatic C-H stretching
was also found in range (Il), as evidenced by a sharp and strong peak at
2881 cm™ (Figure 4F), which is believed to represent the TN core structure
[29].

The lipid layer coating was confirmed by analyzing the FT-IR §pectrum
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of the hydrocarbon region (Figure 4G). The lipid-coated formulations, DTN,
CitDTN, AbaDTN, and AbaCitDTN, presented C-H stretching peaks due to
the fatty acids, as inferred by the similarity of the signals to those obtained
from palmitic acid chains, particularly, vas(CH3), vas(CH2), and vs(CH2) at
2953, 2916, and 2849 cm!, respectively [31]. On the other hand, the signal
at 2884 cm can be attributed to the C-H stretching of the PEG in TN.

Abatacept conjugation was confirmed by flow cytometry. In the flow
cytometry plots (Figure 4H), TN distributed to the lower-left quadrant due
to the lack of a lipid layer and abatacept, which were labeled with Cy5 and
PE, respectively. The lipid-coated formulations revealed the expected Cy5
fluorescent signal due to the lipid layer, and AbaDTN and AbaCitDTN
further showed the PE signal, which confirmed the presence of abatacept on
the nanoparticles.

An important component of the lipid layer, Dexa, was detected and
quantified by HPLC. The retention time of Dexa was 15.5 min and each
formulation revealed a Dexa peak except for TN. Area under the curve
(AUC) analysis of the Dexa HPLC peak with concentration showed linearity.
Calculation of the Dexa loading amount according to the AUC value
revealed that 18.0 pg of Dexa was encapsulated in 1 mg of nanoparticles. In
addition, the tannic acid in nanoparticles was quantified. The results
revealed that TN, DTN, CitDTN, AbaDTN, and AbaCitDTN each possessed
9.5 ug of tannic acid in 1 mg of nanoparticles (Figure 5B). Cysteine residue
at the C-terminus of CitP was used for conjugation with maleimide group of
lipids on nanoparticles through the maleimide-thiol reaction (Figure 5C).
CitP was observed by HPLC; the retention time was 8.6 min, which was
consistent with the information provided by the manufacturer. To quantify
the conjugated CitP for each formulation, the amount of unbound CitP
remaining after the conjugation reaction were measured. The AUC-
concentration correlation of CitP showed linearity and was found to be
optimal for concentration calculation (Figure 5D). These results revealed
that 1 mg of each nanoparticle conjugated with 34.0 ug of CitP (Figure 5E).

XPS spectral analysis of AbaCitDTN, provided information on its
elemental composition, confirming the presence of a lipid layer and surface
modification of nanoparticles. The narrow-scan spectrum of C 1s revealed
diverse chemical bonds, including C-C (284.5 eV), C-O-C (285.6 eV), and
0O-C=0 (288.4 eV). The P 2p spectrum indicated the phosphate group of the
phospholipid that comprised a major component of the lipid layer, and the S
2p spectrum peak represented abatacept and peptide conjugation via a
thioether linker (Figure 4l1). The tannic acid-based core of AbaCitDTN
retained its antioxidant activity, as tested using the stable radical producer,
DPPH: AbaCitDTN time-dependently scavenged the DPPH radical, as
analyzed by UV-Vis spectrum measurement (Figure 4J).
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Figure 4. Characterization of nanoparticles. A) Schematic illustration of
various formulations. B) Morphology of AbaCitDTN, as visualized by TEM.
Scale bar: 50 nm. C) Elemental analysis of carbon (C), oxygen (O) and
phosphorus (P) in AbaCitDTN, as determined by EDS-SEM. Scale bar: 50
nm. D) Mean particle sizes of different nanoparticles, as determined by DLS.
E) Zeta potentials of different nanoparticles, as measured by Laser Doppler
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Microelectrophoresis. All statistical data are presented as mean + SD (n=3;
*p<0.05, ****p<0.0001, n.s., not significant). F) Raman spectra of various
nanoparticles, conducted by Raman spectroscopy. G) FT-IR spectra of
various nanoparticles were analyzed by FT-IR spectrometry. H) Conjugation
of abatacept on nanoparticles was determined by flow cytometry. 1) XPS
spectra of AbaCitDTN were used for elemental analysis of carbon,
phosphorus, and sulfur. J) DPPH radical-scavenging activity of AbaCitDTN
was determined over time.
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(n=3; n.s., not significant). C) Amino acid sequence of CitP-Cys. D)
Standard curve of CitP. E) Amount of CitP loaded in nanoparticles, as
quantified by HPLC. All statistical data are presented as mean + SD (n=3;
n.s., not significant).

4.3.2. Cellular uptake of nanoparticles and CD80/CD86-blocking study

The cellular uptake by and CD80/CD86-blocking activity of nanoparticles
against DC were evaluated by confocal microscopy and flow cytometry.
Confocal imaging revealed negligible binding of DTN or CitDTN to BMDC
at 4 h and 24 h after treatment of BMDC with nanoparticles (Figure 6A). In
contrast, treatment with AbaDTN and AbaCitDTN resulted in strong
binding of nanoparticles on the surface of BMDC by 4 h post-treatment. At
24 h post-treatment, AbaDTN and AbaCitDTN were observed to co-localize
with LysoTracker, indicating that these nanoparticles had undergone
endocytosis into BMDC. Consistent with the confocal imaging results, flow
cytometry revealed that the fluorescence intensity of AbaCitDTN-treated
BMDC was 2.73-fold higher than that of CitDTN-treated BMDC. The
proposed mechanism underlying CD80 and CD86-mediated DC binding is
shown in Figure 6B. Upon blockade of CD80 or CD86, the binding ability
of AbaCitDTN was reduced by 18.7% and 21.3%, respectively. Blockade of
both CD80 and CD86 completely inhibited the binding ability of
AbaCitDTN on DC, such that the fluorescence intensity was similar to that
seen in the CitDTN-treated group (Figure 6C, D).
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flow cytometry. D) The fluorescence intensity of DC-bound nanoparticles
was quantified. All statistical data are presented as mean + SD (n=3;
***p<0.001, ****p<0.0001, n.s., not significant).

4.3.3. In vitro tolerogenic DC induction and ROS-scavenging effect

Treatment of BMDC with AbaCitDTN could induce tolerogenic DC and
scavenge ROS in DC (Figure 7A, B). To evaluate tolerogenic DC induction,
the expression levels of the surface markers, CD86, CD80, and CD40, and
the intracellular levels of the pro-inflammatory cytokine, TNF-a, and the
anti-inflammatory cytokine, TGF-B, were measured by flow cytometry.
AbaCitDTN significantly reduced the expression levels of CD86, CD80,
and CD40 by 70.1% (Figure 7C), 57.8% (Figure 7D), and 82.0% (Figure
7E), respectively, compared with those seen in CitDTN-treated cells.
Moreover, AbaCitDTN decreased the expression levels of CD86, CD80, and
CD40 by 58.3%, 55.8%, and 68.9%, respectively, compared to AbaCitDLN
treatment, indicating the effect of tannic acid core for tolerogenic DC
induction. Similarly, the intracellular level of TNF-a. was decreased by
74.9% and 64.9% upon treatment with AbaCitDTN compared with CitDTN
and AbaCitDLN, respectively (Figure 7F). AbaCitDTN treatment increased
the expression of TGF-B by 1.62-fold more than CitDTN treatment (Figure
7G). Confocal imaging revealed that TNF-a expression was reduced in
AbaCitDTN-treated DC compared with the CitDTN group (Figure 71). To
evaluate the effect of nanoparticles on radical scavenging in BMDC, nitric
oxide concentration and intracellular ROS levels were measured. Compared
to the CitDTN and AbaCitDLN groups, AbaCitDTN significantly reduced
the secretion of nitric oxide by 75.4% and 60.8%, respectively (Figure 7H).
Confocal imaging showed that the fluorescence of intracellular ROS was
decreased in AbaCitDTN-treated cells compared to the untreated group
(Figure 7J).

89



A B
Immunogenic DC Tolerogenic DC ° 3
o e ) ‘%0 e 09 3D
og oo % @ A va|o o T A © Fuyy®
% 7 ) ) ® INE S R N2,
° o TOBW 20 e ed g
C@ CD80 - ... beﬂﬁr Ty 5 N\ .0.000. &_‘
o ° CD86 | 1grp| |[—2 @ >
Iy o9 ROS P Do D2 D3
gl CD40 Nanoparticle LPS stimulation; CD86, CD80, CD40,
C= treatment TNF-a, TGF-B8, NO, evaluation
= ROS evaluation
C 4 D E
T 64 2, 2.0 éo‘
o - -—
* 2 X 44
— (=) .54 Kk
©0 [ 1.5 n.s. 3
® 4 [a] o
o (8] o
o %5 1.0 w
° T o 24
T 2 ® [
s = 0.5 $ =
F 1.5+
*kkk
= 2 =
(=]
3 X 2
X 1.0 < 1.0 = 84
3 N B
g 5
- = °
Y b~ L
o 0.5+ © 0.5 £ 47
T i =z
= =

=== Untreated === Dexa+CitP e TN TN = DTN
m CitDTN s AbaCitDLN wes - AbaDTN = AbaCitDTN
! Untreated Dexa+CitP AbaDTN AbaCitDTN

TNF-a

[

IntracellularROS

Figure 7. Tolerogenic DC induction by nanoparticles. A) Representative
molecular markers of immunogenic DC and tolerogenic DC are illustrated.
B) Schematic illustration of AbaCitDTN-mediated tolerogenic DC induction.
C-E) The surface expression levels of CD86 C), CD80 D), and CD40 E)
were measured by flow cytometry. F) The intracellular expression level of
the pro-inflammatory cytokine TNF-o was evaluated by flow cytometry. G)
The intracellular expression level of the anti-inflammatory cytokine TGF-$3

90

5 4 &

e

=

o

1T



was assessed using flow cytometry. H) Nitric oxide levels were evaluated
using Griess reagent upon LPS stimulation. All statistical data are presented
as mean * SD (n=5; **p<0.01, ***p<0.001, ****p<0.0001, n.s., not
significant). 1) Expression of TNF-o in DC was visualized by confocal
microscopy. Scale bar: 50 um. J) Confocal imaging of intracellular ROS
levels, as visualized using CM-H2DCFDA. Scale bar: 50 um.

AbaCitDTN treatment suppressed the inflammatory signaling pathway
through its tannic acid core-mediated ROS scavenging effect, as illustrated
in Figure 8A. To evaluate this effect, the expression levels of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) translocation,
hypoxia-inducible factor-1a. (HIF 1a), inducible nitric oxide synthase (iNOS),
and cyclooxygenase-2 (COX-2) were assessed. AbaCitDTN-treated BMDC
exhibited significantly decreased nuclear NF-kB p65 expression levels
compared to AbaCitDLN-treated cells (Figure 8B, 8C). Furthermore,
AbaCitDTN treatment resulted in a 54.1%, 75.8%, and 82.9% reduction in
the mRNA expression levels of HIFla, iNOS, and COX-2, respectively,
compared to AbaCitDLN-treated cells (Figure 8D).
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Figure 8. Inhibition of inflammatory signaling pathway by nanoparticles
through tannic acid core-mediated ROS scavenging. A) Schematic
illustration of the ROS scavenging effect mediated by the tannic acid core of
the nanoparticles. B) The expression level of NF-kB p65 in the nucleus was
evaluated by western blotting. C) The relative expression of NF-kB p65 was
quantified. D) The expression levels of HIFla, iNOS, and COX-2 were
measured using RT-PCR. All statistical data are presented as mean + SD
(n=3; **p<0.01, ****p<0.0001).

4.3.4. Inhibition of co-stimulatory molecule interaction, T-cell expansion,
and IL-2 secretion
Co-culture of nanoparticle-treated BMDC with T cells blocked the
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interaction between CD80/CD86 and CD28, as illustrated in Figure 9A.
Confocal imaging revealed that negligible nanoparticles existed at the
interface between DC and T cells in the CitDTN-treated groups (Figure 9B),
whereas strong fluorescence signals could be observed for AbaCitDTN.
These signals were specific to the surface of DC, not T cells, indicating the
DC-specific binding ability of AbaCitDTN. To mimic co-stimulatory
molecule activation in vitro, anti-CD3 antibody and CD80-Fc protein coated
on a plate were used to activate T cells (Figure 9C). Pre-incubation of the
plate with either free abatacept or AbaCitDTN resulted in lower expansion
indexes of CD4" T cells (Figure 9D) and CD8" T cells (Figure 9E)
compared to untreated and CitDTN-pre-treated plates. The free abatacept-
treated group showed a 67.3% reduction in the expansion indexes of CD4" T
cells (Figure 9F) and a 68.6% reduction in the expansion indexes of CD8" T
cells (Figure 9G) compared to the untreated group. Furthermore, free
abatacept treatment significantly reduced the secretion of IL-2 by 99.8%
compared to the untreated group (Figure 9H). The expansion indexes of
CD4* T cells and CD8* T cells treated with AbaCitDTN were decreased by
58.3% and 60.8%, respectively, compared to those in the CitDTN-treated
group. The AbaCitDTN-treated group also reduced the secretion of IL-2 by
99.7% compared to that seen in the CitDTN group.
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Figure 9. Co-stimulatory signal blockade by nanoparticles. A) Illustration
of co-stimulatory signal blockade between DC and T cells. B) DC-specific
binding with AbaCitDTN interrupted the interaction between DC and T cells,
as visualized by confocal microscopy. Scale bar: 10 um. C) Schematic
illustration of the CD80 blockade study. D, E) Representative flow
cytometry data of CFSE assay for CD4" T cells D) and CD8" T cells E). F,
G) Expansion indexes of CD4" T cells F) and CD8" T cells G) were
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evaluated by flow cytometry. H) The IL-2 secretion level from splenocytes
was evaluated by ELISA. All statistical data are presented as mean + SD
(n=5; ***p<0.001, ****p<0.0001, n.s., not significant).

4.3.5. In vitro suppression of CitP-specific splenocytes by AbaCitDTN

The in vitro suppression of CitP-specific splenocytes was evaluated by
IFN-y ELISpot and cytokine ELISA. In order to investigate the role of CitP
as auto-antigen, ovalbumin (OVA) was introduced as an irrelevant antigen
for the studies. Splenocytes isolated from CIA mice were treated with
various nanoparticles and stimulated with CitP or OVAz23-339 in vitro (Figure
10A). The AbaCitDTN-treated group was decreased by 53.7% in the
population of IFN-y-secreting splenocytes compared to that of the
AbaOVADTN-treated group upon CitP stimulation, while negligible IFN-y-
secreting cells could be observed upon OVAs23-339 stimulation (Figure 10B,
C). Moreover, AbaCitDTN treatment showed a 51.2% (Figure 10D), 63.6%
(Figure 10E), and 82.2% (Figure 10F) decrease in IL-6, TNF-a,, and GM-
CSF secretion compared to those of the AbaOVADTN-treated group upon
CitP stimulation. Few cytokines were detected in all nanoparticle-treated
groups upon OVAsz23-330 stimulation.

A Splenocyte isolation
from CIA mice CitP or OVA;53.339
& NP treatment stimulation Analysis
O O O >
Day 0 Day 3 Day 4
B (o .
Untreated OVADTN AbaOVADTN CitDTN AbaCitDTN 250 OVA;23.339 CitP
) - KKK
@ Q .,
3 0o -
2 3 % 200 —
: v 9
o =2 o)
© 2 100 ‘
g0 B
L R=]
» < 50
) T3 $
o z o X )
/ = AR ATAY

PP

RPN @

¢p°~g94€°<39<g9¢p*§é{g9<§9cx9

SO P O ot O
W W

O
m
m

o0, OVAwzsass  CitP s00 OVAszs.59 CitP o0 OVAszeass CitP

*

3

3
3
3

400

=

o

o
1

300

TNF-a (pg/mL)
GM-CSF (pg/mL)

Figure 10. Suppression of CitP-specific immune responses by nanoparticles
at cellular level. A) The experimental schedule for the suppression of CitP-

specific splenocytes by AbaCitDTN is presented. B) Representative spots of
95 A =

TH &

3 |

|
1r



IFN-y-secreting cells after stimulation with OVAz23-339 or CitP. C) Immune
responses against OVAs23.339 and CitP were analyzed using IFN-y ELISpot.
D-F) Cytokine levels, including TNF-a D), IL-6 E), and GM-CSF F) after
stimulation with OVAz23.339 or CitP were measured by ELISA. All statistical
data are presented as mean + SD (n=5; ***p<0.001, ****p<0.0001).

4.3.6. In vivo biodistribution of nanoparticles

The in vivo biodistribution of nanoparticles was monitored by
fluorescence molecular imaging and an imaging system. Mice treated with
Cy5-labeled AbaDTN and AbaCitDTN showed greater fluorescence signals
in the inguinal lymph nodes compared with the Cy5-labeled DTN and
CitDTN groups (Figure 11A). In the right and left inguinal lymph nodes, the
distributions of AbaDTN and AbaCitDTN peaked at 12 h post-injection
(Figure 11B, C).

Three-dimensional reconstructed imaging, which integrated 1VIS optical
and micro-CT imaging, revealed that there was higher accumulation of
AbaDTN and AbaCitDTN than DTN and CitDTN in the inguinal lymph
nodes of mice at 12 h post-treatment (Figure 11D). Lymph node staining
revealed that there was higher co-localization of AbaDTN and AbaCitDTN
with CD11c¢™ DC in the inguinal lymph nodes (Figure 11E).
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4.3.7. Prophylactic efficacy of tolerogenic nanoparticles in CIA mice

To evaluate the prophylactic efficacy of AbaCitDTN in treating
rheumatoid arthritis, Cll-induced arthritis (CIA) was established in DBA/1
mice. To generate this model, DBA/1 mice were injected subcutaneously
with free Dexa and CitP or various nanoparticle preparations every week for
a total of four times, beginning on day O (Figure 12A). AbaCitDTN
treatment led to a significant reduction in clinical score at the end of the
study (Figure 12B). Moreover, AbaCitDTN-treated CIA mice showed a
minimal increase in hind paw thickness throughout the treatment period,
with hind paw thickness increasing by 81.0%, 77.3%, 76.7%, and 69.7%
less than that in the CitDTN, AbaDTN, AbaOVADTN, and AbaCitDLN
groups, respectively, by the end of the study (Figure 12C). Additionally,
hind paw photographs demonstrated that AbaCitDTN-treated CIA mice
exhibited higher therapeutic efficacy than the other treatment groups (Figure
12D).
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Figure 12. Prophylactic efficacy of nanoparticles in CIA mouse model. A)
Experimental schedule for CIA mouse model establishment and
nanovaccine administration. B) Clinical scores were assessed every other
day using a scoring system as follows: 0, normal; 1, mild redness and
swelling limited to the toes; 2, moderate redness and swelling of ankle joints
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or wrists; 3, enhanced redness and swelling of entire paws; 4, severe
swelling of entire paws or ankylosed paws and toes. C) Paw thickness was
measured throughout the in vivo experiment. D) Representative images of
hind paws in each treatment group. All statistical data are presented as mean
+ SD (n=5; *p<0.05, **p<0.01, ****p<0.0001).

The hind paw and joint architecture were observed via micro-CT. Three-
dimensional imaging showed that AbaCitDTN-treated mice exhibited
decreased bone erosion, whereas untreated and CitDTN-treated mice
suffered from severe bone erosion in hind paws and knee joints (Figure
13A). The bone BV/TV, BS/BV, and BMD of femurs from AbaCitDTN
treated mice were 2.68-fold, 0.63-fold, and 1.09-fold, respectively,
compared to those of CitDTN-treated mice (Figure 13B). Similarly, these
three bone parameters of tibia from AbaCitDTN-treated mice were 1.90-fold,
0.61-fold, and 1.08-fold, respectively, compared to the CitDTN group
(Figure 13C).
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Figure 13. Bone architecture and bone erosion observation. A)
Experimental schedule for CIA mouse model establishment, nanovaccine
administration, and micro-CT analysis. B) Three-dimensional imaging of
hind paw and knee joint architectures, as observed by micro-CT imaging.
Quantitative analyses of bone erosion for femur C) and tibia D) were based
on BV/TV, BS/BV, and BMD. All statistical data are presented as mean *
SD (n=5; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s., not
significant).

Next, the pro-inflammatory cytokine and chemokine levels in the serum
and synovial fluid were evaluated on day 42 (Figure 14A). Consistent with
the in vivo efficacy results, the serum levels of pro-inflammatory cytokines
and chemokines, such as IL-6, IFN-y, and CCL2, were significantly reduced
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in the AbaCitDTN-treated group; these levels were reduced by 57.1%
(Figure 14B), 91.3% (Figure 14C), and 63.8% (Figure 14D), respectively,
compared to those in the CitDTN group. In addition, AbaCitDTN treatment
led to dramatic declines of the IL-6, IL-13, TNF-a,, and CCL2 levels in
synovial fluid; these levels were reduced by 81.5% (Figure 14E), 96.0%
(Figure 14F), 43.2% (Figure 14G), and 70.9% (Figure 14H), respectively,
compared to those in CitDTN-treated CIA mice.
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Figure 14. Cytokine and chemokine evaluation in serum and synovial fluid.
A) Experimental schedule for CIA mouse model establishment, nanovaccine
administration, and cytokine and chemokine level evaluation. B-D) Serum
levels of pro-inflammatory cytokines and chemokines, including IL-6 B),
IFN-y C), and CCL2 D), were measured by ELISA. E-H) Synovial fluid
levels of pro-inflammatory cytokines and chemokines, including IL-6 E),
IL-1B F), TNF-a G), and CCL2 H), were measured by ELISA. All statistical
data are presented as mean + SD (n=5; *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001).

4.3.8. Antigen-specific regulation in CIA mice
To assess the effects of AbaCitDTN on antigen-specific immune
responses in CIA mice, the autoantibody level in serum and the population
of antigen-responsive IFN-y-secreting splenocytes were quantified. The
serum level of anti-CitP 1gG in AbaCitDTN-treated CIA mice was re_d_uc?ql:
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by 83.4% and 81.5% compared to that in the CitDTN and AbaDTN groups,
respectively (Figure 15B). The serum level of anti-Cll IgG in the
AbaCitDTN-treated group was reduced by 63.8% and 62.1% compared to
those of CitDTN and AbaDTN-treated mice, respectively (Figure 15C).
Thus AbaCitDTN-treated mice developed strong immune tolerance with
significant CitP and CII specificity. Under CitP or CII stimulation, the
AbaCitDTN-treated group exhibited lower populations of CitP- and CllI-
specific IFN-y-secreting splenocytes compared to the other groups,
demonstrating that AbaCitDTN effectively reduced antigen-specific immune
responses toward RA (Figure 15D, E).
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Figure 15. Regulation of antigen-specific immune responses by the
tolerogenic vaccine. A) Experimental schedule of CIA mouse model
establishment, nanovaccine administration, and analysis of antigen-specific
immune responses. Humoral immune responses were evaluated by
measuring anti-CitP IgG B) and anti-Cll 1gG C) in serum. Antigen-specific
immune responses against CitP D) and CIl E) were analyzed by IFN-y
ELISpot. All statistical data are presented as mean + SD (n=5; ***p<0.001,
****n<0.0001).

4.3.9. Immune cell profiles in CIA mice

To study the mechanism underlying the prophylactic efficacy of
AbaCitDTN in CIA model mice, the T cell polarization on day 42 was
analyzed by flow cytometry. Treatment with AbaCitDTN resulted in a
significant increase of the Treg proportion in the spleen, which was 4.80-
fold higher than that in the CitDTN-treated group (Figure 16B, F). In
addition, AbaCitDTN treatment yielded the lowest proportion of IL-17A-
expressing CD4* T cells, IFN-y-secreting CD4™ T cells, and IFN-y-secreting
CD8" T cells; these levels were reduced by 72.2% (Figure 16C, G), 89.2%
(Figure 16D, H), and 86.4% (Figure 16E, I), respectively, compared to those
in the CitDTN-treated group.
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Figure 16. Immune cell profiling in lymphoid organs. A) Experimental
schedule of CIA mouse model establishment, nanovaccine administration,
and immune cell profiling in Iymphoid organs. Populations of
CD4"CD25Foxp3* Tregs B, F), CD3'CD4*IL-17A" T cells C, G),
CD3'CD4*IFN-y" T cells D, H), and CD3"CD8*IFN-y* T cells E, I) were
determined by flow cytometry. All statistical data are presented as mean +
SD (n=5; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

4.3.10. Amelioration of joint destruction by AbaCitDTN
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The subcutaneous injection of AbaCitDTN reduced inflammation and
maintained the structure of bone and cartilage in knee joints.
Immunofluorescence imaging showed that few neutrophils were infiltrated
into knee joints of the AbaCitDTN-treated group, while considerable
infiltration of neutrophils was observed in knee joints of the CitDTN and
AbaDTN groups (Figure 17A). H&E-stained images demonstrated that
AbaCitDTN ameliorated inflammation and maintained the bone integrity of
CIA mice, whereas the other formulations did not prevent joint
inflammation or bone erosion (Figure 17B). Inflammation and bone erosion
were both scored according to H&E staining; the scores of AbaCitDTN-
treated mice were reduced by 80.0% (Figure 17E) and 81.8% (Figure 17F),
respectively, compared to those of the CitDTN-treated group. Safranin O
(Figure 17C) and toluidine blue staining image analysis (Figure 17D)
revealed that AbaCitDTN protected cartilage from erosion, as the cartilage
erosion score was reduced by 80.0% (Figure 17G) compared to that of the
CitDTN group.

105



Untreated AbaCitDTN

Hoechst F4/80 Ly6G

E n.s. F G ns.
_ *kdk _ - ke
5 Kk S 5 sk
) Kk Sekk
1™ - =
o 4 Hkk = 4+ g 4 *xk
8 Kk ) % » Hek
83' -A:A';Vﬁ‘ﬂ& g3- ?A “w o gs- Mk YW & o
= -~ - ha o4
g T £ ; 11
S 2 - . e o 2
E 2 A Y 'Y g 2 B Ak * o0 8 2 n vy oo o0
2 €
g “ §
£ (8]

Figure 17. Histological analysis of knee joints. At day 42 after the first
administration of nanovaccines, mice were sacrificed and knee joints were
isolated for histological analysis. A) Immunofluorescence imaging of knee
joint- infiltrated neutrophils. Scale bar: 600 um. Representative images of
paraffin-embedded knee joint tissues of CIA mice stained with H&E B),
safranin O C), and toluidine blue D). Scale bar: 600 um. Inflammation E)
and bone erosion F) were scored from H&E-stained images. Cartilage
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erosion G) was scored from safranin O-stained images. All statistical data
are presented as mean + SD (n=4; *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001, n.s., not significant).

4.3.11. Maintenance of defensive immune responses after tolerogenic
vaccination

The impact of nanovaccine administration on defensive immune
responses against irrelevant antigens was investigated using a hemagglutinin
model  system.  After four administrations of nanovaccines,
hemagglutinin/CFA and hemagglutinin/IFA were injected into DBA/1 mice
on day 21 and day 35 after the first nanovaccine injection (Figure 18A). The
immune response against hemagglutinin was evaluated by measuring anti-
hemagglutinin IgG in serum and analyzing hemagglutinin-specific IFN-y-
secreting cells. Nanovaccine administration did not impair the development
of neutralizing antibodies and IFN-y secreting cells against hemagglutinin
(Figure 18B-D).
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Figure 18. Defensive immune responses against hemagglutinin. A)
Experimental schedule for the administration of the nanovaccine and
induction of immune response against hemagglutinin. B) Humoral immune
response was evaluated by measuring anti-hemagglutinin 1gG in serum. C)
Representative images of IFN-y ELISpot against hemagglutinin. D) The
number of IFN-y-secreting cells was counted. All statistical data are
presented as mean £ SD (n=5; n.s., not significant).

4.4. Discussion

This research demonstrated that abatacept-mediated targeted delivery of
CitP and Dexa to DC could induce antigen-specific immune tolerance and
ameliorated symptoms in the CIA mouse model. APC-targeting delivery of
two cargos was achieved by surface modifying CitDTN with abatacept
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using a thiol-maleimide reaction. The surface binding and cellular uptake of
AbaCitDTN by DC blocked the co-stimulatory interactions between DC and
T cells, and further reprogrammed the DC phenotypes toward tolerogenicity.
The tolerogenic reprogramming of DC by AbaCitDTN efficiently enhanced
the Treg population in vivo and reduced the levels of anti-CitP IgG and anti-
CI1'1gG in CIA model mice.

Intracellular ROS plays a crucial role in regulating immunological
function, including the tolerogenic characteristics of DC [33]. Therefore,
using radical scavengers, such as tannic acid, to remove ROS is a reasonable
way to regulate immunological reactions. Tannic acid is a natural
polyphenolic compound that contains a gallic acid moiety, making it an
effective radical scavenger. Due to its antioxidant activity, tannic acid has
been widely used in the treatment of inflammatory and autoimmune
diseases [34]. The tannic acid core can effectively induce a tolerogenic
phenotype in DC by regulating intracellular ROS. TN showed radical
scavenging activity and were able to remove superoxide anions, hydroxyl
radicals, and organic radical compounds that are associated with oxidative
damage (Figure 3).

The radical scavenging activity of TN made it possible for AbaCitDTN to
regulate intracellular inflammatory signaling in DC through ROS. ROS can
increase HIF 1o expression or facilitate the translocation of NF-kB p65 from
the cytosol to the nucleus, both of which are associated with inflammation.
These transcription factors are known to promote the expression of pro-
inflammatory genes, such as iINOS and COX-2, resulting in an
immunogenic phenotype in DC [35]. Thus, the elimination of ROS and
induction of a tolerogenic phenotype are critical functions of TN in
AbaCitDTN. AbaCitDTN demonstrated significant efficacy in removing
radical species in DC, including nitric oxide and intracellular ROS, under
LPS stimulation (Figure 7H, 7J).

In addition, AbaCitDTN was able to suppress the activation of NF-«B,
inhibiting the translocation of NF-xB p65 to the nucleus upon LPS
stimulation. However, AbaCitDLN, which lacked TN, was unable to
suppress NF-«kB activation (Figure 8). Although TN and LTN showed
radical scavenging activity, they were not able to regulate the NF-xB
signaling pathway due to the lack of the DC targeting molecule, abatacept.
Moreover, AbaCitDTN downregulated the expression of the HIFla, iNOS,
and COX-2 genes. In contrast, AbaCitDLN could not sufficiently regulate
the expression of those genes.

These epigenetic regulations through ROS modulation are closely linked
to the induction of a tolerogenic phenotype in DC. For instance, inhibition
of NF-xB activity may downregulate costimulatory molecules and pro-
inflammatory cytokines [36]. AbaCitDLN was not able to effectively
suppress the activation of epigenetic regulations. Therefore, it could not
efficiently downregulate the expression levels of CD86, CD80, CD40, and
TNF-o as AbaCitDTN (Figure 7).
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CD80 and CD86 are the critical co-stimulatory molecules predominantly
expressed on DC, and are upregulated upon inflammatory stimulation in
autoimmune disorders. These transmembrane proteins are capable of
binding CTLA4, which is a CD28 superfamily-inhibiting molecule
expressed on T cells. Abatacept is a recombinant fusion protein composed of
the CTLA4 extracellular domain and the Fc region of human IgG1 [8]. The
results showed that DTN and CitDTN did not undergo significant cellular
uptake by DC, whereas AbaDTN and AbaCitDTN exhibited strong DC
binding affinity at 4 h post-treatment and showed high accumulation in
lysosomes at 24 h post-treatment (Figure 6A).

To investigate the binding mechanism of abatacept-conjugated
nanoparticles with DC, a CD80/CD86 blocking study was conducted. In the
absence of this blockade, AbaDTN and AbaCitDTN treatment yielded
higher fluorescence intensity on DC compared to DTN and CitDTN. Single
blockade of CD80 or CD86 did not affect the binding of DTN and CitDTN
to DC, but did decrease the fluorescence intensity of DC in the AbaDTN
and AbaCitDTN groups. Moreover, dual blockade of CD80 and CD86
completely inhibited the binding ability of AbaDTN and AbaCitDTN with
DC, but had no significant effect on this parameter in the DTN and CitDTN
groups (Figure 6C, D). These results agree with a previous report
demonstrating that abatacept can bind to CD80 and CD86 and undergo
vesicular internalization via a clathrin-dependent pathway [14].

Efficient generation of tolerogenic DC is a critical step in tolerogenic
therapy. The purpose of tolerogenic DC induction is to convert
autoimmunity to peripheral immune tolerance toward self-antigens by
enhancing disarming or deleting autoreactive T cells and promoting Treg
differentiation. Thus, tolerogenic agents capable of generating tolerogenic
DC are considered to be major components in this reprogramming process.
The glucocorticoid drug Dexa is commonly used to alleviate inflammation
in a variety of inflammatory diseases, including RA and uveitis. Due to its
clinical limitations, such as low solubility and bioavailability, it has been
extensively investigated for the development of nanoformulations [37, 38]
Additionally, Dexa is a potent tolerogenic agent that can induce tolerogenic
phenotypes among DC. It has been reported that culturing ex vivo-isolated
DC with Dexa can increase anti-inflammatory cytokine secretion and reduce
the expression levels of activation markers [39, 40]. The results showed that
AbaCitDTN treatment significantly decreased the in vitro expression levels
of DC for the surface markers, CD86, CD80, CD40, and the pro-
inflammatory cytokine, TNF-a.. Moreover, the expression level of the anti-
inflammatory cytokine, TGF-$3, was increased upon AbaCitDTN treatment
(Figure 7).

Although treatment with AbaDTN and AbaCitDTN did not result in a
difference in the expression levels of tolerogenic DC markers or cytokine
secretion in vitro, this can be attributed to the inability of CitP, a self-antigen,
to induce tolerogenic DC as effectively as Dexa. Thus, the efficacy of
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AbaCitDTN in suppressing CitP-specific immune responses for RA
treatment to confirm the benefits of delivering CitP and Dexa
simultaneously to DC was investigated. To explore this efficacy, OVA as an
irrelevant antigen was used for comparison. Upon CitP stimulation,
splenocytes isolated from CIA mice without nanoparticle treatment showed
a significant increase in IFN-y, TNF-qa, IL-6, and GM-CSF secretion. In
contrast, negligible levels were observed in the OVA323.330-stimulated group,
suggesting that CitP acted as a self-antigen in the CIA mice model.
AbaCitDTN treatment significantly suppressed CitP-specific immune
responses, as demonstrated by the reduction in IFN-y, TNF-a, IL-6, and
GM-CSF secretion compared to the AbaOVADTN-treated group (Figure 10).
This supports the ability of AbaCitDTN to deliver CitP to DC and induce a
tolerogenic phenotype. The tolerogenic DC can disarm autoreactive T cells
in an antigen-specific manner, leading to anergy of pathogenic T cells that
recognize CitP as a self-antigen [6]. Thus, upon restimulation with CitP,
pathogenic T cells could not respond efficiently, resulting in reduced pro-
inflammatory cytokine secretion. In contrast, the AbaOVADTN-treated
group, which delivered the irrelevant antigen OVA to DC, could not
efficiently suppress CitP-specific immune responses due to the presence of
remaining pathogenic T cells that recognize CitP as a self-antigen.

As secondary lymphoid organs, lymph nodes play a critical role in
adaptive immune systems. To induce efficient immune tolerance to treat RA,
antigen presentation by DC should be performed properly and rapidly
within the lymph nodes. In this study, the nanoparticles were injected
subcutaneously, which involves the injection of the nanoparticles below the
dermis and epidermis. It is known that nanoparticles with a diameter of 10-
100 nm are mainly taken up by lymphatics and transported to lymph nodes.
On the other hand, nanoparticles larger than 100 nm tend to be trapped in
the interstitial matrix at the injection site and require capture by skin DC to
migrate to lymph nodes [41]. Since the size of CitDTN and AbaCitDTN is
around 120 nm, they may not passively diffuse to the lymph nodes.
However, AbaCitDTN exhibited rapid binding to skin DC and subsequently
migrated to the lymph nodes within several hours after injection (Figure 11).
In contrast, CitDTN had poor DC-binding ability and thus could not
efficiently travel to the lymph nodes. Due to the limited ability of
subcutaneously injected CitDTN to enter lymphatic circulation compared to
AbaCitDTN, it may primarily enter the systemic circulation through
capillaries, leading to limited distribution to other organs and retention at the
injection site.

In order to assess the effectiveness of this tolerogenic nanovaccine for the
treatment of RA, the CIA mouse model was used, which is the most widely
used preclinical animal model for RA studies [25]. Joint damage that has
occurred during the development of RA is irreversible. Therefore, early
diagnosis and treatment are crucial to prevent and minimize further damage
to the joints. To evaluate whether the nanovaccine could prevent or mitigate
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the development of arthritis symptoms, a prophylactic treatment approach
was used (Figure 12A), which involves administering the therapeutic agent
prior to the onset of symptoms. The nanovaccine were injected
subcutaneously at the center of the backs of mice every week for a total of
four injections from the first day of administration of CII/CFA emulsion.
Since RA is characterized by joint swelling and bone erosion, changes of
paw thickness and bone architecture are key parameters for evaluating the
progression of RA. The results showed that AbaCitDTN treatment
ameliorated the RA symptoms and paw swelling of model mice, whereas the
symptoms progressed in the other groups. Although treatment with AbaDTN,
AbaCitDLN, and AbaOVADTN showed some prophylactic efficacy at the
early stage, they were not able to prevent arthritic symptoms as efficiently
as AbaCitDTN at the end of study (Figure 12). This indicated the
importance of delivery of CitP to DC and inducing CitP-specific immune
tolerance-mediated by  AbaCitDTN. Clinically, three-dimensional
visualization of bone erosion in RA patients using micro-CT offers
convenience for diagnosis. The results showed that AbaCitDTN treatment
ameliorated the RA symptoms and paw swelling of model mice, whereas the
symptoms progressed in the other groups. Parameters measured by micro-
CT, including BV/TV, BS/BV, and BMD, were similar between
AbaCitDTN-treated and normal mice (Figure 13). Consistent with previous
studies, the results showed that CIA model mice showed a low Foxp3* Treg
population and abundant populations of IL-17A*IFN-y"CD4* T cells and
IFN-y*CD8" T cells in spleens (Figure 16). Efficient tolerogenic DC
induction by AbaCitDTN was attributed to its ability to enhance Foxp3*
Treg differentiation and suppress autoreactive CD4" and CD8" T cell
differentiation.

In this study, the induction of immune tolerance was a critical aspect of
AbaCitDTN treatment. However, this treatment should not negatively
impact de novo immune responses against other antigens. To assess this, an
influenza hemagglutinin model system was sued and the results showed that
the administration of AbaCitDTN did not impair the development of
neutralizing antibodies and hemagglutinin-specific IFN-y-secreting cells.
These results suggest that AbaCitDTN-induced immune tolerance against
CitP did not interfere with the generation of defensive immune responses
against non-CitP antigens.

Tolerogenic DC therapies have been investigated for their ability to treat
various autoimmune diseases and support organ transplantation. Autologous
tolerogenic DC loaded with B29 peptide for RA treatment have been studied
in clinical trials that have entered phase Il. However, the clinical application
of injectable tolerogenic DC therapy is still challenging. The choice of
autologous cell type and source is the first challenge in DC-based therapy.
Although monocyte-derived DC have been used to generate ex vivo
tolerogenic DC, they do not adequately represent the natural properties of
DC in the human body. Also, the ex vivo manufacturing of tolerogenic DC
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is time-consuming; this process includes cell harvesting, tolerogenic DC
differentiation, and quality control before administration [42].

In this study, the phenotypes of DC were converted directly in the
lymphatic systems by targeting two critical co-stimulatory molecules that
are expressed on DC and involved in autoreactive T cell stimulation. CD80
and CD86, are predominantly expressed on APC and are considered to be
specific biomarkers of activated DC. These results indicate that the rapid
migration of AbaCitDTN into lymph nodes can initiate antigen presentation
in a short period of time, thereby overcoming one main problem of DC-
based therapy. Clinically, ex vivo-cultured DC have been administered via
the intranodal route, which directly introduces DC to lymphoid organs.
Intranodal injection is rarely used because it is a complicated procedure that
requires anesthesia and ultrasound guidance [43]. In this study,
nanovaccines were administered via subcutaneous injection, which is a
friendly approach for vaccination in clinical settings.

Although AbaCitDTN were used to re-educate DC to a tolerogenic
phenotype for RA treatment, this formulation could potentially be applied to
other autoimmune diseases and organ transplantation. Instead of simply
reducing local or systemic inflammation using anti-inflammatory drugs, the
strategy of restoring immune tolerance using AbaCitDTN without causing
systemic immune suppression offers a safe and efficient approach for RA
treatment. CitP-loaded nanovaccines can rapidly traffic to the lymph node
and induce antigen-specific immune tolerance toward RA, avoiding
unwanted immune responses.

4.5. Conclusion

In summary, this research has developed a tolerogenic nanovaccine,
AbaCitDTN, to effectively induce antigen-specific immune tolerance for
treating RA. The efficient delivery of CitP and Dexa by tannic acid
nanoparticles into DC was shown to reduce the expression of co-stimulatory
molecules and the secretion of pro-inflammatory cytokines of DC. This
resulted in the suppression of autoreactive T cells and promotion of Treg
differentiation, thereby enabling the maintenance of peripheral tolerance and
control of arthritis symptoms. Moreover, this approach overcomes the
limitations of injectable tolerogenic DC-based therapy. Taken together, this
research have proposed a highly promising nanovaccine system to
accomplish the maintenance of peripheral tolerance without causing
systemic immune suppression, showing potential for treating autoimmune
diseases.
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Chapter 5. Summary

In this Ph.D. dissertation, three nano-delivery systems were developed to
effectively modulate immune cells and aimed to address limitations in current
immunotherapeutic approaches for cancer and autoimmune diseases. Although
immunotherapy has achieved significant success in clinics, there are still
remaining challenges that require ongoing research and advancements to be
made to improve the overall effectiveness of immunotherapy.

In Chapter 2, the research provides evidence that metabolic reprogramming
of T cells can serve as a novel approach for anticancer immunometabolic
therapy. It demonstrated that T cell targeting nanomedicine effectively
enhanced the delivery of fenofibrate to T cells, leading to the activation of fatty
acid oxidation metabolic pathways and restoration of mitochondrial functions
in glucose-deficient environments of T cells. Moreover, lipid metabolic
reprogramming of T cells in tumor tissues resulted in increased effector
functions of T cells against tumor cells. This study underscores the potential of
nanomedicine-enabled fatty acid metabolic reprogramming of tumor-infiltrating
lymphocytes as an innovative strategy to overcome the hurdle of nutrient
deficiency in immunotherapy.

In Chapter 3, the research demonstrates that the PIC-loaded mannose-
conjugated nanovaccine could efficiently target lymph nodes and activate the
immune system. The subcutaneous injection of the immunogenic nanovaccine
showed a remarkable ability to target DC and facilitate their migration to lymph
nodes, suggesting its potential as a promising vaccine delivery system.
Considering the crucial role of DC in bridging the innate and adaptive immune
systems, mannose-modified nanovaccine holds promise for inducing robust
adaptive immune responses against infectious diseases or cancers.

In Chapter 4, a tolerogenic nanovaccine with properties to effectively induce
antigen-specific immune tolerance for the treatment of RA was developed. The
research demonstrates the efficient delivery of CitP and Dexa into DC using
tannic acid nanoparticles, resulting in the reduction of co-stimulatory molecule
expression and pro-inflammatory cytokine secretion by DC. This leads to the
suppression of autoreactive T cells specific to self-antigens and the promotion
of Treg differentiation, ultimately maintaining peripheral tolerance and
controlling arthritis symptoms. Overall, this research presents a highly
promising nanovaccine capable of maintaining peripheral tolerance without
inducing systemic immune suppression.

Taken together, the development of nanomedicine for immunotherapy offers
significant advantages in terms of targeted delivery, overcoming biological
barriers, and immunomodulation. These advancements have the potential to
revolutionize the field of immunotherapy, overcome the limitations associated
with current immunotherapeutic approaches, and improve patient outcomes in
the treatment of various diseases.
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