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Abstract 
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Improving Cancer Immunotherapy 
 

Mikyung Kang 

Interdisciplinary Program in Bioengineering 

The Graduate School 

Seoul National University 

 

Cancer immunotherapies, including adoptive T cell transfer [e.g., chimeric antigen 

receptor (CAR)-T cell immunotherapy)] and immune checkpoint blockades, have 

shown impressive success in cancer treatment. Successful cancer immunotherapies 

can provide an enhanced anti-tumor response that is tumor-specific and long-lasting. 

Nevertheless, only a minority of patients respond to immunotherapies. The limited 

therapeutic effects are partially due to (1) the inefficient drug delivery to tumor sites 

and (2) the diverse immunosuppressive factors in the tumor microenvironment that 

hinder the anti-tumor responses of cancer immunotherapy. Moreover, (3) complex 

ex vivo cell-manufacturing procedures and a low therapeutic efficacy against solid 

tumors pose a major challenge to the broad application of CAR-T cell therapy. 

Nanoparticle-based cancer immunotherapy has been suggested to be a promising 

attempt to overcome these drawbacks.  

The main goal of this thesis is to develop nanoparticles for improving current 

cancer immunotherapy. Specifically, this thesis describes two nanoparticles that can 

(1) efficiently target tumors, (2) enhance anti-tumor immune responses in multiple 
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ways, and (3) be easily manufactured. Firstly, we developed T cell membrane-coated 

nanoparticles (TCMNPs). Over immune checkpoint inhibitor therapy, TCMNPs 

have higher therapeutic efficacy due to the additional TCMNPs’ ability, other than 

immune checkpoint blockade effects, of (1-1) tumor-targeting via T cell membrane-

originated proteins and (2-1) killing cancer cells by releasing anti-tumor drugs or 

inducing Fas ligand-mediated apoptosis. Unlike adoptive T cell transfer therapy, 

TCMNPs can scavenge immunosuppressive factors in solid tumors, thereby helping 

cytotoxic T cells kill cancer cells. Moreover, TCMNPs can be (3-1) easily prepared 

from T cell lines and synthetic polymers within 2 days at a lower cost. Secondly, we 

developed a nanocomplex of macrophage-targeting nanocarrier and DNA that can 

program macrophages to have cancer-killing (CAR) proinflammatory phenotype 

(M1). Over CAR-T cell therapy, in vivo injection of the nanocomplex has superior 

therapeutic efficacy against solid tumors by successfully (1-2) targeting 

macrophages in the tumor and (2-2) reprogramming to CAR-M1 macrophages that 

are capable of CAR-mediated cancer phagocytosis and anti-tumor immune-

modulation. This approach (3-2) avoids the laborious and costly process of ex vivo 

CAR-expressing cell production. Altogether, these results suggest a facile approach 

to engineering nanoparticles that can be efficiently delivered to target sites, modulate 

the immune system against cancer in a multiple-way. Overall, these nanoparticles 

demonstrate substantial value for therapeutic applications to improve current cancer 

immunotherapy. 
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DNA/polymer nanocomplex, in vivo transfection 

 

Student Number : 2016-29281 



 

 iii  

Table of Contents 
 
ABSTRACT ……………………………………………………………………… i  

TABLE OF CONTENTS ………………………………………………………. ⅲ  

LIST OF FIGURES ………………………………………………………….... ⅷ 

ABBREVIATIONS ………………………………………………...…………….ⅹi  

 

CHAPTER 1: INTRODUCTION ………………………………………………. 1 

  1.1 Motivation for Research …………………………………………………….. 3  

1.2 Research Objectives ……………………………………………….………... 5 

1.3 Specific Aims ……………………………………………….………………. 6 

1.4 Thesis Outline ……………………………………………….……………… 7 

 

CHAPTER 2: RESEARCH BACKGROUNDS ……………………………...… 8 

  2.1 A Renaissance of Cancer Immunotherapy ………….…………………….... 10 

     2.1.1 Tumor Microenvironment ……………………….…………………....10 

     2.1.2 Cancer-Immunity Cycle ………………………….……………….…. 12  

        2.1.2.1 Initiating Anti-tumor Immunity: Tumor Antigen Release  

              and Presentation …………….…………………………………. 12 

        2.1.2.2 Elimination of Cancer …………………………………………. 13 

     2.1.3 Immune-suppression in the Tumor Microenvironment ……………… 15 

        2.1.3.1 Immunosuppressive cells ……………………………………… 15 

        2.1.3.2 Immunosuppressive cytokines ………………………………… 16 

        2.1.3.3 Immune checkpoint molecules ………………………………… 18 

      2.1.4 Current Cancer Immunotherapy and Limitation ………………….….. 20 

          2.1.4.1 Adoptive T Cell Transfer ……………….……….………….…. 20 

          2.1.4.2 Immune Checkpoint Inhibitors …………………………….….. 23  

          2.1.4.3 Cancer vaccine …………………………….……………….….. 23  

          2.1.4.4 Cytokine therapies ……………...………….……………….….. 23  



 

 iv  

  2.2 Nanoparticles for Cancer Immunotherapy …………..….…………………. 24   

      2.2.1 Nanoparticles as a gene delivery carrier …….……………………...... 26  

      2.2.2 Nanoparticles as an immune-modulator …….…………………...…... 28 

      2.2.3 Nanoparticles as a tumor-targeted delivery carrier .............................. 29 

 

CHAPTER 3: EXPERIMENTAL PROCEDURES ………………….……..... 31 

  3.1 Cell Culture ……………………………………………………………….... 33  

  3.2 Preparation of Nanoparticles ………………………………………………. 34   

     3.2.1 T cell membrane-coated nanoparticles; TCMNPs ............................... 34  

          3.2.1.1 T cell membrane isolation ........................................................... 34  

          3.2.1.2 Preparation of T cell membrane-coated nanoparticles ................. 34 

     3.2.2 MPEI/pCAR-IFN-γ nanocomplexes ……………………………….... 36 

          3.2.2.1 Preparation of CAR-M1 pDNA ………………………….…..... 36  

          3.2.2.2 Preparation of nanocomplexes of MPEI and CAR-IFN-γ pDNA  

   ……………………………………………………………….... 36  

  3.3 Characterization of Nanoparticles …………………………………………. 37  

     3.3.1 T cell membrane-coated nanoparticles; TCMNPs ............................... 37  

          3.3.1.1 Physical characterization of TCMNPs ....................................... 37 

          3.3.1.2 Characterization of membrane proteins on TCMNPs ................ 37 

     3.3.2 MPEI/pCAR-IFN-γ nanocomplexes ……………………………….... 39 

  3.4 In Vitro Assay ................................................................................................ 40 

     3.4.1 T cell membrane-coated nanoparticles; TCMNPs ............................... 40  

          3.4.1.1 Viability and apoptosis of cancer cells after treatment with  

           TCMNPs .................................................................................... 40 

          3.4.1.2 PD-1-mediated TCMNPs adhesion to B16F10 .......................... 41 

          3.4.1.3 Cytokine scavenging effects ....................................................... 42 

          3.4.1.4 Functional analysis of CD8+ T cells with TGF-β1 blockade by  

                  TCMNPs .................................................................................... 42  

          3.4.1.5 In vitro CTL functional analysis ................................................. 44 



 

 v  

     3.4.2 MPEI/pCAR-IFN-γ nanocomplexes …………………….…………... 45 

          3.4.2.1 Assessment of M2 macrophage viability post  

               MPEI/pCAR-IFN-γ transfection …………………...……....… 45  

          3.4.2.2 In vitro transfection using the MPEI/pCAR-IFN-γ nanocomplex 

……………………………………………………………......... 45 

          3.4.2.3 Lentiviral transduction ................................................................ 46  

          3.4.2.4 Macrophage phagocytosis analysis ............................................. 46  

          3.4.2.5 Macrophage polarization analysis .............................................. 47 

  3.5 In vivo Assay ................................................................................................. 49 

     3.5.1 Mice ..................................................................................................... 49  

     3.5.2 Biodistribution ..................................................................................... 49   

          3.5.2.1 Tumor targeting efficiency of TCMNPs .................................... 49     

          3.5.2.2 Evaluation of the proportion of CAR expression at the organ and  

               cellular levels after MPEI/pCAR-IFN-γ treatments …………. 50 

     3.5.3 Tumor growth measurement ................................................................ 51    

     3.5.4 Therapeutic mechanism analysis ......................................................... 52 

          3.5.4.1 Flow cytometric analysis of immune cells in the tumor ............. 52 

          3.5.4.2 Enzyme-linked immunosorbent assay (ELISA) ......................... 53  

          3.5.4.3 qRT-PCR ..................................................................................... 53 

          3.5.4.4 Hematoxylin and eosin (H&E) and terminal deoxynucleotidyl- 

                  transferase-mediated dUTP-biotin nick end labeling  

                  (TUNEL) staining ...................................................................... 53 

          3.5.4.5 Immmunohistochemistry ............................................................ 54 

     3.5.5 In vivo toxicity assessments ................................................................. 55 

     3.5.6 In vivo depletion of CD8+ immune cells .............................................. 56 

     3.5.7 Anti-tumor activity in B16F10 melanoma metastasis model ........... 56 

     3.5.8 Dacarbazine (DTIC)-loaded TCMNPs ................................................ 57  

          3.5.8.1 DTIC encapsulation and loading efficiency of TCMNPs .......... 57 

          3.5.8.2 Drug release test ......................................................................... 58 



 

 vi  

          3.5.8.3 In vivo anti-tumor efficacy of TCMNP/DTICs .......................... 58 

     3.5.9 Therapeutic efficacy of TCMNPs in LLC tumor model ..................... 59  

3.6 Statistical Analysis ......................................................................................... 59  

3.7 Primer sequences for qRT-PCR used in this thesis ....................................... 60 

 

CHAPTER 4: T CELL-MIMICKING NANOPARTICLES FOR CANCER 

IMMUNOTHERAPY ........................................................................................... 61 

  4.1 Introduction ................................................................................................... 63 

  4.2 Results and Discussion .................................................................................. 68 

    4.2.1 Preparation and characterization of TCMNPs ........................................ 68   

         4.2.1.1 TCMNPs directly kill cancer cells and inhibit PD-L1 binding to  

        CTLs in vitro ............................................................................... 77 

         4.2.1.2 TGF-β scavenging effects of TCMNPs in vitro ........................... 82 

         4.2.1.3 TCMNPs reinvigorate exhausted CTLs ....................................... 86 

    4.2.2 Biodistribution and tumor targeting of TCMNPs in B16F10  

           tumor-bearing mice ............................................................................... 89 

    4.2.3 In vivo toxicity and melanoma growth inhibitory effects of TCMNPs .. 92 

    4.2.4 Therapeutic mechanisms of TCMNPs’ anti-tumor activities ................. 97  

    4.2.5 Lung metastasis inhibition by TCMNPs .............................................. 101 

    4.2.6 Enhanced efficacy of anti-tumor drug-loaded TCMNPs ...................... 104 

     4.2.7 Anti-tumor efficacy of TCMNPs on multiple types of tumors ............ 107 

 4.3 Conclusions .................................................................................................. 110 

 4.4 Acknowledgements ...................................................................................... 110 

  

CHAPTER 5: NANOCOMPLEX-MEDIATED IN VIVO PROGRAMMING 

TO CHIMERIC ANTIGEN RECEPTOR-M1 MACROPHAGES FOR 

CANCER THERAPY ......................................................................................... 111 

  5.1 Introduction ................................................................................................. 113 

  5.2 Results and Discussion ................................................................................ 117  



 

 vii  

     5.2.1 Preparation of MPEI/pCAR-IFN-γ nanocomplexes .......................... 117 

     5.2.2 CAR-mediated antigen-specific phagocytosis in vitro ....................... 124 

     5.2.3 IFN-γ-mediated M2-to-M1 phenotypic shift in vitro ........................ 127 

     5.2.4 Macrophage targeting and programming in vivo ............................... 131 

     5.2.5 Tumor-suppressive effects of intratumorally injected  

  MPEI/pCAR-IFN-γ in syngeneic tumor-bearing mice ...................... 134 

     5.2.6 MPEI/pCAR-IFN-γ enhances CD8+ T cell response in vivo ............. 139 

     5.2.7 Anti-tumor efficacy of systemically administered MPEI/pCAR-IFN-γ 

    ............................................................................................................ 148 

  5.3 Conclusions ................................................................................................. 155 

  5.4 Acknowledgements ..................................................................................... 155 

  

CHAPTER 6: CONCLUSIONS, IMPLICATIONS, AND FUTURE 

DIRECTIONS ..................................................................................................... 156  

REFERENCES ................................................................................................... 163 

요약 (국문초록) .................................................................................................. 175 



 

 viii  

LIST OF FIGURES 

Figure 2.1 Designing nanoparticles for improving cancer immunotherapy …….... 4   

Figure 2.2 Tumor microenvironment ……………….………………………….... 11  

Figure 2.3 Cancer-Immunity cycle …………………………………………....… 14 

Figure 2.4 Immunosuppressive factors in the tumor microenvironment ………... 17 

Figure 2.5 Various immune checkpoint molecules in the tumor ………………... 19 

Figure 2.6 Mechanism of action of a) adoptive T cell transfer and CAR-T cell 

therapy, and b) anti-CTLA-4, anti-PD1 and anti-PD-L1 antibodies …………….. 22 

Figure 2.7 Unique modes of action of nanoparticles in cancer immunotherapy ... 25 

Figure 2.8 Polyethyleneimine (PEI) nanoparticle-mediated transfection .............. 27  

Figure 2.9 Cell membrane-coated nanoparticles …………………………………. 30  

Figure 4.1 Schematic illustration showing TCMNP preparation and its anti-tumor 

therapeutic mechanisms in tumor microenvironment ……………………..……... 66 

Figure 4.2 Characterization of TCMNPs ………………………………………... 70 

Figure 4.3 Preservation of plasma membrane proteins on TCMNPs ………….... 74 

Figure 4.4 In vitro analyses for FasL-mediated cancer cell apoptosis and PD-L1 

blockade by TCMNPs ……………………………………………………………. 78 

Figure 4.5 In vitro analyses for PD-L1 blockade by TCMNPs …………………. 80 

Figure 4.6 In vitro analyses for TGF-β1 scavenging and CTL reinvigoration by 

TCMNPs .……………………………………………………………………….... 84 

Figure 4.7 In vitro analyses for CTL reinvigoration by TCMNPs ……………… 88 

Figure 4.8 Biodistribution of TCMNPs …………………………………………. 91  

Figure 4.9 In vivo toxicity analysis …………………………………………….... 93 

Figure 4.10 In vivo therapeutic efficacy of TCMNPs in the B16F10 melanoma 

model ..…………………………………………………………………………… 95  

Figure 4.11 Modulation from anti-inflammatory to pro-inflammatory tumor  

microenvironment by TCMNPs …………………………………………………. 98 



 

 ix  

Figure 4.12 In vivo anti-metastatic effects of TCMNPs in B16F10 tumor-bearing 

mice ………………………………………………………………………………102  

Figure 4.13 Loading TCMNPs with anti-tumor drug (DTIC) potentiates the anti-

tumor efficacy ……..…………………………………………………………...... 105  

Figure 4.14 Anti-tumor effects of TCMNPs in a different tumor model (Lewis 

lung cancer), which demonstrate that TCMNPs may be effective on various types 

of tumors ………….…………………………………………………………….. 108 

Figure 5.1 Therapeutic mechanisms and characterization of the MPEI/pCAR-IFN-

γ nanocomplex …………………………………………………….……………. 116  

Figure 5.2 Fabrication of CAR-IFN-γ gene constructs ……………………….... 118  

Figure 5.3 Map of vectors used in this study …………………………………... 119 

Figure 5.4 Characterization of MPEI/pCAR-IFN-γ nanocomplex …………….. 120 

Figure 5.5 Optimization of MPEI/pCAR-IFN-γ transfection ………………….. 122 

Figure 5.6 CAR-mediated antigen-specific cancer cell phagocytosis by M2 

macrophages post MPEI/pCAR transfection in vitro …………………………... 125 

Figure 5.7 M2-to-M1 phenotypic shift in macrophages upon MPEI/pCAR-IFN-γ 

transfection in vitro ……………………………………………………………… 129  

Figure 5.8 Biodistribution, toxicity and macrophage targeting efficiency of 

MPEI/pCAR-IFN-γ …………………………………………………………….. 132 

Figure 5.9 In vivo tumor growth inhibition effects of MPEI/pCAR-IFN-γ ……. 135 

Figure 5.10 Reduced cancer cells and increased apoptotic cells in the tumors after 

MPEI/pCAR-IFN-γ treatment ………………………………………………….. 137 

Figure 5.11 M2-to-M1 phenotype changes of macrophages in the tumors after 

various treatments ………………………………………………………………. 140 

Figure 5.12 Enhanced anti-tumor activities in the tumors after MPEI/pCAR-IFN-γ 

treatment ……………………………………………………………………..…. 143 

Figure 5.13 Reduced pro-tumor activities in the tumors after MPEI/pCAR-IFN-γ 

treatment ………………………………………………………………………... 146 



 

 x  

Figure 5.14 Anti-tumor efficacy of intraperitoneally administered MPEI/pCAR-

IFN-γ in tumor-bearing A/J mice ……………………………………………….. 149 



 

 xi  

Abbreviations 
 

ACT  adoptive T cell transfer  

ALK  anaplastic lymphoma kinase  

ALT  alanine aminotransferase 

ANOVA  analysis of variance  

APC  antigen-presenting cell  

aPD-L1  antibodies against programmed cell death-ligand 1 

AST  aminotransferase 

ATP  adenosine triphosphate 

BMDM  bone marrow-derived macrophage 

BUN  blood urea nitrogen  

CAR  chimeric antigen receptor  

CCK-8  cell counting kit-8  

cDNA  complementary DNA  

CMNP  cell membrane-coated nanoparticle 

CTL  cytotoxic T lymphocyte 

CTLA-4  cytotoxic T-lymphocyte antigen 4 

DAPI  4′,6-diamidino-2-phenylindole  

DC  dendritic cell 

DiD  1,1′-dioctadecyl-3,3,3′,3′- tetramethylindodicarbocyanine, 4- 

chlorobenzenesulfonate  

DiI  1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine.  

        perchlorate  

DiO  3,3′-Dioctadecyloxacarbocyanine perchlorate  

DLS  dynamic light scattering  

DMEM  Dulbecco’s Modified Eagle’s Medium 

DNA  deoxyribonucleic acid  

DTIC  dacarbazine 



 

 xii  

EDTA  ethylenediaminetetraacetic acid  

ELS  electrophoretic light scattering  

EPR  enhanced permeation and retention  

FACS  fluorescence-activated Cell Sorting  

FADD  fas-associated protein with death domain  

FasL  fas ligand  

FBS  fetal bovine serum 

FOXP3  forkhead transcription factor 3 

Glut1  glucose transporter 1  

H&E  hematoxylin and eosin  

ICAM-1  intercellular adhesion molecule-1  

ICI  immune checkpoint inhibitor  

IFN-γ  interferon γ  

IHC  immunohistochemistry 

IL-2  interleukin 2  

IL-4  interleukin 4  

IL‑10  interleukin 10  

iNOS  inducible nitric oxide synthase  

LDH  lactate dehydrogenase  

LFA-1  lymphocyte function-associated antigen 1 

LLC  lewis lung carcinoma  

LPS  lipopolysaccharide 

MHC  major histocompatibility complex  

MHC  major histocompatibility complex  

MOI  multiplicity of infection  

MPEI  mannose-conjugated polyethylenimine  

NK  natural killer  

NP  nanoparticle 

OVA  ovalbumin 



 

 xiii  

PAGE  polyacrylamide gel electrophoresis  

PBS  phosphate-buffered saline  

PCR  polymerase chain reaction  

PD-1  programmed cell death receptor 1  

PD-L1  programmed death-ligand 1  

pDNA  plasmid DNA  

PEI  polyethylenimine 

PFA  paraformaldehyde  

PLGA  poly(D, L-lactide-co-glycolide)  

PS  penicillin/streptomycin  

RNA  riboneucleic acid 

RPMI  roswell Park Memorial Institute  

SD  standard deviation  

SDS  sodium dodecyl sulfate 

SEM  standard error of the mean  

Slc1a5  serine, alanine, cysteine-preferring transporter 2  

TA  tumor antigen 

TAM  tumor-associated macrophages  

TCR  T-cell receptor  

TEM  transmission electron microscope  

TGF-β1  transforming growth factor-β1 

TME  tumor microenvironment  

TNF  tumor necrosis factor  

Tpi  triosephosphate isomerase  

TRAIL  tumour necrosis factor-related apoptosis-inducing ligand  

Treg cell  regulatory T cell  

TUNEL  terminal deoxynucleotidyl-transferase-mediated dUTP-biotin         

nick end labeling  

UV  ultraviolet



 

 １  

 

 

 

 

 

 

 

 

 

CHAPTER 1: 

INTRODUCTION 

 

 



 

 ２  



 

 ３  

1.1 Motivation for Research 

The development of cancer immunotherapy, including adoptive T cell transfer [e.g., 

chimeric antigen receptor (CAR)-T cell immunotherapy] and immune checkpoint 

blockades, has revolutionized the way we treat cancer. Unlike traditional cancer 

therapies, such as surgery, chemotherapy, and radiation, immunotherapy is based on 

the idea of harnessing a patient's immune system to eliminate cancer cells 

specifically. It can train the immune system to remember cancer cells, leading to 

longer-lasting remissions. Nevertheless, the durable clinical responses are only 

observed in a relatively small fraction of patients, and systemic toxicities often occur. 

The potential reasons for these shortcomings have to do with (1) inefficient delivery 

to tumors and (2) the ability of cancer to foster the activation of diverse 

immunosuppressive mechanisms (e.g., immune checkpoints and 

immunosuppressive cytokines), which may act in concert to counteract anti-tumor 

immune responses by cancer immunotherapies. Regarding CAR-T cell therapy, its 

broader applications are challenged due to (3) the complex ex vivo CAR-T cell-

manufacturing procedures and a low therapeutic efficacy against solid tumors. Thus, 

a therapeutic approach that can target tumors, block the multiple immunosuppressive 

influences, and has a simple manufacturing process can hold great promise for 

enhancing the therapeutic efficiency of current cancer immunotherapy.  

Nanotechnology can offer a facile means to target drugs selectively to the 

tumor sites and enhance the therapeutic efficacy of some current cancer treatment 

modalities. An example of such a nanomedicine is clinically-approved Doxil®, a 

nanoparticle loaded with the cytotoxic anti-tumor drug doxorubicin (Dox). Doxil® 

enhances the accumulation of Dox at tumor sites than that of free Dox, thereby 

reducing the risk of systemic organ toxicity. Although several commercially 

available nanoparticles have dramatically reduced drug toxicity, previous studies on 

developing nanoparticles for cancer treatments mostly focused on the passive roles 

of nanoparticles as a drug delivery carrier. More specifically, previous studies rarely 



 

 ４  

focused on the application of a nanoparticle that can, in turn, elicit multiple 

therapeutic roles in a single nanoparticle system. If a nanoparticle not just actively 

targeted the tumor but also mediated combinatory anti-tumor effects, it would lead 

to the advancement of better cancer immunotherapy with higher effectiveness and 

lower toxicity. This therapeutic approach motivates the development of 

nanoparticles in Chapters 4 and 5 of this thesis.  

 

 

 

 

Figure 2.1 Designing nanoparticles for improving cancer immunotherapy.   
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1.2 Research Objectives 

The research objective in this thesis is the development of nanoparticles that can (1) 

be efficiently delivered to tumor sites, (2) enhance anti-tumor immune responses in 

multiple ways, and (3) be easily manufactured for improving current cancer 

immunotherapy. In this thesis, we propose two nanoparticles that could potentially 

be used to improve the current cancer treatment approaches. Firstly, the nanoparticle 

presented in Chapter 4 is a potential alternative approach to adoptive T cell transfer 

and immune checkpoint blockades. The nanoparticle was developed by coating T 

cell membranes onto biocompatible polymeric nanoparticles (TCMNPs). We 

investigated whether TCMNPs retained the tumor-targeting and cancer-killing 

function of T cells via the cell membranes. We also evaluated whether TCMNPs can 

act as a decoy of T cells and protect the T cells from immunosuppressive molecules 

(e.g., transforming growth factor-β1, TGF-β1) and programmed death-ligand 1 (PD-

L1) of cancer cells by scavenging TGF-β1 and PD-L1. Furthermore, the anti-tumor 

actions of TCMNPs in the treatment of lung cancer in an antigen-nonspecific manner 

were also investigated. Secondly, the nanoparticle presented in Chapter 5 is a 

potential alternative approach to CAR-T cell immunotherapy. We presented a facile 

approach to in vivo program macrophages, which can intrinsically penetrate solid 

tumors, into CAR-M1 macrophages displaying enhanced cancer-directed 

phagocytosis and anti-tumor activity. We developed a nanocomplex of macrophage-

targeting nanocarrier and CAR-M1 phenotype-inducing gene-encoding plasmid 

deoxyribonucleic acid (DNA). We first evaluated the macrophage-targeting 

efficiency of the nanocomplex. Then, we investigated whether the nanocomplex can 

in vivo induce CAR-M1 macrophages that are capable of CAR-mediated cancer 

phagocytosis, anti-tumor immunomodulation, and inhibition of solid tumor growth. 

Collectively, we aimed to evaluate the ability of the nanoparticle systems to promote 

anti-tumor immune responses and demonstrate the potential of those systems as a 

substitute for current cancer immunotherapy.  
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1.3 Specific Aims 

1.3.1 (Chapter 4) T cell-mimicking nanoparticles for cancer immunotherapy  

Aim 1. Develop a nanoparticle that combines the advantages of both synthetic   

nanomaterials and biological features of cell membranes for cancer    

immunotherapy. 

Aim 2. Characterize the cell membrane-derived biological feature-mediated  

      multiple anti-tumor functionality of the nanoparticles both in vitro and  

      in vivo. 

Aim 3. Demonstrate that the nanoparticles have a potential to improve the  

 current cancer immunotherapy (e.g., adoptive T cell transfer and  

 immune checkpoint inhibitor).  

 

1.3.2 (Chapter 5) Nanocomplex-mediated in vivo programming to chimeric 

antigen receptor-M1 macrophages for cancer therapy 

Aim 1. Develop a nanoparticle that can in vivo deliver CAR and M1 phenotype- 

 inducing genes to macrophages.   

Aim 2. Characterize the macrophage-targeting efficiency and macrophage- 

 programming function of the nanoparticle both in vitro and in vivo. 

Aim 3. Demonstrate that the nanoparticles have a potential to advance CAR  

 technology for clinical treatment of solid tumors. 
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1.4 Thesis Outline 

This thesis demonstrates a facile approach of designing nanoparticles that are non-

cytotoxic, have high tumor-targeting efficiency, and can induce multiple anti-tumor 

activities in one nanoparticle system for improving the therapeutic efficacy of current 

cancer immunotherapy. This thesis is divided into five major parts. The first part 

(Chapter 2) is an overview of the immune system in cancer, immunotherapy 

approaches for the treatment of cancer, and nanoparticles that have been developed 

to improve current cancer treatments. The second part (Chapter 3) presents the 

experimental procedures used in this thesis. The third (Chapter 4) and fourth 

(Chapter 5) parts describe nanoparticles we developed for cancer immunotherapy 

with multiple therapeutic effects. Specifically, the third part describes a T cell-

mimicking nanoparticle that can specifically target tumors and kill cancer cells by 

themselves or by aiding anti-tumor immune cells. Inspired by the characteristic of 

immune cells that employ membrane proteins to target inflamed endothelium in 

tumors and kill cancer cells, we coat nanoparticles with immune cell-derived 

membranes. Using the nanoparticles, we were able to achieve higher tumor-targeting 

efficiency and tumor growth inhibition effects compared to those of current cancer 

immunotherapy (i.e., immune checkpoint blockade and adoptive T cell transfer). The 

fourth part describes a macrophage-targeting polymeric nanoparticle that can in vivo 

program pro-tumor macrophages to have anti-tumor activities. Unlike current cancer 

immunotherapy (i.e., CAR-T cell therapy) that has limited therapeutic efficacy in 

solid tumors, the nanoparticle significantly suppresses tumor growth by endowing 

the macrophages with the tumor-specific killing ability and pro-inflammatory 

function. Finally, in chapter 6, a short summary of the major findings of this thesis 

and potential future research directions in which the work could be advanced are 

discussed.  
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In this chapter, we provide an overview of (Section 2.1) immune responses in tumors, 

(Section 2.2) nanoparticles applied for cancer treatments, and how nanoparticles 

could potentially improve current cancer immunotherapies. 

 

2.1 A Renaissance of Cancer Immunotherapy 

2.1.1 Tumor Microenvironment 

Cancer has been a major public health and economic issue, and it ranks as the leading 

cause of mortality worldwide. Due to the aging and growth of the population,[1] the 

number of new cancer cases per year is predicted to increase in the future. Cancer 

results from uncontrolled proliferation of normal cells and has hallmarks including 

self-sufficiency in growth signals, limitless replicative potential, and metastasis.[2, 3] 

Traditional therapies, such as surgery, radiation, and chemotherapy, have thus been 

focused on killing cancer cells. However, serious disadvantages, such as systemic 

toxicity and low therapeutic efficacy caused by a lack of specificity and drug 

resistance, often occur after the therapies and result in poor patient survival.[4]  

Immunotherapy is a fundamentally different approach to cancer treatment. 

The goal of immunotherapy is to use the immune system’s ability to recognize, target, 

and kill cancer cells.[5] It is becoming clear that the tumor is not a mere abnormal 

mass of cancer cells, but consists of cancer cells, stromal cells, and various immune 

cells, which are collectively known as the tumor microenvironment (TME) (Figure 

2.2).[6, 7] Immune cell infiltration is an indispensable component of the fate of 

cancers.[8] It can not only inhibit tumor growth by eliminating cancer cells but also 

promote tumor development by evading anti-tumor mechanisms.[9, 10] The dual roles 

are ascribed to the TME that can be ‘educated’ by cancer cells to facilitate tumor 

initiation, growth, and responses to therapies.  
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Figure 2.2 Tumor microenvironment. The tumor mass consists not just of cancer 

cells but also a variety of components, including immune infiltrates, lymphatic 

vessels, blood vessels, secreted factors, and extracellular matrix proteins, 

collectively known as the tumor microenvironment. Cancer immunotherapy targets 

immune cells to eradicate cancer cells. Therapeutic responses and resistance to drugs 

are often influenced by the tumor microenvironment.[11] 
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2.1.2 Cancer-Immunity Cycle  

For an immune response to be effective at killing cancer cells, the Cancer-Immunity 

Cycle must be initiated (Figure 2.3).[3, 6] Briefly, in the first step, tumor-associated 

antigens are captured by antigen-presenting cells (APCs) at lymph nodes or tumor 

sites. Next, APCs present the processed antigens to naïve antigen-specific CD8+ T 

lymphocytes (i.e., those that have not yet been educated by APCs), resulting in the 

activation of CD8+ T cell [i.e., cytotoxic T lymphocyte (CTL)] responses against the 

antigens. Finally, these CTLs kill cancer cells by releasing cytotoxic granules (e.g., 

perforin and granzyme B) and proinflammatory cytokines [e.g., interferon γ (IFN-

γ)], and by interacting with Fas and tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) receptors on cancer cells. In summary, a key role of the anti-tumor 

immune system is to detect tumor antigens (TAs) and to educate CTLs to eradicate 

cancer cells. 

 

2.1.2.1 Initiating Anti-tumor Immunity: Tumor 

Antigen Release and Presentation 

Recognizing TAs is a necessary prerequisite for a successful anti-tumor immune 

response. TAs are released by dying tumor cells in the bloodstream or remain on the 

cancer cell surface. Several tumor-specific (found on cancer cells only, not in normal 

cells) and tumor-associated antigens (that show elevated levels in cancer cells but 

are also expressed at lower levels in normal cells) have been investigated, and 

targeting TAs is considered an important approach in cancer immunotherapy.[12] 

TAs must first be processed so that their peptides can be presented on major 

histocompatibility complex (MHC) molecules.[13] The presentation is mediated by 

APCs, such as dendritic cells (DCs) and macrophages. Exogenous proteins that arose 

from a source outside the cells, such as TAs, are internalized by APCs through 

processes such as phagocytosis and endocytosis.[13-15] Then, the processed peptides 
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are presented on MHC class I (via a process called cross-presentation,[16] 

peptide:MHC-I complexes) or MHC class II for detection by CD8+ or CD4+ T cells, 

respectively. In the human body, T cells have a diverse and unique T-cell receptor 

(TCR) that can recognize a wide range of targets, including TAs.[17, 18] As a result of 

this, TCR-mediated recognition of the peptide:MHC-I complexes by TA-specific T 

cells is possible, and thus the T cells are activated. 

 

2.1.2.2 Elimination of Cancer  

After the T cell activation, the T cells undergo up to 1,000-fold clonal expansion and 

differentiate into a TA-specific effector (i.e., CTL) or a memory T cell.[19] Then, 

CTLs are trafficking to the tumor sites and TA-specific CTL responses are initiated 

by recognizing peptide:MHC-I complexes on cancer cells via TCR.[20] CTL-

mediated cancer cell death occurs by released granules (e.g., perforin and granzymes) 

and death ligands [e.g., Fas ligand (FasL) and TRAIL].[20] Because of CTLs’ critical 

role in combating tumorigenesis, a continuous generation of CTL is an essential 

component for the induction of anti-tumor immunity.[21] 
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Figure 2.3 Cancer-Immunity cycle. The cycle describes how the immune system 

recognizes and kills cancer cells. In the first step, tumor antigens (TAs) are released 

in the bloodstream by cancer cell death (Step 1). The TAs are then captured by 

immune cells [i.e., antigen-presenting cells (APCs)], which is specialized in 

processing the antigen, in the lymph nodes or tumor sites (Step 2). T cells become 

‘educated/primed’ and ‘activated’ by the processed antigens presented by APCs 

(Step 3). The activated T cells then migrate through blood vessels (Step 4) and 

infiltrate into the tumor (Step 5).[6] Within the tumor, the T cells can recognize, bind 

to TAs that remain on the surface of cancer cells based on the TAs cancer cell 

released earlier (Step 6). Subsequently, the T cells destroy the target cancer cells 

(Step 7).[6] With immunotherapy, researchers want to trigger the Cancer-Immunity 

Cycle to kill cancer cells. 
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2.1.3 Immune-suppression in the Tumor 

Microenvironment 

In cancer patients, one or more of these stages of the Cancer-Immunity Cycle are 

blocked, thereby dampening the anti-tumor immunity and ultimately allowing 

tumors to be escaped from anti-tumor immune responses.[10] Chronic exposure to 

TAs leads to the Cancer-Immunity Cycle to have immunosuppressive features. 

Furthermore, cancer cells hijack immune-inhibitory signaling that originally exists 

to prevent an overactive immune response against self-antigens in normal cells in 

the body[9], reduce MHC expression in order to escape from the CTL-mediated TA 

recognition,[22] and release immunosuppressive cytokines to suppress the anti-tumor 

immune responses.[23] Meanwhile, the TME of most solid tumors is characterized by 

immunosuppressive cells, such as regulatory T (Treg) cells and tumor-associated 

macrophages (TAMs) (Figure 2.4) that promote pro-tumor immune responses.[23-28]   

 

2.1.3.1 Immunosuppressive cells 

One of the abundant immunosuppressive elements of the TME is the pro-tumor M2 

phenotype tumor-associated macrophage (M2 TAM), which plays a central role in 

tumor development by secreting immunosuppressive molecules.[27, 28] In general, M2 

phenotype macrophages tend to exert an immune-suppressive phenotype, have a 

weak antigen-presenting ability, and secrete anti-inflammatory cytokines providing 

major support on tumor progression.[27, 29-31] In contrast, M1 phenotype macrophages 

foster inflammation response against invading pathogens and tumor cells.[32] 

Reversing the polarization of TAMs from M2-to-M1 phenotype can inhibit tumor 

growth, and is a potential therapeutic target.[33] Meanwhile, Treg cells are 

characterized by the expression of the forkhead transcription factor 3 (Foxp3) and 

their immune-inhibitory roles.[34] The inhibitory activity in the TME involves the 

production of inhibitory cytokines, such as TGF‑β1, and interleukin 10 (IL‑10), 
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suppression of the effector functions of tumor-specific CTLs, and direct 

enhancement of tumor progression.[35]  

 

2.1.3.2 Immunosuppressive cytokines  

A variety of cancer or immunosuppressive cell (e.g., M2 TAM and Treg cell)-derived 

cytokines contribute to the emergence of immunosuppressive TME. The 

immunosuppressive cytokines include TGF-β and IL-10.[36] TGF-β enhances tumor 

progression by promoting the synthesis of new blood vessels that sustain tumor 

growth.[37] Moreover, TGF-β is primarily involved in tumor progression by 

impairing CTL functions[38, 39] and facilitating Treg cell development.[35] Meanwhile, 

IL-10 can hinder antigen presentation by DC, thus potentially preventing the 

cytotoxic function of CTLs against cancer cells.[40] Also, IL-10 can directly suppress 

T cell function by increasing the antigenic threshold required for T cell activation.[41]  
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Figure 2.4 Immunosuppressive factors in the tumor microenvironment. In the TME, 

the anti-tumor function of cytotoxic T lymphocytes (CTLs) is impaired by pro-

tumorigenic immune cells (e.g., M2 TAM and Treg cell) and immunosuppressive 

cytokines (e.g., TGF-β and IL-10).[42] These factors interact with each other to 

deactivate CTL responses. 
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2.1.3.3 Immune checkpoint molecules 

Immune checkpoint molecules are ligand-receptor pairs that exert inhibitory effects 

on immune responses.[43] Prominent checkpoint molecules include cytotoxic T-

lymphocyte antigen 4 (CTLA-4), programmed cell death receptor 1 (PD-1), and PD-

L1 (Figure 2.5). This can minimize unwanted self-immune responses. In the TME, 

however, cancer cells take advantage of the immune checkpoint molecules to 

disguise themselves from anti-tumor immune responses. Persistent exposure of  

TAs to CTLs can induce high levels of immune checkpoint molecule expression in 

the CTLs, which subsequently induce inactive (exhausted) CTLs.[21] Exhausted 

CTLs are incapable of secreting cytotoxic granules and fail to kill target cells.[20] For 

example, PD-1 is a major regulator of T cell dysfunction among T cell membrane 

receptors and receives an inhibitory signal upon binding with PD-L1, which are 

frequently overexpressed on the surface of tumor cells.[44, 45] The PD-1:PD-L1 

interaction transmits immune-inhibitory signals to CTLs and decreases the 

production of cytotoxic molecules by CTLs, thereby inhibiting their killing capacity 

against cancer.  
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Figure 2.5 Various immune checkpoint molecules in the tumor. A series of ligands 

and receptors are expressed on the membrane of cells, such as macrophages, cancer 

cells, and T cells, and ligand-receptor pairs exert inhibitory or stimulatory effects on 

immune responses.[46] 
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2.1.4 Current Cancer Immunotherapy and Limitation 

Cancer immunotherapy aims to harness the anti-tumor immune system (Section 

2.1.2) to recognize and destroy cancer cells by re-polarizing the immunosuppressive 

TME to an immune-enhancive one.[47] Successful cancer immunotherapies provide 

an anti-tumor response that is tumor-specific and long-lasting, overcoming the 

critical shortcomings of traditional cancer treatments. A brief introduction to some 

of the significant cancer immunotherapy being investigated clinically for cancer 

treatment and its limitation in order to frame this thesis is presented here.  

  

2.1.4.1 Adoptive T Cell Transfer  

Adoptive T cell transfer (ACT) is an approach that relies on the reinfusion of tumor-

specific T cells.[48] The approach aims to overcome the challenge regarding CTL 

exhaustion. The T cells that are harvested from a patient’s tumor or blood are 

stimulated to expand ex vivo to sufficient numbers and infused back to the patient, 

where they will hopefully mediate tumor eradication. However, the preparation of 

high numbers of tumor-specific T cells is hard to be achieved in many cases.[48-50] 

The challenges led to the development of gene-modified T cells that have tumor-

specific TCR. Still, the lack of TCR gene collection against peptide:MHC-I 

complexes on cancer cells poses a major challenge.[51] Furthermore, loss of MHC-I 

expression, which is a frequent event in cancer cells as an immune escape 

mechanism,[9] hinders the therapeutic efficacy of TCR-engineered T cells.  

The development of CAR-T cell therapy provided a more universal approach 

to ACT in recent years.[52] CARs, coupled with activating and costimulatory domains 

that induce the immune-stimulatory downstream signaling of T cells, target TAs 

expressed on the membrane of cancer cells, thereby helping T cells better identify 

cancer cells and bypass the MHC-dependent killing of cancer cells.[53, 54] CAR-T 

cells are now commercially available for the treatment of blood cancers, such as 

acute lymphoblastic leukemia,[55] and over 90 clinical trials are currently performed 
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for its broader usage.[26, 56] Despite its exceptional therapeutic efficacy, [limitation 

(1)] the complicated and time-consuming manufacturing procedures, and [limitation 

(2)] limited therapeutic effects on solid tumors are ongoing hurdles of CAR-T cell 

therapy.[24-26]  

 

2.1.4.2 Immune Checkpoint Inhibitors  

Immune checkpoint inhibitor (ICI) targets immune checkpoint molecules (e.g., 

CTLA-4, PD-1, and PD-L1) that can dampen the anti-tumor immune responses.[57, 

58] For example, anti-PD-L1 antibodies exert anti-tumor effects by blocking the 

interaction between PD-L1 on cancer cells and PD-1 on T cells (Figure 2.6), which 

would otherwise downregulate T cell activation.[43, 59] ICIs are now Food and Drug 

Administration (FDA)-approved to treat a broad range of tumor types.[60] Although 

ICI therapy has shown promising clinical efficacy, the minority population of 

patients respond to such therapy, and [limitation (3)] immune-related adverse events 

are problematic.[61, 62] Such drawbacks are likely to occur due to the systemic 

activation of T cells other than the tumor-specific T cells due to the non-targeted 

distribution of ICIs,[63] and other factors in the immunosuppressive TME that 

attenuates the activation of effector T cells.[64] Due to the inefficient delivery to 

tumor-specific CTLs, a high dose of ICIs may be necessary to achieve therapeutic 

efficacy, leading to systemic immune-related adverse events in various organs.[65]  
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Figure 2.6 Mechanism of action of a) adoptive T cell transfer and CAR-T cell 

therapy,[66] and b) anti-CTLA-4, anti-PD1, and anti-PD-L1 antibodies.[67] 

a

b
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2.1.4.3 Cancer vaccine   

Loss of antigenicity (i.e., the potential to elicit tumor-specific immune responses) is 

one of the key immune escape mechanisms employed by tumors.[9] Therapeutic 

cancer vaccines provide defined TAs to patients[12] in order to elicit tumor-specific 

immune responses. However, the efficacy of such a vaccine strategy is still 

disappointing. Several reasons for such poor outcome include the 

immunosuppressive factors in the TME,[68] cancer cells expressing lower levels of 

antigens, and [limitation (4)] the difficulty of identifying TAs specific to tumors or 

are overexpressed in tumors compared to normal cells.[69] 

 

2.1.4.4 Cytokine therapies 

Cytokines are molecular messengers that can directly stimulate immune effector 

cells at the tumor site to generate anti-tumor immune responses. Several cytokines, 

such as interleukin 2 (IL-2), IFN-γ, and interferon α have been in extensive 

preclinical investigations and a variety of clinical settings to reverse the 

immunosuppressive TME.[70] Although the potential of cytokines to induce durable 

anti-tumor immune responses is promising, limitations include [limitation (5)] short 

half-life of most cytokines and severe side effects due to the lack of tumor-specificity 

of the cytokines[71, 72] still exist.  

 

In summary, cancer immunotherapy utilizes the power of the body's 

immune system to eradiate cancer cells. Cancer immunotherapy has a great potential 

in long-term inhibition of tumor growth and reducing on-target off-tumor toxicity 

compared to chemotherapy and radiotherapy. However, there is still scope for 

improvement in reducing complex manufacturing procedures [limitation (1)], 

enhancing the clinical efficacy [limitation (2), (4), and (5)], and minimizing systemic 

side effects [limitation (3)] of these therapies.  
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2.2 NANOPARTICLES FOR CANCER 

IMMUNOTHERAPY  

Nanotechnology has emerged as a powerful tool to overcome the challenges of 

current cancer immunotherapy. Current cancer immunotherapy is not sufficient to 

achieve the desired therapeutic effects because some drugs have a complex 

manufacturing process and low tumor-targeting efficiency, induce systemic 

cytotoxicity, suffer poor pharmacokinetics, and clear rapidly by the body [limitation 

(1)-(5) as mentioned above].[73] In contrast, nano-sized drug may have several 

advantages, such as (Section 2.2.1) a facile manufacturing process with low 

tumorigenesis risk, (Section 2.2.2) prolonging the therapeutic effect by a controlled 

release of drugs or directly inducing anti-tumor immune responses, (Section 2.2.3) 

enhancing tumor-targeting efficiency, thereby reducing the adverse effects, etc 

(Figure 2.7).[74, 75] In this section, we will review various nanomaterials that have 

been developed to overcome the drawbacks and have shown promising recent 

preclinical and clinical results.  
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Figure 2.7 Unique modes of action of nanoparticles in cancer immunotherapy.[76] a) 

Nanoparticles can be fabricated to destabilize endosomal membranes and promote 

drug delivery into the cytosol. b) Multiple drugs, including antibodies, can be 

conjugated on the nanoparticles to enhance anti-tumor immune responses. c) 

Nanoparticles accumulate preferentially within tumor tissues by the enhanced 

permeation and retention effect, concentrating the drug in the tumor. d) Drugs can 

be loaded onto nanoparticles that are modified to bind targets on the cell surface. 

a

c

b

d
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2.2.1 Nanoparticles as a gene delivery carrier 

One of the essential considerations of gene-based therapy (e.g., CAR-T cell therapy) 

is developing an effective and safe delivery carrier. For example, one of the potential 

risks associated with CAR-T cell therapy is gene mutations in infused T cells that 

could cause tumorigenesis.[77] Nanoparticles (NPs), as non-viral gene delivery 

carriers, have proven to be promising candidates for clinical gene therapy.[78] In 

contrast to viral vectors, NP-based gene delivery have the potential to deliver large 

genes and are comparatively easy to produce on a large scale, and NP-based gene 

delivery has a low probability of inducing tumorigenesis and low immunogenicity.[79, 

80] These features of NPs can reduce the complicated, time-consuming 

manufacturing procedures of current cancer immunotherapy [limitation (1)]. 

Recently, a polymer-based gene nanocarrier has been developed in a preclinical 

study to enable in vivo reprogramming of T cells to express CAR to kill the tumor.[81] 

The in vivo T cell reprogramming avoids tumorigenesis risk in CAR-T cells, and the 

ex vivo complex and high-cost CAR-T cell manufacturing process.  

Diverse NPs have been developed for gene carriers.[80] A polymer that is 

under clinical evaluation includes polyethyleneimine (PEI).[78] PEI comprises 

protonable amine groups, which give it a positive charge, and hence forms a 

nanocomplex with negatively charged genes via electrostatic interactions. The 

nanocomplex formation protects genes from cellular nucleases and prolongs the half-

life of the gene after administration in vivo.[82] The nanocomplex then enters into 

cells, usually by adsorptive endocytosis triggered by electrostatic interactions 

between positively charged PEI and negatively charged cell membranes (Figure 

2.8).[82, 83] Upon uptake, the amine groups in PEI cause a ‘proton sponge’ effect in 

the endosome because osmotic swelling and endosome rupture occurs as a result of 

the pH-mediated influx of chloride ions. It allows the release of genes from the 

nanocomplex into the cytosol and nuclear entry of the genes.[84] The functionality of 

PEI as a gene carrier has well been introduced and exhibited highly improved gene 
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transfection in immune cells, which are considered hard-to-transfect cells.[85, 86] 

Hence, applying PEI to induce in vivo cell programming in tumors to anti-tumor 

phenotype may provide a safe, efficient and effective solution to current hurdles of 

CAR-T cell therapy against a solid tumor.  

 

 

 

 

Figure 2.8 Polyethyleneimine (PEI) nanoparticle-mediated transfection. A 

nanocomplex of cationic PEI nanoparticle and DNA adsorbs to the cell membranes 

and is internalized into the cell by endocytosis. Then, endosomal escape of the 

nanocomplex occurs by osmotic lysis of the endosomes, so-called “proton sponge 

effect”, releasing the contained DNA into the cytoplasm so that the DNA can be 

delivered to the nucleus.[87]   

Endosomal escape 

Nuclear entry of DNA 

Proton sponge effect 
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2.2.2 Nanoparticles as an immune-modulator 

The therapeutic efficacy of cancer immunotherapy is often inhibited by the 

immunosuppressive TME of solid tumors [limitation (2)] and limited information 

about immunogenic TAs [limitation (4)]. NPs can be used for modulating the 

immune response. For example, iron oxide NPs have been demonstrated to polarize 

macrophages from pro-tumor anti-inflammatory M2 macrophages to anti-tumor pro-

inflammatory M1 macrophages for cancer treatment.[88] The iron oxide NP-mediated 

M2-to-M1 shift dramatically inhibits tumor growth. In addition, several drugs [e.g., 

IL-2, JSI-124 (a small molecule inhibitor of transducer and activator of transcription-

3), Dox, and CpG oligonucleotide] that can induce immunogenic TA-release and 

exert an immune-stimulatory effect have been delivered to target sites over extended 

periods by using nanoparticle delivery systems, such as liposome,[89, 90] poly(D, L-

lactic-co-glycolic acid) (PLGA),[91] and gold,[92] for cancer immunotherapy.  

Recently, unmet clinical needs to develop carriers with better 

biocompatibility, biodistribution, and targeting properties have led to fabricate 

biomimetic NPs. For example, exosomes (messengers for intercellular 

communication) or exosome-mimetic nanovesicles (NVs) from a variety of cells 

(e.g., cancer cell,[93] macrophage,[94] and dendritic cell[95]) have been developed to 

target tumors and promote anti-tumor immune responses. An important aspect of 

using exosomes or NVs is their capability to deliver cell-derived genetic materials 

or proteins to target cells. For example, tumor exosomes would deliver TAs to 

dendritic cells, triggering a CTL-mediated anti-tumor immune response.[93] 

Furthermore, a previous study has demonstrated that M1 macrophage-derived 

nanovesicles that contain pro-inflammatory M1 phenotype macrophage-related 

factors can successfully polarize M2 TAMs to M1 macrophages.[94] Despite their 

therapeutic potential, exosomes or NVs could induce tumorigenesis after injection 

due to various genetic materials in them, which hamper their broad clinical 

application.  
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2.2.3 Nanoparticles as a tumor-targeted delivery 

carrier 

Tumor-nonspecific delivery would lead to a low response rate and induce severe side 

effects, as in the case of cancer immunotherapy, including ICI and cytokine therapy 

[limitation (3) and (5)]. NPs have been integrated with cancer immunotherapy to 

provide targeting specificity to tumor sites. Tumor targeting by NPs is achieved by 

at least three mechanisms. First, NPs accumulate preferentially within tumor tissues 

by the enhanced permeation and retention (EPR) effect,[96] that is, permeable blood 

vessels in tumors and reduced lymphatic drainage enhanced NP accumulation and 

retention in the tumors. Second, tumor-targeting moiety, such as folic acid[97] and 

peptide ligands containing the Arginine-Glycine-Aspartate (RGD),[98] can be 

conjugated to NPs. Third, the tumor-targeting function can be conferred by using 

cell membranes. Cell membrane-coated NPs (CMNPs) are another biomimetic NPs 

that have been recently developed (Figure 2.9).[99, 100] CMNPs are composed of 

synthetic NPs wrapped with various types of cell membranes, thereby endowing NPs 

with various biological functions of plasma membranes of different cell types.[99, 101-

104] The membrane coating onto NPs is driven by electrostatic and hydrophobic 

interactions between the negatively charged particles and asymmetrically charged 

cell membranes.[105, 106]  

Unmodified synthetic NPs often adsorb serum proteins and are quickly 

eliminated by the reticuloendothelial system following NP administration in vivo.[99] 

In contrast, membrane proteins that were all maintained on the surface of CMNPs 

can avoid the clearance of the NPs by the reticuloendothelial system because of the 

inherent biological nature of cell membranes, thereby significantly enhancing NP 

circulation in the blood and the targeting efficiency.[105, 107-110] NPs coating with 

plasma membranes of immune cells [e.g., natural killer (NK) cell,[111] 

macrophage,[112] and T cell[113]] and cancer cells[114] can endow NPs with tumor-

targeting abilities. For instance, NK cells can target cancer cells via specific proteins 



 

 ３０  

(e.g., DNAM-1) on the NK cell membrane.[111] A coating of NK cell membranes on 

anti-tumor drug-loaded NPs enables tumor targeting of the NPs and drug delivery to 

tumors.[103] Targeting of NPs to cancer cells in vivo can be facilitated by cancer cell 

membrane coating via the homologous adhesion molecules of cancer cell 

membranes.[114] There are additional applications of CMNPs as well as the targeting 

effects. CMNPs can mimic the source cells from which the membrane is derived. As 

a decoy of susceptible cells, neutrophil-[115] and T cell membrane-coated NPs[113] can 

protect neutrophils and T cells from pro-inflammatory factors and viruses, 

respectively. This approach can broaden the roles of CMNPs, not just tumor-

targeting drug delivery carriers but also as immune modulators. However, this 

approach has not yet been applied to cancer immunotherapy. 

 

 

 

Figure 2.9 Cell membrane-coated nanoparticles. A variety of cell membrane has 

been utilized for coating core nanoparticles.[100] 

 

 

CMNPs 
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CHAPTER 3. 

EXPERIMENTAL PROCEDURES 
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2.1 Cell Culture 

EL4 cells, a mouse T lymphocyte cell line were purchased from Korean Cell Line 

Bank (KCLB, Seoul, Korea). B16F10 mouse melanoma, Neuro-2a mouse 

neuroblastoma, Lewis lung carcinoma (LLC), and mouse macrophage-like 

RAW265.7 cells were purchased from American Type Culture Collection (Manassas, 

VA, USA). B16OVA, a variant of B16F10 cell line that expresses full-length OVA, 

was a gift from Professor Junsang Doh, Seoul National University, Seoul, Korea. 

EL4, B16F10, Neuro-2a and B16OVA cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Gibco, NY, USA) supplemented with either 10% (v/v) 

horse serum (Gibco) (for EL4 cells) or fetal bovine serum (FBS, Gibco) (for B16F10, 

Neuro-2a and B16OVA cells) and 1% (v/v) penicillin/streptomycin (PS, Gibco). The 

cells were incubated at 37°C with 5% CO2.  

Bone marrow-derived macrophages (BMDMs) were obtained from 6-week-

old female A/J mice (Central Lab Animal Inc., Seoul, Korea), according to a 

previously published method with minor modifications.[116] In brief, femurs and 

tibias were flushed with culture medium [high-glucose DMEM supplemented with 

10% (v/v) FBS, 1% (v/v) penicillin/streptomycin, and 15% (v/v) L929 cell-

conditioned medium]. L929 cell-conditioned medium was prepared by culturing 

L929 cells in high-glucose DMEM containing 10% (v/v) FBS and 1% (v/v) PS for 

10 days. Bone marrow cells were resuspended in 10 ml of the culture medium and 

transferred into a 100-mm2 petri dish. On day 3, 10 ml of the additional culture 

medium was added to the BMDM culture. BMDMs were collected on day 7 and 

preserved for further in vitro analysis. To induce M2 phenotype, 20 ng/ml interleukin 

4 (IL-4; BioLegend, CA, USA) was added to the BMDM or RAW265.7 culture. 
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2.2 Preparation of Nanoparticles  

2.2.1 T cell membrane-coated nanoparticles; TCMNPs  

2.2.1.1 T cell membrane isolation  

The plasma membrane was collected from EL4 cells according to previously 

reported methods but with modifications.[104] Briefly, EL4 cells were grown in Petri 

dishes, harvested, and washed with phosphate-buffered saline (PBS, pH 7.4). The 

cell pellet was suspended in hypotonic lysis buffer containing 20 mM Tris-HCl (pH 

7.5, Noble Biosciences, Korea), 10 mM KCl (Sigma Aldrich, USA), 2 mM MgCl2 

(Sigma Aldrich), and ethylenediaminetetraacetic acid (EDTA)-free SIGMAFAST™ 

Protease Inhibitor Cocktail (Sigma Aldrich, 1 tablet per 100 ml of solution) and 

disrupted by sonication at 10% amplitude 20 times (sonication for 1 s, intervals for 

5 s on ice, Branson Sonifier, Branson Ultrasonic, CA, USA). The homogenate was 

then centrifuged at 10,000 × g and 4 °C for 10 min to remove intact cells and 

mitochondria. The supernatant was further centrifuged at 27,000 × g and 4 °C for 1 

h. After centrifugation, the membrane was collected as a pellet, suspended in 0.2 

mM EDTA (Sigma Aldrich) and stored at -80°C for subsequent experiments. The 

protein content in the isolated membrane was determined using Bradford reagent 

(Sigma Aldrich, USA) according to the manufacturer’s protocol. Two hundred 

million EL4 cells yielded 1.92 ± 0.58 mg membrane proteins (protein weight). To 

produce trypsin-treated membrane (trTmem), the membranes were treated with 0.27, 

0.54, 1.07, or 2.14 mM trypsin for 30 min at 37 °C.  

 

2.2.1.2 Preparation of T cell membrane-coated 

nanoparticles (TCMNPs) 

TCMNPs were prepared in three steps using a sonication method[117]: preparation of 

PLGA nanoparticle cores; T cell membrane isolation from EL4 T cell line using a 

combination of hypotonic lysis with protease inhibitors and mechanical membrane 
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disruption; and coating of PLGA nanoparticle cores with the T cell membrane. 

Specifically, ~ 80 nm nanoparticles of carboxyl-terminated 50:50 poly(D, L-lactide-

co-glycolide) (PLGA, Resomer® RG 503 H, Sigma Aldrich) were prepared.[118] 

Then, 1 ml of PLGA dissolved in acetone (5 mg/ml) was added dropwise into 3 ml 

of distilled water. For fluorescence imaging experiments, 1,1′-dioctadecyl-3,3,3′,3′- 

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate (DiD) or 3,3′-

Dioctadecyloxacarbocyanine perchlorate (DiO) (Sigma Aldrich) was loaded into the 

PLGA solution at 0.1% (w/w). The mixture was then stirred in open air for 1 h and 

placed under a vacuum aspirator until the acetone was completely evaporated. The 

nanoparticles were isolated with 10 kDa MWCO Amicon Ultra-4 Centrifugal Filters 

(Millipore, CA, USA). For plasma membrane coating on PLGA nanoparticles, the T 

cell membrane was mixed with PLGA nanoparticles at a polymer-to-membrane 

protein weight ratio of 1:1. The mixture was then resuspended with water bath 

sonication (POWER SONIC 510, Hwashin Technology Company, Korea) at a 

frequency of 40 kHz and low ultrasonic power for 4 min (sonication for 1 s, intervals 

for 5 s on ice). As a control group, trTmem-coated nanoparticles (trTCMNPs) were 

synthesized with 2.14 mM trypsin-treated trTmem using the same procedure. To 

remove the non-coated T cell membrane, the mixture was centrifuged at 19,810 × g 

at 4 °C for 40 min. The concentrations of TCMNPs (nanoparticle number/ml) were 

determined using a NanoSight LM10 system (Malvern, Worcestershire, UK). 

Approximately, 1.27 × 108 TCMNPs can be synthesized from 1 × 106 T cells.  
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2.2.2 MPEI/pCAR-IFN-γ nanocomplexes 

2.2.2.1 Preparation of CAR-M1 pDNA  

The mouse antigen specific anti-ALK CAR gene was prepared using DNA oligo 

synthesis. The anti-ALK CAR construct, a kind gift from Professor Roberto Chiarle 

(Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA), was 

cloned into a PB-CMV-MCS-EF1α-GreenPuro cDNA cloning and expression vector 

(PB513B-1, System Biosciences, CA, USA). Mouse IFN-γ natural ORF mammalian 

expression plasmid (Sino Biological Inc., Beijing, China) was used for the plasmid 

DNA (pDNA) encoding IFN-γ. The addition of IFN-γ gene and mouse codons to the 

anti-ALK CAR construct were then optimized (Cosmo Genetech, Seoul, Korea). All 

used vectors harbor the same GFP, puromycin resistance features, as used in 

previous studies,[81, 119, 120] and mouse specific Transcription/Translation initiation 

sequences. The vector maps used in this study are shown in Figure 5.3. 

 

2.2.2.2 Preparation of nanocomplexes of MPEI and 

CAR-IFN-γ pDNA  

jetPEI®-macrophage or in vivo-jetPEI®-Man (MPEI; Polyplus-transfection®, 

Illkirch-Graffenstaden, France) was used for gene delivery. The nanocomplex of the 

plasmid DNA and MPEI was prepared according to the manufacturer’s protocol. 

Briefly, MPEI was diluted in 150 mM NaCl (for jetPEI®-Macrophage) or 10% 

glucose solution (for in vivo-jetPEI®-Man). Meanwhile, 1 μg of pDNA of piggyBac® 

transposon gene expression vectors and 0.4 μg Super piggyBac® transposase 

expression vectors (PB210PA-1, System Biosciences, CA, USA) was also diluted in 

150 mM NaCl or 10% glucose solution. The MPEI was then mixed with the pDNA 

at an N/P ratio (ratio of amine in MPEI to phosphate in DNA) of 6, vortexed, and 

incubated for 30 min at room temperature (RT) prior to use. 
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2.3 Characterization of Nanoparticles  

2.3.1 T cell membrane-coated nanoparticles; TCMNPs  

2.3.1.1 Physical characterization of TCMNPs 

The size distributions and zeta potential of TCMNPs were assessed by dynamic light 

scattering (DLS) and electrophoretic light scattering (ELS) analyses (Zetasizer Nano 

ZS, Malvern Panalytical, UK), respectively. Particle aggregation tests were 

conducted by suspending PLGA nanoparticles or TCMNPs in PBS at a concentration 

of 1 mg/ml. To examine the morphology, TCMNPs were placed onto a glow-

discharged carbon-coated copper grid, stained with 1% (v/v) uranyl acetate, and 

visualized using a transmission electron microscope (TEM; JEM-2100, JEOL Ltd, 

Japan). Energy-dispersive X-ray spectroscopy elemental mapping analysis was 

performed by field emission TEM (JEM-F200, JEOL Ltd, Japan) installed at the 

National Center for Inter-university Research Facilities (NCIRF) at Seoul National 

University. To confirm the colocalization of PLGA nanoparticles and T cell 

membrane, hydrophobic DiO-loaded PLGA and 1,1′-Dioctadecyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate (DiI, Sigma Aldrich)-stained T cell 

membranes in TCMNPs alone or B16F10 cancer cells treated with the TCMNPs 

were imaged using a confocal laser scanning microscope (Leica, Germany). Nuclei 

of the cells were stained with a solution containing 4′,6-diamidino-2-phenylindole 

(DAPI, Vector Laboratories, Burlingame, CA). 

 

2.3.1.2 Characterization of membrane proteins on 

TCMNPs 

Membrane protein profiles were investigated via sodium dodecyl sulfate (SDS) 

polyacrylamide gel electrophoresis (PAGE). Specifically, T cell lysate, extracted T 

cell membrane proteins, and TCMNP proteins were prepared with cell lysis buffer 

(Cell Signaling, USA). The protein concentration of T cell lysates was determined 
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by the Bradford protein assay (Sigma Aldrich). The lysates were mixed with 

NuPAGE™ LDS Sample Buffer (Life Technologies, USA), and then, 20 μg of 

protein was loaded on a 10% (w/v) SDS polyacrylamide gel. After electrophoresis, 

the obtained gels were subsequently stained with Coomassie Blue (Thermo 

Scientific, USA) and then washed to visualize protein bands. The presence or 

absence of PD-1 and β-actin in T cell lysate, extracted T cell membrane proteins, and 

TCMNP proteins was evaluated using western blot analysis with the anti-PD-1 

antibodies (BioXcell, NH, USA) or anti-β-actin antibodies (Abcam), respectively. 

Flow cytometric analysis was performed using antibodies against LFA-1, TGF-β1R, 

FasL and PD-1 to identify proteins on TCMNPs, T cells (EL4), or primary T cells. 

Primary T cells were prepared using MojoSort™ Mouse CD3 T Cell Isolation Kit 

(BioLegend, CA, USA) according to the manufacturer’s protocol. For visualization 

of TCMNPs on a flow cytometer, TCMNPs (100 μg) was passively adsorbed onto 

aldehyde/sulfate latex beads (5 μl, 4 μm in diameter, Invitrogen, MA, USA) at 

15~25 ℃ for 15 min as previously described.[121] The TCMNP beads were stained 

with fluorescein-conjugated anti-CD11a/CD18 (LFA-1) (BioLegend, cat# 141010), 

anti-TGF-β1R (Abcam, cat# ab31013), anti-FasL antibodies (BioLegend, cat# 

106805), or anti-PD-1 antibodies (BioLegend, cat# 109111). Then, the mixture was 

washed two times for 5 min each and further stained with tetramethylrhodamine-

conjugated secondary antibodies (Jackson-Immunoresearch, PA, USA) when 

needed. After washing, the stained mixture was analyzed with Becton Dickinson 

Fluorescence-activated Cell Sorting (FACS) Canto-II flow cytometer (BD 

Biosciences, USA).  
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2.3.2 MPEI/pCAR-IFN-γ nanocomplexes 

The condensation of MPEI and CAR-IFN-γ pDNA was evaluated using agarose gel 

electrophoresis. MPEI/pCAR-IFN-γ nanocomplex, CAR-IFN-γ pDNA, and MPEI 

were mixed with a loading buffer, followed by 1.5% agarose gel electrophoresis in 

0.5 × Tris-acetate ethylenediaminetetraacetic acid buffer at 75 V for 25 min. The gel 

was stained with ethidium bromide to detect the DNA bands. The size distribution 

and zeta potential of MPEI/pCAR-IFN-γ were assessed using DLS and ELS analyses, 

respectively. Stability of MPEI/pCAR-IFN-γ in 50% FBS was evaluated by 

measuring the nanocomplex size by DLS for 7 days. To examine the morphology of 

MPEI/pCAR-IFN-γ, uranyl acetate–labeled MPEI/pCAR-IFN-γ was deposited onto 

a carbon-coated grid, followed by rinsing with distilled water and visualized using a 

transmission electron microscope (JEM-2100f, JEOL, Japan). 
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2.4 In Vitro Assay 

2.4.1 T cell membrane-coated nanoparticles; TCMNPs  

2.4.1.1 Viability and apoptosis of cancer cells after 

treatment with TCMNPs 

To investigate the cytotoxicity effects of TCMNPs against B16F10 cells, the cancer 

cells were cultured in 24-well plates at a density of 5 × 104 cells per well in a medium 

containing recombinant murine IFN-γ (20 ng/ml), which upregulates Fas expression 

on cancer cells[122, 123] and mimics the in vivo TME, for 48 h. Then, B16F10 cells 

were washed three times and incubated with 200 μg/ml trTCMNPs, FasL-blocked 

TCMNPs (Fb-TCMNPs), or TCMNPs at 37 °C for 48 h. Anti-FasL antibodies 

(BioXcell) were used to block the FasL on TCMNPs. The relative number of viable 

cancer cells was determined using the cell counting kit-8 (CCK-8) assay (DoGenBio, 

Seoul, Korea). The absorbance was measured at 450 nm using a Powerwave X340 

microplate reader. The relative number of viable cancer cells was expressed relative 

to the relative viable cell number of the no-treatment group at 0 h. For polymerase 

chain reaction (PCR) analysis, total riboneucleic acid (RNA) was extracted from 

B16F10 cells using QIAzol Lysis Reagent (Qiagen, Valencia, CA) after treatment of 

trTCMNPs, Fb-TCMNPs, or TCMNPs for 48 h. The total RNA concentrations were 

determined using a NanoDrop spectrometer (ND-2000, NanoDrop Technologies, 

Wilmington, DE). Five hundred nanograms of total RNA from each group were used 

for cDNA synthesis using PCR PreMix (Bioneer, Daejeon, Korea), and SYBR 

green-based qRT-PCR was performed with TOPreal™ qPCR 2X PreMIX 

(Enzynomics, Daejeon, Korea). Cycling conditions were as follows: initial 

denaturation at 95 °C for 15 min, followed by 60 cycles at 95 °C for 10 s, 60 °C for 

15 s, and 72 °C for 30 s. Each gene expression was normalized by GAPDH 

expression. List of primer sequences used in this study were showed in Section 2.7. 
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Cell lysates from each group were prepared, and western blot analysis was performed 

using anti-caspase 8 antibodies (Bioss, cat# bs-0052R).  

 

2.4.1.2 PD-1-mediated TCMNPs adhesion to B16F10 

PD-1+ TCMNP adhesion to PD-L1+ B16F10 cells was evaluated as previously 

described.[107] trTCMNPs and PD-1-blocked TCMNPs (Pb-TCMNPs) served as the 

control groups. Anti-PD-1 antibodies (BioXcell) were used to block PD-1 on 

TCMNPs. DiD-labeled trTCMNPs, Pb-TCMNPs, and TCMNPs were prepared as 

described above. 2 × 105 B16F10 cells were cultured in a medium containing 

recombinant murine IFN-γ (20 ng/ml, BioLegend) to upregulate PD-L1 expression 

on the cancer cells[68] for 24 h, washed three times with PBS, fixed with 10% neutral 

buffered formalin (Biosesang, Korea) for 10 min, and blocked with 1% BSA (Sigma 

Aldrich) for 1 h. The cells were then incubated with DiD-labeled trTCMNPs, Pb-

TCMNPs, or TCMNPs (200 μg/ml) in PBS at 4 °C for 60 s. After incubation, cells 

were washed five times with PBS, mounted with mounting solution containing DAPI 

to stain the nuclei, and imaged using a confocal laser scanning microscope (Leica, 

Germany). For flow cytometric analysis, B16F10 cancer cells were scraped then 

analyzed with a FACS Canto-II (BD biosciences). The results were analyzed using 

FlowJo software (Tree Star Inc., Ashland, OR). 

PD-L1-mediated immunosuppression of T cell was evaluated by flow 

cytometry. We used activated ovalbumin (OVA)-specific CD8+ T cells from OT-Ⅰ 

transgenic mice (OT-Ⅰ CD8+ T cells) as CTLs. Recombinant PD-L1 proteins (rPD-

L1) were used for PD-L1-mediated immunosuppression in this study. On day −4, 

spleens and peripheral lymph nodes were harvested from six-to-eight-week-old OT-

Ⅰ TCR transgenic mice, a gift from Professor Chang-Yuil Kang in Seoul National 

University, and dissociated to obtain a single-cell suspension. Red blood cells were 

lysed using ACK lysis buffer (Gibco). The single cells were resuspended in Roswell 

Park Memorial Institute (RPMI) 1640 (Gibco) containing 10% FBS, 1% PS, 0.05 
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mM β-mercaptoethanol (Sigma Aldrich), and ovalbumin257-264 peptide (SIINFEKL) 

(1 mg/ml, ANASPEC, CA, USA). The OT-Ⅰ CD8+ T cells have an MHC class Ⅰ 

(MHC-I)-restricted OVA-specific TCR that recognizes the SIINFEKL peptide of 

ovalbumin (OVA257-264). On day −2, an aliquot of the cells was cultured in RPMI 

1640 supplemented with murine IL-2 (5 ng/ml, BioLegend) for 2 days. Activated 

OVA-specific-CD8+ T cells were isolated using Histopaque®-1077 (Sigma). On day 

0, 1 × 105 activated OT-Ⅰ CD8+ T cells were treated with rPD-L1 together with or 

without trTCMNPs, Pb-TCMNPs, TCMNPs, and anti-PD-L1 antibodies (BioXcell). 

Activated OT-I CD8+ T cells without the rPD-L1 treatments served as the positive 

control. After 1 h incubation and brefeldin A (BioLegend) treatment, intracellular 

staining assay was performed. The activated OT-Ⅰ CD8+ T cells were stained with 

anti-CD8a (BioLegend, 1:100 dilution, cat# 100707) for 30 min at 4 °C. After 

washing and fixing, the activated OT-Ⅰ CD8+ T cells were permeabilized using an 

eBioscience™ Intracellular Fixation & Permeabilization buffer set (Invitrogen, CA, 

USA) and immunostained with anti-granzyme B (BioLegend, 1:100 dilution, cat# 

515403). After washing, the stained cells were collected and analyzed using Canto-

II flow cytometer (BD Biosciences). All flow cytometry data were analyzed using 

FlowJo software.  

 

2.4.1.3 Cytokine scavenging effects 

Anti-TGF-β1R antibodies (Abcam) were used to block TGF-β1R on TCMNPs (Tb-

TCMNPs). trTCMNPs, Tb-TCMNPs, and TCMNPs at final concentrations ranging 

from (0 - 2 mg/ml) were mixed with recombinant mouse TGF-β1 proteins 

(BioLegend, final concentration 0.05 mg/ml). The mixtures were incubated for 2 h 

at 37 °C and then centrifuged at 19,810 g, 4 °C for 30 min to allow TGF-β1-bound 

trTCMNPs, Tb-TCMNPs, and TCMNPs to settle. Unbound TGF-β1 proteins in the 

supernatants were quantified by enzyme-linked immunosorbent assay (ELISA). 
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2.4.1.4 Functional analysis of CD8+ T cells with TGF-

β1 blockade by TCMNPs  

The influence of the TGF-β1 scavenging effects of TCMNPs on CTL cytotoxicity 

against cancer cells was assessed as described previously.[124] TGF-β1 scavenging 

effects of TCMNPs and activated OT-Ⅰ CD8+ T cells (effector) were cocultured with 

B16OVA cells (target) at an effector to target ratio of 5:1 in the presence of TGF-β1 

(10 ng/ml) together with either trTCMNPs, Tb-TCMNPs, or TCMNPs (200 μg/ml). 

To distinguish the direct cytotoxicity of TCMNPs on cancer cells, in one group, we 

treated cancer cells with TCMNPs. A coculture of activated OT-I CD8+ T cells and 

B16OVA cancer cells in the absence of TGF-β1 served as the positive control. After 

4 h, lactate dehydrogenase (LDH) release assay (DoGenBio, Seoul, Korea) was used 

according to manufacturer’s protocol to evaluate the cytotoxic activity of the OT-Ⅰ 

CD8+ T cells against B16OVA cells. The amounts of LDH released into the medium 

from damaged cells were analyzed. Briefly, the absorbance at 450 nm was measured 

using a Powerwave X340 microplate reader (BIO-TEK Instruments, VT, USA). As 

low controls, effector cells alone (effector cell control) or target cells alone (target 

cell low control) were cultured in the basal condition, and the absorbance of naturally 

released LDH was subtracted from those of cocultures. For the group of TCMNP-

treated cancer cells without T cells, the absorbance values of target cells alone were 

subtracted. A maximal LDH release was obtained by adding a cell lysis solution to 

cultures of target cells alone, which served as the target cell high control. Volume 

control was performed to correct the absorbance increased because of the addition 

of a cell lysis solution. Background absorbance values from serum-supplemented 

culture media were corrected from all values. The percentage cytotoxicity was 

calculated as follows, and the values were the average of triplicated experiments ± 

SD.  
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Cytotoxicity (%) = (A-B-C)/(D-B) × 100  

A : Absorbance of test sample – Absorbance of medium background 

B : Absorbance of target cell low control – Absorbance of media background 

C : Absorbance of effector cell control – Absorbance of media background 

D : Absorbance of target cell high control – Absorbance of media background     

          –  Absorbance of volume control 

 

 For IFN-γ release studies, 1 × 105 OT-Ⅰ CD8+ T cells were cocultured with 

B16-OVA cells at a 5:1 effector to target ratio for 24 h under the same conditions 

described above. The coculture supernatants were collected, and nanoparticles (NPs) 

were removed. The concentration of secreted IFN-γ was measured using the 

LEGEND MAX™ Mouse IFN-γ ELISA Kit (BioLegend). 

 

2.4.1.5 In vitro CTL functional analysis 

To obtain exhausted T cells, the activated OT-Ⅰ CD8+ T cells were overstimulated 

with recombinant murine IL-2 (100 IU/ml, BioLegend), Dynabeads™ Mouse T-

Activator CD3/CD28 (Gibco) and rPD-L1 (1 μg/ml, BioLegend) in RPMI-1640 

medium supplemented with 10% FBS, 1% PS, 1% GlutaMAX (Gibco), 10 mM 

HEPES (Gibco), 1 mM sodium pyruvate (Gibco), and 55 μM 2-mercaptoethanol 

(Sigma). The medium and reagents were changed every 48 h. On day 7, the activated 

OT-Ⅰ CD8+ T cells were harvested and washed three times with PBS. For cytotoxicity 

assay, 1 × 105 OT-Ⅰ CD8+ T cells were cocultured with IFN-γ-pretreated B16OVA 

cells at a 5:1 effector cell to target cell ratio along with trTCMNPs or TCMNPs (200 

μg/ml) for 4 h. LDH release and IFN-γ secretion were quantified as described above. 

To evaluate the metabolic levels of CTLs, we purified exhausted or activated CTLs 

using Histopaque®-1077 (Sigma) after the coculture for 4 h, and qRT-PCR analysis 

was performed as described above.  
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2.4.2 MPEI/pCAR-IFN-γ nanocomplexes 

2.4.2.1 Assessment of M2 macrophage viability post 

MPEI/pCAR-IFN-γ transfection 

Viability of M2 BMDMs post MPEI/pCAR-IFN-γ transfection was determined 

using the CCK-8 assay (DoGenBio, Seoul, Korea). A total of 1 × 105 M2 BMDMs 

were allowed to attach to the wells of 24-well culture plates for 24 h, followed by 

transfection with 1 μg of CAR-IFN-γ pDNA using jetPEI®-Macrophage transfection 

agent. Two hours after the treatment, the medium was replaced with fresh medium 

and the cells were further cultured, with a daily change of medium, for 144 h. After 

the CCK-8 solution was added to each well, the solution was incubated for 2 h. The 

absorbance was measured at 450 nm using a PowerWave™ X340 microplate reader 

(BioTek Instruments, Winooski, VT, USA). 

 

2.4.2.2 In vitro transfection using the MPEI/pCAR-

IFN-γ nanocomplex 

A total of 1 × 105 M2 BMDMs were prepared as mentioned above and transfected 

with 1 μg of pDNA using jetPEI®-Macrophage transfection agent. Two hours after 

the treatment, the media was replaced with fresh medium and the cells were further 

cultured with a daily change of medium. After 3 d, the transfected cells were 

collected for further analysis. The transfection efficiency was analyzed using 

fluorescence microscopy (LSM710, Carl Zeiss, Germany), flow cytometry 

(FACSCalibur™, BD Biosciences, CA, USA), and qRT-PCR analysis. Green 

fluorescent protein (GFP) was used as a surrogate marker for CAR expression during 

the fluorescence analysis. The transfected cells were mounted with mounting 

solution containing DAPI to stain the nuclei. For qRT-PCR, total RNA was isolated 

from M2 BMDMs transfected with or without MPEI/pCAR-IFN-γ using Trizol™ 

(Qiagen, Valencia, CA, USA). The total RNA concentration was determined using 
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the NanoDrop™ spectrometer. Complementary DNAs (cDNAs) were prepared 

using the AccuPower® RT Master Mix (Bioneer, Daejeon, Korea). SYBR green-

based qRT-PCR was performed using TOPreal™ qPCR 2× PreMIX (Enzynomics, 

Daejeon, Korea), according to the manufacturer’s instructions.  

 

2.4.2.3 Lentiviral transduction  

For lentivirus production, the anti-anaplastic lymphoma kinase (ALK) CAR gene 

was cloned into pCDH-CMV-MCS-EF1α-GreenPuro cDNA dual promoter cloning 

and expression lentivector (CD513B-1, System Biosciences, CA, USA), as used in 

previous studies.[125-127] Anti-ALK CAR encoded vectors were mixed with PEI 

25K™ (Polysciences, PA, USA). The PEI/plasmid nanocomplexes were delivered 

into the Lenti-X 293T cell line (TaKaRa Bio, Japan). VSV.G pseudotyped lentivirus 

was packaged in Lenti-X 293T cell line for 72 h and then concentrated via 

centrifugation at 22,000 rpm and 4 °C for 2 h using ultracentrifugation (Optimal LE-

80Kl; Beckman, CA, USA). A total of 3 × 105 RAW265.7 cells were subjected to 

transduction with 3 multiplicity of infection (MOI) lentiviruses. After 72 h, CAR-

expressing cells were sorted using FACSAria™ II (BD Biosciences). Otherwise, 1 

× 105 primary M2 BMDMs were seeded into wells of a 24-well plate and subjected 

to transduction with 1 MOI lentivirus. 

 

2.4.2.4 Macrophage phagocytosis analysis  

A total of 1 × 105 primary M2 BMDMs or M2 RAW265.7 cells were seeded into 

each well of 24-well plates. After 24 h, the cells were transfected with 1 μg variable 

piggyBac® transposon vector containing GFP (pGFP) or anti-ALK chimeric antigen 

receptor (CAR) (pCAR) and 0.4 μg piggyBac® transposase vector using jetPEI®-

Macrophage transfection agent. Two hours after the treatment, the transfected M2 

BMDMs or M2 RAW265.7 cells were co-cultured with Far Red-stained Neuro-2a 

(ALK+ cancer), B16-F10 (ALK- cancer), or NIH3T3 (ALK-) cells at an effector (E; 
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transfected M2 macrophages)-to-target (T; Neuro-2a, B16-F10 or NIH3T3 cells) 

ratio of 1 : 3 (NIH3T3 and Neuro-2a) or 1 : 5 (B16-F10 and Neuro-2a) for 24 h. To 

analyze phagocytosis, the samples were analyzed using flow cytometry 

(FACSCalibur™). The Far Red+ cells within the GFP+ population were regarded as 

cancer cells phagocytosed by the macrophages. To evaluate changes in M1 marker 

expression in cancer cell-phagocytosed M2 macrophages, M2 BMDMs were 

transfected with or without nanocomplexes, including MPEI harboring a plasmid 

encoding anti-CD19 CAR (MPEI/pCD19), anti-ALK CAR (MPEI/pCAR), IFN-γ 

(MPEI/pIFN-γ), or anti-ALK CAR-IFN-γ (MPEI/pCAR-IFN-γ), and subsequently 

co-cultured with Neuro-2a cells. Then, the M2 BMDMs were stained with 

phycoerythrin/cyanine 7-labelled anti-CD11b antibody (BioLegend) and 

allophycocyanin-labeled anti-CD86 antibody (BioLegend), followed by blocking 

with a buffer (TruStain FcX™ PLUS Antibody; BioLegend). 

 

2.4.2.5 Macrophage polarization analysis 

M2 BMDMs were transfected with or without nanocomplexes, including 

MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-IFN-γ. Two hours after 

the treatment, the medium was replaced with fresh medium and the cells were further 

cultured with a daily change of medium. The changes in expression of M1 [inducible 

nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-α, and CD86] or M2 

(Arginase-1, CD163, and IL-10) markers in M2 BMDMs post transfection were 

determined using qRT-PCR after 24 h, flow cytometry after 48 h, and ELISA after 

72 h were performed. M1 macrophages induced by the addition of 100 ng/ml 

lipopolysaccharide (LPS) (Sigma Aldrich, St. Louis, MO, USA) served as a positive 

control. qRT-PCR was carried out as described above. For flow cytometry analysis, 

the transfected M2 BMDMs were scraped from the culture plates, blocked using the 

TruStain FcX™ PLUS Antibody (BioLegend), and then subjected to staining 

procedures with the following fluorescence-conjugated antibodies for 30 min at 4 °C: 
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anti-CD11b (BioLegend, cat# 101216), anti-CD86 (BioLegend, cat# 105011), and 

anti-CD163 (BioLegend, cat# 155307). Data were acquired using the FACSCanto™ 

II system (BD Biosciences) and analyzed using FlowJo™ (Tree Star Inc., Ashland, 

OR, USA) software. ELISA was performed to further confirm the production of 

TNF-α (M1 marker) and IL-10 (M2 marker) by M2 macrophages treated with 

various nanocomplexes, according to the manufacturer’s instructions (BioLegend). 

The protein expression levels of M1 macrophage marker (CD80) and M2 

macrophage marker (CD206) were evaluated using ICC analysis. Transfected cells 

were fixed with 4% paraformaldehyde (PFA; Biosesang, Korea) for 10 min at RT 

and washed in PBS. Primary antibodies against CD80 (BioLegend, cat# 104705) and 

CD206 (Abcam, cat# ab64693, Cambridge, UK) were used for staining. The samples 

were incubated in PBS containing rhodamine-conjugated secondary antibodies 

(Jackson ImmunoResearch, PA, USA) for 1 h at RT, when needed. All samples were 

mounted with mounting solution containing DAPI to stain the nuclei and were 

imaged using a fluorescent microscope (Olympus, Tokyo, Japan). Images were 

quantified using ImageJ software (National Institutes of Health, NY, USA).  
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2.5 In vivo Assay 

2.5.1 Mice  

Six-week-old female CD57BL/6 or A/J mice were purchased from Orient Bio (Korea) 

or Central Lab Animal Inc. (Korea), respectively. Mice were and subjected to 

adaptive feeding for 1 week before experiments. All animal experiments were 

performed in compliance with the guidelines approved by the Institutional Animal 

Care and Use Committee of Seoul National University (SNU-171226-1-5 or SNU-

190409-1-1) and conducted in accordance with the institutional guidelines. 

 

2.5.2 Biodistribution  

Mice were anesthetized with an injection of rompun (10 mg/kg) and ketamine (100 

mg/kg). B16F10 cancer cells (5 × 105 cells per mouse) or Neuro-2a cancer cells (1 × 

106 cells per mouse) were injected into the right flanks of 6-week-old C57BL/6 or 

A/J mice, respectively, to develop subcutaneous tumors.  

 

2.5.2.1 Tumor targeting efficiency of TCMNPs   

To monitor the in vivo distribution of nanoparticles (i.e., trTCMNPs, Lb-TCMNPs, 

and TCMNPs) and anti-PD-L1 antibodies (aPD-L1) after intravenous injection, 

sulfo-cyanine 5.5 (Sulfo-Cy5.5, Lumimprobe, USA) was conjugated with the 

nanoparticles and antibodies according to manufacturer’s protocol. Sulfo-Cy5.5-

labeled trTCMNPs (25 mg/kg), Lb-TCMNPs (25 mg/kg), TCMNPs (25 mg/kg), or 

aPD-L1 (BioXcell, 0.06 mg/kg as ELISA revealed that 2.42 ng of PD-1 proteins 

were contained in 1 μg T cell membrane) were suspended in 100 μl PBS and 

intravenously injected into mice via the tail vein (n = 3 animals). The fluorescence 

images of the whole body in the mice were acquired using IVIS Spectrum computed 

tomography (PerkinElmer, USA) at 660 nm excitation and 710 nm emission at 0, 2, 

6, and 24 h. The mice were sacrificed 24 h after the injection, and Cy5.5 fluorescence 
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signals were quantified in the major organs (heart, lung, liver, kidney, and spleen) 

and tumors using Living Image 3.1 software. The fluorescence intensity of each 

organ or tumor was normalized to the sum of intensities of the organs and tumors in 

each group because differences in the sum of fluorescence intensities may exist 

among the groups due to difference in the injection dose (0.06 mg/kg aPD-L1 vs. 25 

mg/kg trTCMNPs, Lb-TCMNPs, or TCMNPs). 

 

2.5.2.2 Evaluation of the proportion of CAR 

expression at the organ and cellular levels after 

MPEI/pCAR-IFN-γ treatments 

To investigate in vivo CAR expression at the organ and cellular levels, mice were 

anesthetized using isoflurane (Hana pharm, Seoul, Korea) and randomly divided into 

two groups (vehicle and MPEI/pCAR-IFN-γ) after tumor formation (n = 4). The 

nanocomplex suspension was administered either intratumorally or intraperitoneally. 

After 48 h, the major organs (kidneys, liver, lungs, heart, and spleen) and tumor 

tissues were retrieved and imaged using an IVIS® Spectrum Imaging System 

(PerkinElmer, Waltham, MA, USA). To examine CAR-expressing immune cells in 

the tumors, the mice were euthanized by CO2 asphyxiation. Tumor tissues were 

harvested and processed to obtain single-cell suspensions. Tumors were cut into 

small fragments and digested with collagenase IV (1 mg/ml, Gibco), hyaluronidase 

(0.1 mg/ml, Sigma Aldrich), and deoxyribonuclease I (0.1 mg/ml, Sigma Aldrich) in 

RPMI 1640 for 45 min at 37 °C with 5% CO2 while shaking. The tumor cells were 

then stained with antibodies for 30 min at 4 °C and analyzed using the FACSCanto™ 

II system. The following fluorescent antibodies against mouse antigens were used: 

anti-GFP (BioLegend, cat# 338007), anti-CD11b (BioLegend, cat# 101216), anti-

CD19 (BioLegend, cat# 115511), anti-CD4 (BioLegend, cat# 100411), anti-CD8a 

(BioLegend, cat# 100713), and anti-CD11c (BioLegend, cat# 117307). 
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2.5.3 Tumor growth measurement  

C57BL/6 or A/J mice were anesthetized with rumpun (10 mg/kg) and ketamine (100 

mg/kg), and injected with 5 × 105 B16F10 melanoma or 1 × 106 Neuro-2a cells in 

PBS (100 μl), respectively, subcutaneously on the right flank on day 0. When the 

tumor volume reached ~ 50 mm3, the tumor-bearing mice were anesthetized using 

isoflurane (Hana pharm, Korea) and randomly divided into several groups (n = 7-

15).  

For the evaluation of anti-tumor efficacy of TCMNPs, PBS (100 μl), PGLA 

nanoparticles (25 mg/kg), aPD-L1 (0.06 mg/kg), aPD-L1 (positive control, the 

general dosage used in previous studies[128]) (5 mg/kg), trTCMNPs (25 mg/kg), or 

TCMNPs (25 mg/kg) were prepared. The NPs or antibodies were suspended in PBS 

(100 μl) and injected. For the evaluation of anti-tumor efficacy of MPEI/pCAR-IFN-

γ, gene transfection buffer only (vehicle) and various nanocomplexes of in vivo-

jetPEI®-Man and 1 μg of pCD19 (MPEI/pCD19), CAR (MPEI/pCAR), IFN-γ 

(MPEI/pIFN-γ), or pCAR-IFN-γ (MPEI/pCAR-IFN-γ) were intratumorally treated 

to the tumor-bearing A/J mice twice with a three-day interval between the injections. 

To determine anti-tumor efficacy of systemically administered MPEI/pCAR-IFN-γ, 

the tumor-bearing mice were intraperitoneally treated with vehicle or 

nanocomplexes of 25 μg MPEI/pCAR-IFN-γ once on day 4 post inoculation.  

The tumor sizes were measured every 2-3 days using a digital caliper and 

computed according to the ellipsoidal calculation: V = 0.5 × (longest diameter) × 

(shortest diameter). Body weights of the mice were measured. Mice with tumor 

volumes exceeding 2,500 mm3 were euthanized according to the guidelines of the 

Animal Research Committee. At the end of the treatments, all the mice were 

euthanized, following which the weights and representative ex vivo images of tumors 

from each group were obtained. 
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2.5.4 Therapeutic mechanism analysis 

2.5.4.1 Flow cytometric analysis of immune cells in the 

tumor 

To examine immune cells in the tumors, the mice were euthanized by CO2 

asphyxiation two (for the experiments to investigate anti-tumor activities of TCMNP) 

or five (for the experiments to investigate anti-tumor activities of MPEI/pCAR-IFN-

γ) days after the last injection. Tumors were harvested, weighted, and processed to 

obtain single-cell suspensions. Tumors were minced and digested with collagenase 

IV (1 mg/ml, Sigma) and DNaseI (20 mg/ml, Sigma) in RPMI in the incubator with 

5% CO2. The single-cell suspensions were blocked with TruStain FcX™ PLUS 

Antibodies, stained with a cocktail of fluorescence-conjugated antibodies for 30 min 

at 4 °C and analyzed using the FACSCanto™ II system. The following fluorescent 

antibodies against mouse antigens were used: anti-CD3 (BioLegend, 1:100 dilution, 

cat# 100204 or 100237), anti-CD4 (BioLegend, 1:100 dilution, cat# 100412), anti-

CD8a (BioLegend, 1:100 dilution, cat# 100707), anti-Granzyme B (BioLegend, 1:50 

dilution, cat# 515403 or 372211), anti-CD45 (BioLegend, cat# 1103133), anti-

CD11b (BioLegend, cat# 101215), anti-IFN-γ (BioLegend, cat# 505809), ), anti-

CD86 (BioLegend, cat# 105011), anti-CD163 (BioLegend, cat# 155307), anti-CD25 

(BioLegend, cat# 102029), and anti-Foxp3 (BioLegend, 1:50 dilution, cat# 320007 

or 126403). For the intracellular staining assay, surface marker-stained cells were 

fixed and permeabilized using Intracellular Fixation & Permeabilization Buffer.  
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2.5.4.2 Enzyme-linked immunosorbent assay (ELISA)  

Cytokine production of TNF-α, IFN-γ, IL-4, and IL-10 in tumors was evaluated 

using ELISA according to the manufacturer’s instructions (BioLegend). Proteins 

were extracted from the tumor tissue-derived single-cell suspensions using cell lysis 

buffer (Cell Signaling Technology, Danvers, MA, USA). 

 

2.5.4.3 qRT-PCR  

To compare mRNA expression of granzyme B and CD86, qRT-PCR was performed 

as mentioned earlier.  

 

2.5.4.4 Hematoxylin and eosin (H&E) and terminal 

deoxynucleotidyl-transferase-mediated dUTP-biotin 

nick end labeling (TUNEL) staining 

For histological analysis and evaluation of apoptosis in tumors, the retrieved tumor 

tissues were fixed with 4% PFA (Biosesang, Korea) overnight at 4 °C, and 

dehydrated in 30% sucrose solution. The tissues were then embedded in OCT 

compound (Scigen scientific, CA, USA) and sectioned to a thickness of 10 μm using 

a cryostat microtome (Leica, Germany). The sections were stained with hematoxylin 

(Cancer Diagnostics, NC, USA) and eosin (BBC Biochemical, WA, USA), and 

imaged using an optical microscope (Olympus, Tokyo, Japan). Terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was 

performed by DeadEnd™ Fluorometric TUNEL System (Promega, WI, USA) 

according to the manufacturer’s protocol. The nuclei were stained with DAPI. 

TUNEL-positive areas relative to DAPI-positive areas were determined using 

ImageJ software.  
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2.5.4.5 Immmunohistochemistry 

Tumor tissue sections were prepared as mentioned above, and antibodies against 

iNOS (M1 marker; Abcam), arginase-1 (M2 marker; Abcam), CD68 (tumor-

associated macrophage marker[129]; Abcam), CD8a (BioLegend), IFN-γ (BioLegend), 

Foxp3 (BioLegend), Granzyme B (BioLegend), or TGF-β1 (Santa Cruz 

Biotechnology, Dallas, TX, USA) were used. All samples were mounted with 

mounting solution containing DAPI to stain the nuclei and were imaged using a 

confocal laser scanning microscope (LSM710, Carl Zeiss, Oberkochen, Germany) 

installed at the National Center for Interuniversity Research Facilities at Seoul 

National University. Images were quantified using ImageJ software. For 

colocalization analysis, Coloc2 plugins in ImageJ software were used, and the 

Manders’ colocalization coefficient obtained from the test were plotted.[130, 131] The 

higher coefficient indicates the higher colocalization. 
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2.5.5 In vivo toxicity assessments 

Mice body weights were measured to observe systemic toxicity. The blood samples 

were collected from eye socket 1 day before and 1, 5, 11, 19, and 26 days after tumor 

modeling (n = 3 for each time point). The plasma was prepared from the collected 

whole blood samples by centrifugation. The levels of aminotransferase (AST), 

alanine aminotransferase (ALT), and blood urea nitrogen (BUN) in serum were 

determined using AST, ALT, and BUN dry slide reagents by DRI-CHEM 3500S 

chemistry analyzer (Fujifilm, Japan). For histological analysis, the major organs 

(liver, lung, spleen, heart, and kidney) were retrieved 26 days after tumor modeling. 

The tissues were further fixed with 4% PFA (Biosesang, Korea) overnight at 4 °C, 

and dehydrated in 30% sucrose solution. The tissues were embedded in OCT 

compound and sectioned to a thickness of 10 μm using a cryostat microtome (Leica, 

Germany). On the day of staining the tissues, OCT was removed by washing three 

times in PBS, and the sections were stained with hematoxylin and eosin, and imaged 

using an optical microscope. 
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2.5.6 In vivo depletion of CD8+ immune cells 

B16F10 tumor models were established on C57BL/6 mice. When the tumor were 

palpable (~ 50 mm3), mice were intravenously injected with PBS (100 μl) or 

TCMNPs (25 mg/kg). In the CD8+ T cell depletion group, anti-CD8a antibodies (5 

mg/kg) (BioXcell) were intraperitoneally injected every three days. 

 

2.5.7 Anti-tumor activity in B16F10 melanoma 

metastasis model 

To mimic the metastasis after cancer cells entering the blood circulation,[112] 5 × 

105 B16-F10 cells were infused into C57BL/6 mice intravenously via the tail vein 

(day 0). After 24 h, the mice were randomly assigned to six groups (n = 4), and 

intravenously injected with either PBS (100 μl) , PGLA nanoparticles (25 mg/kg), 

aPD-L1 (0.06 mg/ml), aPD-L1 (positive control, 5 mg/ml), trTCMNPs (25 mg/kg), 

or TCMNPs (25 mg/kg) every two days for a total of five times. On day 11 and 15, 

the mice were sacrificed. The lung tissues from each group were excised, followed 

by a visual examination of the organs for visible metastatic nodules. Black dots 

on the lung surface were counted as melanoma metastases. Then, tissues were 

fixed with 4% PFA and embedded in OCT compound as described above. The lung 

sections were stained by H&E to further evaluate the metastatic foci.  
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2.5.8 Dacarbazine (DTIC)-loaded TCMNPs  

2.5.8.1 DTIC encapsulation and loading efficiency of 

TCMNPs 

DTIC-loaded TCMNPs (TCMNP/DTICs) were prepared with a minor modification 

of a previously described method.[132] Briefly, dacarbazine (100 mg) (Sigma) was 

suspended in dimethyl sulfoxide (10 mg/ml) (Sigma). The DTIC solution was 

emulsified with acetone (1 ml) containing of PLGA (5 mg) (10:1, w/w). Then, the 

first emulsion was poured into distilled water (3 ml) and stirred in open air for 1 h. 

The following steps were the same as the TCMNP preparation protocols. A standard 

curve for DTIC mass determination was established using an ultraviolet (UV) 

spectrometer (NanoDrop 2000, Thermo Fisher Scientific, USA) at a wavelength of 

328-330 nm. The loading capacity was 4.46 ± 0.07%. Drug encapsulation efficiency 

and loading efficiency were calculated using Equations (1) and (2), respectively: 

 

(1) Encapsulation efficiency (%) 

 = (Mass of DTIC in TCMNPs) / (Mass of initially added DTIC) × 100 

(2) Loading efficiency (%) 

 = (Mass of DTIC in TCMNPs) / (Mass of TCMNPs) × 100 
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2.5.8.2 Drug release test 

To evaluate in vitro drug release, DTIC (25 mg)-loaded TCMNPs in PBS (25 ml, pH 

= 7.4) were contained in each capped centrifuge tube and subjected to gentle stirring 

at a constant rate of 10 rpm, which mimics the in vivo environment of TCMNPs 

when they are in contact with blood in the body at 37 °C. At various time points, 

each tube was centrifuged at 19,810 × g, 4 °C for 30 min, and 1 ml of supernatant 

was collected. The cumulative drug release was determined using a UV spectrometer. 

Using the DTIC standard calibration curve, absorbance was converted into the 

amount of DTIC released. The experiment was performed in triplicate.  

 

2.5.8.3 In vivo anti-tumor efficacy of TCMNP/DTICs 

To assess the in vivo anti-tumor efficacy of TCMNP/DTICs, C57BL/6 mice were 

anesthetized using rumpun (10 mg/kg) and ketamine (100 mg/kg) and injected with 

the 5 × 105 B16F10 cells in PBS (100 μl) subcutaneously on the right flank. The 

tumor-bearing mice were randomly divided into three groups (n = 6) when the tumor 

volume reached ~ 50 mm3. To assess the therapeutic efficacy of TCMNP/DTICs 

precisely and exclude the possibility of modest drug effects because of the initial 

rapid release of the drug, we injected TCMNP/DTICs directly into the tumor 

(intratumoral injection). Mice were injected with either PBS (100 μl), trTCMNPs 

(25 mg/kg), or TCMNP/DTICs (25 mg/kg). The tumor size was measured every 2-3 

days using a digital caliper, and the body weights were measured simultaneously. 

Tumor tissues were excised two days after the last injection for tumor-infiltrating 

lymphocyte analysis, as described above.  
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2.5.9 Therapeutic efficacy of TCMNPs in LLC tumor 

model  

For LLC tumor modeling, 5 × 105 LLC cells were subcutaneously inoculated in 

the right flanks of six-to-eight-week-old C57BL/6 mice. When the tumor volume 

reached ~ 50 mm3, the tumor-bearing mice were randomly divided into two groups 

(n = 5) and intravenously injected with either PBS (100 μl) or TCMNPs (25 mg/kg). 

Tumor growth and animal survival were examined every 2-3 days. 

 

2.6 Statistical Analysis  

All statistical tests were two-sided. Unless stated otherwise, data were presented as 

mean ± standard deviation (SD). The data were analyzed by one-way analysis of 

variance (ANOVA) with Turkey’s significant difference multiple comparisons to 

calculate P values for comparisons between more than two groups. Two-way 

ANOVA with Bonferroni’s correction was used to calculate P values for 

comparisons between groups over multiple time points. The log-rank test was used 

to compare survival differences for Kaplan–Meier plots using Prism software 

(GraphPad). Results were considered statistically significant when P < 0.05.  
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2.7 Primer sequences for qRT-PCR used in this thesis. 

 

 

  

Gene Forward sequence Backward sequence

Bax 5’- TGG CAG CTG ACA TGT TTT CTG AC -3’ 5’- TCA CCC AAC CAC CCT GGT CTT -3’

Caspase 9 5’- AAG TTT GCC TAC CCC CAG TG -3’ 5’- GAA ACA AGA CCT CAG GGC AGA -3’

Fadd 5’- CAC AGT TGA ATC CCT TAG TAC G -3’ 5’- AGC GGG TAA GGG AGA GTC TGA AAG -3’

Glut1 5’- TAC ACC CCA GAA CCA ATG GC -3’ 5’- CAG CCC CGT TAC TCA CCT TG -3’

Tpi 5’- CCC TGG CAT GAT CAA AGA CT -3’ 5’- TCT GCG ATG ACC TTT GTC TG -3’

Slc1a5 5’- ACA TCC TGG GCT TGG TAG TG -3’ 5’- GGG CAA AGA GTA AAC CCA CA -3’

Ifn-γ 5’- CGG CAC AGT CAT TGA AAG CC -3’ 5’- TGC ATC CTT TTT CGC CTT GC -3’

ALK 5’- TAT ACG AAT GTC ACA TGG ACC CC -3’ 5’- TAT ATG GAG GAA GTC TTG CCA GC -3’

Inos 5’- TCA CCT TCG AGG GCA GCC GA -3’ 5’- TCC GTG GCA AAG CGA GCC AG -3’

Il-6 5’- ATC CAG TTG CCT TCT TGG GAC TGA -3’ 5’- TTG GAT GGT CTT GGT CCT TAG CCA -3’

Arginase-1 5’- ACG GCA GTG GCT TTA ACC TT -3’ 5’- AGG TAG TCA GTC CCT GGC TT -3’

Vegf 5’- CAG GAA TCC CAG AAA CAA CC -3’ 5’- CAG GG GCT CTA ACG ATG AA -3’

Cd86 5’- GAC CGT TGT GTG TGT TCT GG -3’ 5’- GAT GAG CAG CAT CAC AAG GA -3’

Cd163 5’- CAG GTG TTA TCT GCT CCG AGT TC -3’ 5’- CCA TGT ACC ATT GTA AAA CAC TTC AA -3’

Gapdh 5’- ATG TGT CCG TCG TGG ATC TGA -3’ 5’- TGC CTG CTT CAC CTT CT -3’
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4.1 Introduction 

Cancer immunotherapeutic strategies, including adoptive T cell transfer and immune 

checkpoint blockades, have shown notable clinical success for tumor eradication.[6, 

45, 50] In tumor immune surveillance, a cytotoxic immune cell such as cytotoxic T 

lymphocytes (CTLs) plays crucial role. CTLs can migrate to inflamed tumor sites 

via interactions with tumor vasculatures through adhesion proteins (e.g., lymphocyte 

function-associated antigen 1; LFA-1) (Figure 4.1.a Ⅰ).[133] Upon T cell receptor 

(TCR)-mediated recognition of tumor antigens (TAs) presented on major 

histocompatibility complex (MHC) molecules, CTLs can eliminate tumor cells by 

secreting cytotoxic molecules (e.g., granzyme B) and providing the Fas ligand (FasL) 

signal (Figure 4.1.a Ⅱ.ⅰ and Ⅲ.ⅰ).[20, 134-136] Infusion of ex vivo expanded tumor-

reactive CTLs or TCR-engineered T cells [e.g., chimeric antigen receptor T (CAR-

T) cells] has shown impressive clinical outcomes.[137] Tumor-reactive T cell therapy 

utilizes tumor-infiltrating lymphocytes within tumors.[138] CAR-T cells are 

genetically modified T cells designed to target specific TAs and exhibit enhanced 

cytotoxicity. The selection of the appropriate target TAs and proper ex vivo 

expansion and activation of T cells are essential for the success of adoptive T cell 

transfer therapy.[49] However, there are several obstacles in adoptive T cell transfer 

therapy, including expensive and labor-intensive procedures for ex vivo expansion 

of T cells, loss of target TAs due to cancer immunoediting, antigens heterogeneity 

among individual patients, and the immunosuppressive nature of the tumor 

microenvironment (TME) that includes immune checkpoint interactions (Figure 

4.1.a Ⅳ.ⅰ) and immunosuppressive molecules (e.g., transforming growth factor-β1; 

TGF-β1, Figure 4.1.a Ⅴ.ⅰ).[48-50] Meanwhile, immune checkpoint blockades avoid 

immune checkpoint interaction-mediated T cell exhaustion and have shown 

remarkable therapeutic outcomes in patients with various cancers, including 

melanoma and non-small cell lung carcinoma.[45, 139, 140] For example, antibodies 

against programmed cell death-ligand 1 (aPD-L1) inhibit T cell exhaustion by 
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blocking the interactions between programmed cell death-1 (PD-1) expressed on 

CTLs and PD-L1 of tumor cells. [ 1 4 1 ]  Despite the promising benefits of immune 

checkpoint blockades, side effects are observed because immune checkpoint 

blockades unleash the immune system and often induce immune-related adverse 

effects.[142, 143] Furthermore, only a small proportion (~ 20-30%) of patients have 

durable therapeutic responses to this therapy.[144]  

To overcome the limitations of the current cancer treatments, here, we 

developed T cell membrane-coated nanoparticles (TCMNPs, Figure 4.1.b) and 

hypothesized that TCMNPs would be effective in tumor eradication by mimicking 

the anti-tumor mechanisms of CTLs and overcoming the pro-tumor mechanisms of 

the immunosuppressive TME. TCMNPs were prepared by coating nanoparticles of 

poly(lactic-co-glycolic) acid (PLGA) with a T cell membrane derived from the EL4 

cell line. PLGA is a biocompatible and biodegradable polymer approved by the US 

FDA. We used the EL4 cell line, a murine T cell line, as the T cell membrane source 

because the EL4 cell line expresses various plasma-membrane proteins, including 

CD3, LFA-1, FasL, TGF-β1 receptor (TGF-β1R), and PD-1,[145] as stably as primary 

T cells do.  

TCMNPs can exert anti-tumor functions through proteins (i.e., LFA-1, 

FasL, PD-1, and TGF-β1R) originated from T cell membranes and anti-tumor drugs 

loaded in the PLGA nanoparticle cores. TCMNPs can target tumors and kill cancer 

cells in a manner similar to that of CTLs. Specifically, TCMNPs can actively target 

tumors through interactions with adhesion proteins (e.g., LFA-1) originated from the 

T cell membrane and inflamed endothelial cells in the tumor vasculature (Figure 

4.1.c Ⅰ).[105, 110] Similar to CTLs that kill cancer cells by releasing cytotoxic molecules 

(e.g., perforin and granzymes) and inducing FasL-mediated apoptosis, TCMNPs can 

directly kill cancer cells by releasing anti-tumor drugs (e.g., dacarbazine) (Figure 

5.1.c Ⅱ.ⅱ) and providing FasL (Figure 5.1.c Ⅲ.ⅱ). However, unlike CTLs that are 

often exhausted in the immunosuppressive TME, TCMNPs are free from 

immunosuppression and do not respond to the immunosuppressive molecules in 
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cellular phenotype because TCMNPs are “non-living drugs”. Instead, TCMNPs with 

the membrane proteins of T cells can aid the restoration of cytotoxic functions in 

CTLs by inhibiting immune checkpoint interactions between CTLs and cancer cells 

(Figure 4.1.c Ⅳ.ⅱ) and scavenging immunosuppressive molecules (e.g., TGF-β1) 

(Figure 4.1.c Ⅴ.ⅱ) via PD-1 or TGF-β1R proteins on TCMNPs, respectively. 

Moreover, our data demonstrate that TCMNPs exhibit much higher therapeutic 

efficacy than immune checkpoint blockade (anti-PD-L1 antibody) likely because of 

the higher efficiency of tumor targeting and their multiple anti-tumor mechanisms. 

Furthermore, TCMNPs are effective for the treatment of various tumors, possibly 

due to the anti-tumor action of TCMNPs in TA-nonspecific manners. Taken together, 

TCMNP could have potential applications in cancer treatment as an alternative to 

the current cancer immunotherapies.  
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Figure 4.1 Schematic illustration showing TCMNP preparation and its anti-tumor 

therapeutic mechanisms in the tumor microenvironment. a) T cells migrate and (Ⅰ) 

adhere to intercellular adhesion molecule-1 (ICAM-1) on inflamed endothelial cells 

in tumor tissues with adhesion proteins (e.g., LFA-1) on T cell membranes. 

Activated cytotoxic T lymphocytes (CTLs) kill cancer cells upon TCR-mediated 

recognition of specific tumor antigens presented on MHC-I molecules on cancer 

cells by (Ⅱ.ⅰ) releasing cytotoxic molecules (e.g., granzymes) and cytokines (e.g., 

IFN-γ) and by (Ⅲ.ⅰ) inducing FasL-mediated apoptosis by binding to Fas expressed 

on target cancer cells. However, CTLs could become exhausted and functionally 

incapable of killing cancer cells. Immunosuppressive factors in TME including (Ⅳ.ⅰ) 

immune checkpoint molecule (e.g., PD-L1) and (Ⅴ.ⅰ) immunosuppressive cytokines 

(e.g., TGF-β1) inhibit CTL-mediated cancer cell clearance. b) Preparation of 

TCMNPs and anti-tumor drug-loaded TCMNPs. c) Therapeutic mechanisms of T 

cell-mimicking nanoparticles: (Ⅰ) TCMNPs are actively targeted at the tumor by 

interactions between LFA-1 on TCMNPs and ICAM-1 on inflamed endothelium in 

tumor tissues; (Ⅱ.ⅱ) Anti-tumor drug released from TCMNPs and (Ⅲ.ⅱ) FasL on 

TCMNPs can directly kill cancer cells; Unlike CTLs, TCMNPs are not influenced 

by immunosuppressive factors in TME and can avoid immunosuppressive molecule-

mediated inhibition on anti-tumor functions of CTLs as TCMNPs can (Ⅳ.ⅱ) block 

the PD-1/PD-L1 signaling and (Ⅴ.ⅱ) scavenge TGF-β1.  
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4.2 Results and Discussion 

4.2.1 Preparation and characterization of TCMNPs  

TCMNPs were prepared in three steps: preparation of PLGA nanoparticle cores; T 

cell membrane isolation from EL4 T cell line using a combination of hypotonic lysis 

with protease inhibitors and mechanical membrane disruption; and coating of PLGA 

nanoparticle cores with the T cell membrane (Figure 4.1.b). Approximately 1.27 × 

108 TCMNPs can be synthesized from 1 × 106 T cells. The physicochemical 

characterization of TCMNPs was performed by dynamic light scattering, 

electrophoretic light scattering, and transmission electron microscopy (TEM). The 

analyses revealed that the hydrodynamic diameter distribution of TCMNPs 

increased slightly compared to that of the uncoated PLGA cores (Figure 4.2.a). The 

surface zeta potential decreased from ‒ 2.00 ± 0.25 to ‒ 9.34 ± 1.20 mV after PLGA 

nanoparticle coating with T cell membranes (Figure 4.2.b). This change was caused 

by the negative surface charge of the plasma membrane. Consistent with the results 

of previous studies,[115, 146] the plasma membrane coating provided colloidal stability 

to PLGA nanoparticles, which was demonstrated by no significant changes in the 

hydrodynamic diameter of TCMNPs over 48 h (Figure 4.2.c). When visualized by 

TEM, TCMNPs showed a typical spherical core (PLGA)-shell (EL4 membrane) 

structure (Figure 4.2.d). Energy-dispersive X-ray spectroscopic analysis revealed 

that nitrogen (N) and phosphorus (P), which are elements of proteins and 

phospholipids in the plasma membrane, were found only in the membrane part of 

TCMNPs and were absent in the PLGA nanoparticle cores (Figure 4.2.e). To further 

confirm the T cell membrane coating on PLGA nanoparticle cores, we loaded the 

hydrophobic 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO) fluorophore to 

PLGA nanoparticle cores and stained the plasma membranes with 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) prior to nanoparticle coating. 

The fluorescent confocal images showed that TCMNPs contained both the plasma 

membrane and PLGA nanoparticles following the nanoparticle coating (Figure 4.2.f). 
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When TCMNPs were treated to B16F10 cancer cells in vitro, most of the T cell 

membrane-PLGA nano-constructs adhered to the B16F10 cancer cell surface and 

remained intact (Figure 4.2.g), indicating the successful coating of PLGA 

nanoparticles with T cell membranes. 



 

 ７０  

 

b

PLGA nanoparticle TCMNP

e

g T cell membrane PLGA nanoparticle MergedDAPI

c

10 μm

Merge

2 μm

PLGA
nanoparticle

T cell 
membrane

15

Ze
ta

 p
ot

en
tia

l (
-m

V
)

PLGA
TCMNP

10

5

0

Size (nm)

In
te

ns
ity

 (%
)

PLGA nanoparticle
TCMNP

20

0 100 200 300 400

15

10

5

0

f

a

50 nm

8000

6000

4000

2000

0

O

N

P

0 1 2 3
Voltage (keV)

50 nm

PN

PLGA nanoparticle
TCMNP

TC
M

N
P

PLGA core
Membrane

C
ou

nt
s

50 μm

Time (h)

600

0
0

400

200

10 20 30 40 50

P
ar

tic
le

 s
iz

e 
(n

m
) PLGA

TCMNP

d



 

 ７１  

Figure 4.2 Characterization of TCMNPs. a) Size distribution, b) zeta potential of 

TCMNPs as determined using dynamic light scattering (DLS) and electrophoretic 

light scattering, respectively. c) Stability of PLGA nanoparticles and TCMNPs in 

PBS, as evaluated by determining the size by DLS over 48 h (n = 3). Data represent 

mean ± SD. d) Transmission electron microscopy images of PLGA nanoparticles 

and TCMNPs. e) Energy dispersive spectroscopy elemental mapping analysis of 

PLGA nanoparticles and TCMNPs indicates that nitrogen (N) and phosphorus (P), 

which are elements of proteins and phospholipids in the plasma membrane, were 

found only in the membrane part of TCMNPs. f) Confocal laser scanning microscopy 

images showing colocalization of T cell membrane (red) and PLGA nanoparticle 

core (green) in TCMNPs, and showing that g) TCMNPs adhere to the cancer cell 

surface after TCMNP treatment to B16F10 cancer cells. The colocalization of T cell 

membrane (red) and PLGA nanoparticle core (green) in TCMNPs remained. Cell 

nuclei were labeled with DAPI (blue). 
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We assessed whether the plasma membrane proteins were preserved on 

TCMNPs. Coomassie blue-stained SDS-PAGE protein analysis confirmed that the 

proteins of T cell membranes were well preserved on TCMNPs (Figure 4.3.a). 

Western blot analysis confirmed the presence of the plasma membrane protein PD-

1 and the absence of the cytoskeletal protein β-actin in the isolated T cell membrane 

and TCMNPs (Figure 4.3.b), indicating the high purity of the isolated T cell 

membrane and no contamination of cytoskeletal proteins in TCMNPs. Flow 

cytometric analysis indicated that the plasma membrane proteins such as LFA-1, 

TGF-β1R, FasL, and PD-1 on EL4 cells were highly preserved on TCMNPs, while 

those on trypsin-pretreated T cell membrane-coated nanoparticle (trTCMNPs) were 

reduced (Figure 4.3.c-e). The fluorescence-labeled antibodies against TGF-β1R, 

LFA-1, PD-1, and FasL used in the flow cytometric analysis were designed to bind 

to the target sites originally located on the extracellular side of the cell membrane 

proteins. Thus, flow cytometric analysis data indicated that the TGF-β1R, LFA-1, 

PD-1, and FasL proteins were oriented in the outer side of the membrane on 

TCMNPs after the coating process. This right-side-out membrane coating is driven 

by the electrostatic repulsion between the negatively charged PLGA cores and 

plasma membrane surfaces.[106] Collectively, TCMNPs containing T cell membrane 

proteins have the potential to act as a T cell decoy nanoparticle. 

Meanwhile, TCMNPs have a low tendency to interfere with interactions 

between TCRs of CTLs and TAs of cancer cells, a prerequisite for CTLs’ tumor-

killing activities. The clonal expansion of TA-specific CTLs was mediated by the 

variable domain (V) of the unique TCR that recognizes the specific antigen peptide 

displayed on MHC molecules.[134, 135] However, EL4 cells mainly express one type 

of V, Vβ12+, which is known to recognize antigens related to infectious diseases 

rather than tumors.[147-149] Coligations of CD4 or CD8 proteins with the TCRs are 

known to stabilize the TCR/antigen interactions.[149] The EL4 cell line expressed 

much lower levels of CD4 and CD8 than primary T cells (Figure 4.3.f).[150] Because 
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of the TA-nonspecific TCRs and the absence of CD4 and CD8 proteins on EL4 cells, 

TCMNPs would not interfere with TA recognition by CTLs. 
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Figure 4.3 Preservation of plasma membrane proteins on TCMNPs. a) Coomassie 

blue-stained SDS-PAGE protein analysis of T cell lysates, T cell membranes, and 

TCMNPs. b) Western blot analysis of T cell lysate, T cell membranes, and TCMNPs 

for PD-1 and a cytoskeletal protein β-actin. PD-1 proteins were observed in T cell 

membranes and TCMNPs, while cytoskeletal β-actin proteins were not observed in 

T cell membranes and TCMNPs. c) Flow cytometric analysis for LFA-1, TGF-β1R, 

FasL, and PD-1 on T cells, trypsin-pretreated TCMNPs (trTCMNPs), and TCMNPs. 

The percentage indicates the fluorescence-positive area. d) Preparation of 

trTCMNPs by treatment of various concentrations (0 ‒ 2.14 mM) of trypsin. 

Reduced protein (LFA-1 and PD-1) levels were confirmed by flow cytometric 

analysis of aldehyde/sulfate latex bead-bound-trTCMNPs using fluorescent 

antibodies against LFA-1 and PD-1. e) Flow cytometric analysis for membrane 

protein expression on aldehyde/sulfate latex bead-bound-trTCMNPs and TCMNPs. 

f) Flow cytometric analysis for membrane protein expression on EL4 cells and 

primary T cells. The percentage in e) and f) indicates the fluorescence-positive area.  
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4.2.1.1 TCMNPs directly kill cancer cells and inhibit 

PD-L1 binding to CTLs in vitro  

To understand the therapeutic mechanisms of TCMNPs, we studied their effects on 

cancer cells and those between CTLs and cancer cells. Previously, nanoparticles 

functionalized to induce the Fas/FasL apoptotic pathway[151] and block PD-1/PD-L1 

signaling showed anti-tumor efficacy.[152, 153] Accordingly, here, we hypothesized 

that FasL+ and PD-1+ TCMNPs could directly (via FasL-dependent apoptosis 

induction) or indirectly (by preventing CTLs from PD-L1/PD-1 signaling) eliminate 

cancer cells.  

We first investigated whether TCMNPs have direct cytotoxic effects on 

cancer cells via the FasL-driven killing mechanism. We evaluated the cancer-killing 

mechanism by direct treatment with trTCMNPs, FasL-blocked TCMNPs (Fb-

TCMNPs), or TCMNPs to cancer cells for 48 h. Compared to the other treatments, 

TCMNP treatment significantly inhibited cancer cell proliferation and induced cell 

apoptosis (Figure 4.4.a). Fas/FasL binding leads to the recruitment of Fas-associated 

protein with death domain (FADD) and activation of caspase-8 and caspase-9.[154] 

As the diagram is shown in Figure 4.4.b, FasL+ TCMNPs could potentially induce 

the Fas/FasL apoptosis signaling pathway. To verify the Fas signaling-related anti-

tumor mechanism of TCMNPs, we evaluated the changes in mRNA expressions of 

FADD and caspase-9, and the activation of caspase-8 (cleaved caspase-8), a key 

downstream component of the Fas/FasL signaling pathway. We found that TCMNPs 

significantly enhanced the expressions of FADD, caspase-9, and cleaved caspase-8 

compared to trTCMNP and Fb-TCMNPs (Figure 4.4.c and d). Together, these data 

suggest that FasL on TCMNPs can induce cancer cell apoptosis.  
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Figure 4.4 In vitro analyses for FasL-mediated cancer cell apoptosis and PD-L1 

blockade by TCMNPs. a) FasL on TCMNPs directly induced apoptosis and growth 

inhibition of B16F10 cancer cells, as compared to trTCMNPs and FasL-blocked 

TCMNPs (Fb-TCMNPs) (n = 6). b) The diagram shows the Fas/FasL-related 

apoptosis signaling pathway by TCMNPs. c, d) Expressions of Fas/FasL signaling-

related genes [Fas associated death domain (FADD), caspase-9, and activated form 

of caspase-8 (cleaved caspase-8)] were analyzed by quantitative polymerase chain 

reaction (n = 3) and Western Blot analysis. Data represent mean ± SD. Statistical 

significance was calculated by one-way ANOVA with Tukey’s significant 

difference multiple comparisons. *p < 0.05 vs. No treatment, †p < 0.05 vs. 

trTCMNPs, and ‡p < 0.05 vs. Fb-TCMNP. 
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Next, we examined whether interactions between TCMNPs and cancer 

cells occur through PD-1/PD-L1 binding. It was previously shown that genetically 

engineered PD-1-expressing cells could reinvigorate exhausted CTLs by competitive 

binding to PD-L1 on cancer cells.[152, 153] We pre-incubated B16F10 cancer cells with 

IFN-γ to upregulate the PD-L1 expression and mimic the TME.[155] We used 

trTCMNPs and PD-1-blocked TCMNPs (Pb-TCMNPs) as controls. The confocal 

images and flow cytometric data revealed that binding between DiD-labeled 

nanoparticles and PD-L1+ B16F10 cancer cells decreased in the trTCMNPs and Pb-

TCMNPs groups as compared to that in the TCMNP group (Figure 4.5.a and b). The 

low levels of trTCMNPs and Pb-TCMNPs binding to B16F10 cells is probably due 

to nonspecific binding or other ligand/receptor interactions, including one between 

FasL on Pb-TCMNPs and Fas on cancer cells.  

Next, we investigated whether PD-1 on TCMNPs blocks PD-L1-mediated 

inhibitory effects on CTLs. Recombinant PD-L1 proteins (rPD-L1) were used for 

PD-L1-mediated immunosuppression in this study, as previously described.[128] To 

evaluate the anti-tumor activities of CTLs for further in vitro studies, we used 

activated OVA-specific CD8+ T cells from OT-Ⅰ transgenic mice (OT-Ⅰ CD8+ T cells) 

as CTLs. The OT-Ⅰ CD8+ T cells have an MHC-Ⅰ-restricted OVA-specific TCR that 

recognizes the SIINFEKL peptide of ovalbumin (OVA257-264).[156] rPD-L1 treatment 

decreased granzyme B secretion in activated OT-Ⅰ CD8+ T cells (Figure 4.5.c). 

Surprisingly, the effects were diminished when TCMNPs or aPD-L1 were combined 

with rPD-L1 treatment to activated OT-Ⅰ CD8+ T cells, while trTCMNPs or Pb-

TCMNPs treatment showed no rPD-L1-blocking effects. Collectively, these results 

demonstrate that TCMNPs can bind to PD-L1 and effectively prevent CTLs from 

being exhausted. 
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Figure 4.5 In vitro analyses for PD-L1 blockade by TCMNPs. a) Representative 

confocal fluorescence microscopic images of B16F10 cancer cells treated with or 

without DiD-labelled nanoparticles such as trTCMNPs, PD-1-blocked TCMNPs 

(Pb-TCMNPs), and TCMNPs. Cell nuclei were labeled with DAPI (blue). Scale bars 

= 25 μm. b) Flow cytometric analysis of binding of DiD-labelled trTCMNPs, Pb-

TCMNPs, and TCMNPs to B16F10 cancer cells (n = 3). c) Schematic illustration 

and flow cytometric analysis showing PD-L1 blockade effects of TCMNPs. The 

histograms represent the expression of granzyme B in activated OT-Ⅰ CD8+ T cells 

cultured in media containing rPD-L1 with or without nanoparticles (trTCMNPs, Pb-

TCMNPs, or TCMNPs) or aPD-L1 treatment. Activated OT-Ⅰ CD8+ T cell culture in 

media without rPD-L1 served as a positive control. The percentages indicate the 

fluorescence-positive area. Data are mean ± SD. Statistical significance was 

calculated by one-way ANOVA with Tukey’s significant difference multiple 

comparisons. *p < 0.05 vs. No treatment, †p < 0.05 vs. trTCMNPs, and ‡p < 0.05 vs. 

Pb-TCMNP. 
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4.2.1.2 TGF-β scavenging effects of TCMNPs in vitro  

In TME, TGF-β, overproduced by cancer cells and other immunosuppressive cells, 

is largely involved in cancer progression, regulatory T (Treg) cell development, and 

inhibition of CTL functions.[38, 39] Given that blocking TGF-β signaling on CTLs has 

been shown to increase the cancer-killing functions of CTLs in vivo,[28] we 

hypothesized that TCMNPs possessing TGF-β1R (Figure 4.3.c) could be used to 

scavenge TGF-β and prevent TGF-β-mediated loss of CTL functions. To evaluate 

the TGF-β scavenging effect of TGF-β1R+ TCMNPs, we exposed TCMNPs to free 

TGF-β1 proteins, an isoform of the TGF-β superfamily. As control groups, we used 

trTCMNPs and TGF-β1R-blocked TCMNPs (Tb-TCMNPs). After 2 h incubation of 

various concentrations (0-200 μg/ml) of trTCMNPs, Tb-TCMNPs, and TCMNPs in 

solutions containing recombinant mouse TGF-β1 proteins (rTGF-β1), the 

nanoparticles were removed by centrifugation, and unbound rTGF-β1 were 

measured by ELISA. (Figure 4.6.a). The amount of unbound rTGF-β1 decreased 

gradually as the TCMNP concentration increased, whereas trTCMNPs and Tb-

TCMNPs showed no or fewer capabilities of rTGF-β1 binding.  

Furthermore, the TGF-β1 scavenging effect of TCMNPs enhanced CTLs’ 

cytotoxicity against cancer cells. We used activated OT-Ⅰ CD8+ T cells as CTLs. To 

determine whether TCMNPs directly influence CTLs’ functionality, we first treated 

activated OT-Ⅰ CD8+ T cells with TCMNPs. The TCMNP treatment alone did not 

affect expressions of the cytotoxic granule, granzyme B, and exhaustion-related 

marker, PD-1, in CTLs (Figure 4.6.b). Next, we examined the roles of TCMNPs in 

cocultures of CTLs and cancer cells in the presence of rTGF-β1. B16OVA cancer 

cells (target) were pre-incubated with IFN-γ proteins to upregulate MHC-I 

expression, which allows better target recognition by OT-Ⅰ CD8+ T cells.[157] 

Activated OT-Ⅰ CD8+ T cells and B16OVA cells were cocultured in rTGF-β1-

containing medium with or without trTCMNPs, Tb-TCMNPs, or TCMNPs. To 

distinguish the direct cytotoxicity of TCMNPs on cancer cells, in one group, we 
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treated cancer cells with TCMNPs alone. A coculture of activated OT-I CD8+ T cells 

and B16OVA cancer cells in the absence of rTGF-β1 served as the positive control. 

rTGF-β1 significantly reduced CTL-mediated cytolysis of cancer cells as assessed 

by measuring the amounts of lactate dehydrogenase (LDH) released into the medium 

from damaged cells (group iii vs. group vii, Figure 4.6.c). Importantly, the addition 

of TCMNPs as a TGF-β1 scavenger to the coculture in the presence of rTGF-β1 

(group ⅵ) resulted in dramatically higher cytolysis than that induced by the addition 

of trTCMNPs (group ⅳ) or Tb-TCMNPs (group ⅴ). No significant difference in the 

cancer cell death was observed between group ⅱ and group ⅵ. On the other hand, 

the difference between trTCMNPs (group ⅳ) and Tb-TCMNPs (group ⅴ) may be 

caused by other therapeutic mechanisms of Tb-TCMNPs including PD-L1 blockade 

and FasL-dependent cancer cell apoptosis, which was described above (Figure 4.4 

and 4.5). These results indicate that TCMNPs can directly kill cancer cells and help 

CTLs kill cancer cells. TCMNPs did not induce cytotoxicity of CTLs (Figure 4.6.d), 

which excludes the possibility of LDH release from CTLs after TCMNPs treatment. 

To determine whether CTLs in each coculture group carry out effector functions, 

IFN-γ secretion was determined by ELISA. Significantly augmented IFN-γ 

production in the TCMNP-treated coculture group (group ⅵ) indicates that TCMNPs 

enhanced CTL functionality in cocultures of CTLs and cancer cells in the presence 

of rTGF-β1 (Figure 4.6.c). Taken together, these data demonstrate that TGF-β1R on 

TCMNPs scavenges TGF-β1 and prevents CTLs from TGF-β1-mediated reduction 

of anti-tumor functions.  
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Figure 4.6 In vitro analyses for TGF-β1 scavenging and CTL reinvigoration by 

TCMNPs. a) Schematic illustration and the quantification of TGF-β1 scavenging 

effect of TCMNPs, as evaluated by ELISA (n = 4). b) Flow cytometry analysis of 

activated OVA-specific-CD8
+
 T cells treated with or without TCMNPs for 24 h. The 

portions of T cells positive for granzyme B and PD-1 at 0 and 24 h were evaluated. 

ns: not significant. c) Schematic illustration and the quantification of the in vitro anti-

tumor effects of TCMNPs through scavenging TGF-β1 that would otherwise inhibit 

anti-tumor functions of CTLs, as evaluated by LDH assay and ELISA (n = 3-4). d) 

In vitro experiments to evaluate cytotoxic effects of TCMNPs on OT-Ⅰ CD8
+
 T cells. 

No T cell death was observed after treatment with TCMNPs, as measured by LDH 

release assay. Data were presented as mean ± SD. Statistical significance was 

calculated by one-way ANOVA with Tukey’s significant difference multiple 

comparisons test. ns: not significant. *p < 0.05 vs. (a) trTCMNPs, (ⅰ) cancer cell only 

or, (ⅲ) No treatment, †p < 0.05 vs. (a) Tb-TCMNPs, (ⅱ) Cancer cell + TCMNPs, or 

(ⅳ) trTCMNPs, ‡p < 0.05 vs. (ⅲ) No treatment, (ⅴ) Tb-TCMNPs, or (ⅴ) TCMNP, 

¶p < 0.05 vs. (ⅳ) trTCMNPs, or (ⅵ) TCMNP, #p < 0.05 vs. (ⅴ) Tb-TCMNPs or (ⅴ) 

TCMNP.
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4.2.1.3 TCMNPs reinvigorate exhausted CTLs  

Upon persisted-antigen stimulation, activated CTLs become exhausted and are 

incapable of performing cytotoxic activities.[20] Distinct metabolic reprogramming 

occurs upon T cell exhaustion. Activated T cells increase the glucose uptake, 

glycolysis and glutaminolysis to produce adenosine triphosphate (ATP) to 

synthesize of effector cytokines (e.g., IFN-γ).[158] In contrast, the PD-1/PD-L1 

interaction inhibits glycolysis and glutaminolysis in CTLs.[159] CTL exhaustion can 

be reversed by blocking inhibitory factors such as PD-1 and TGF-β.[160] It was 

previously shown that genetically engineered PD-1-expressing cell membrane-

derived nanoparticles can reinvigorate exhausted CTLs by competitive binding to 

PD-L1 on cancer cells.[152, 153] In addition, TGF-β1 is one of the major cytokines 

involved in T cell exhaustion.[161, 162] Thus, we next investigated whether TCMNPs 

capable of PD-L1 blockade and TGF-β1 scavenging can reinvigorate exhausted 

CTLs in vitro as previously described.[163, 164]  

Firstly, activated OT-I CD8+ T cells were repetitively exhausted by 

overstimulation together with exogenous PD-L1 proteins added to the cultures, 

whereas B16OVA cancer cells were treated with IFN-γ to overexpress PD-L1 and 

MHC-I. Then, the exhausted OT-1 CD8+ T cells were cocultured with the B16OVA 

cells at a ratio of 5:1 in media containing trTCMNPs or TCMNPs. Coculture of 

activated OT-I CD8+ T cells and B16OVA cells served as a positive control. 

Interestingly, TCMNPs added to the cocultures (group ⅴ) dramatically enhanced the 

cytotoxic activity and IFN-γ secretion as compared to the no treatment group (group 

iii) and trTCMNP treatment group (group iv) (Figure 4.7.a). This result is consistent 

with those of a previous study, showing that PD-L1-blocking nanoparticles enhance 

T cell activation.[163] It is assumed that TCMNPs inhibit further interactions between 

PD-1 on exhausted T cells and PD-L1 on cancer cells after exogenous PD-L1 

proteins added for CTL exhaustion are degraded or are internalized into the 

cytoplasm and are subsequently degraded.[165, 166] When TCMNPs were added to the 
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cancer cells (group ii), TCMNPs directly killed the cancer cells, likely through FasL 

on TCMNPs (Figure 4.4). In addition, metabolic changes of exhausted CTLs 

following trTCMNP or TCMNP treatment were determined by analyzing the 

changes in glycolysis [glucose transporter 1 (Glut1) and Triosephosphate isomerase 

(Tpi)] and glutaminolysis [Serine, alanine, cysteine-preferring transporter 2 

(Slc1a5)]-related gene expressions (Figure 4.7.b). Increased glycolysis and 

glutaminolysis-related gene expressions in exhausted CTLs following TCMNP 

treatment suggest that TCMNPs enable reinvigoration of exhausted T cells. In 

contrast, trTCMNP treatment did not increase mRNA expressions of glycolysis and 

glutaminolysis-related genes. Altogether, these results confirmed that T cell-derived 

membrane proteins on TCMNPs have multiple anti-tumor functions for inducing 

cancer cell death and reinvigorating exhausted CTLs.  

 



 

 ８８  

Figure 4.7 In vitro analyses for CTL reinvigoration by TCMNPs. a) Schematic 

illustration and the quantification of the in vitro anti-tumor effects of TCMNPs 

through reinvigorating exhausted CTLs, as evaluated by LDH assay and ELISA (n 

= 4-5) Activated CTLs without exhaustion served as the positive control. b) 

Metabolic changes of exhausted CTLs following treatment with either trTCMNP or 

TCMNP, as determined by qRT-PCR. Relative mRNA expressions for glycolysis 

and glutaminolysis in CTLs after various treatments (n = 4 per group). Data represent 

mean ± SD. Statistical significance was calculated by one-way ANOVA with 

Tukey’s significant difference multiple comparisons. *p < 0.05 vs. (a) (ⅰ) cancer cell 

only or (b) No treatment, †p < 0.05 vs. (a) (ⅱ) Cancer cell + TCMNPs or (b) 

trTCMNPs, ‡p < 0.05 vs. (a) (ⅲ) No treatment or (b) TCMNP, ¶p < 0.05 vs. (a) (ⅳ) 

trTCMNPs, and #p < 0.05 vs. (a) (ⅴ) TCMNPs. ns = not significant.  
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4.2.2 Biodistribution and tumor targeting of TCMNPs 

in B16F10 tumor-bearing mice  

We first assessed the tumor-targeting ability of TCMNPs using mice bearing 

aggressive B16F10 mouse melanoma. Tumor targeting by TCMNPs may have two 

mechanisms. First, nanoparticles are known to extravasate from the tumor 

vasculature and accumulate within the tumor tissue, which is called the EPR effect.[96] 

Fast-growing tumors show high angiogenic activity. As new blood vessels form, the 

leaky vasculature enables preferential accumulation of injected nanoparticles in solid 

tumors.[167] Second, T cells can be targeted at the inflamed endothelium and cancer 

cells in tumor tissues.[105, 109, 110, 168] According to previous studies,[105, 109, 169] T cell 

membranes can target inflamed tissues through the binding of adhesion-related 

proteins such as LFA-1 and Mac-1 of T cell membranes to ICAM-1[170, 171] or 

selectins.[172] ICAM-1 and selectins are known to be highly expressed in inflamed 

endothelial cells in response to inflammation and melanoma.[173] Thus, LFA-1 on 

TCMNPs may contribute to tumor targeting of TCMNPs. It was previously 

demonstrated that such adhesion molecules on nanoparticles could provide active 

targeting effects to tumor sites.[174] PD-1 on TCMNPs may also contribute to tumor 

targeting of TCMNPs. A previous study showed that PD-1-expressing nanovesicles 

are highly accumulated in tumor tissues following intravenous injection.[152] The 

high accumulation is likely because of PD-1 interactions with PD-L1, which is 

highly expressed in cancer cells,[175, 176] including B16F10 cells.[177] Furthermore, it 

was demonstrated that T cell membranes on nanoparticles could avoid the 

mononuclear phagocyte system-mediated clearance of the nanoparticles because of 

the inherent biological nature of cell membranes, thereby enhancing nanoparticle 

circulation time and tumor targeting.[99, 109, 169] Thus, TCMNPs may reduce off-target-

mediated adverse effects and enhance tumor-targeting efficiency. 

We investigated whether TCMNPs that contain T cell membrane proteins, 

including LFA-1 and PD-1 (Figure. 4.3.c), have in vivo tumor-targeting ability. 
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trTCMNP and LFA-1-blocked TCMNPs (Lb-TCMNPs) injection served as controls. 

The tumor-targeting ability of TCMNPs was compared to that of immune checkpoint 

blockade (aPD-L1), which is known to have systemic toxicity. We conjugated aPD-

L1, trTCMNPs, Lb-TCMNPs, and TCMNPs to a fluorescent dye Cy5.5 and 

intravenously injected them in B16F10 tumor-bearing mice. Whole-body images of 

the mice showed that the accumulation of Cy5.5-labeled TCMNPs in the tumor 

tissues gradually increased for 24 h after intravenous injection (Figure 4.8.a). In 

contrast, Cy5.5-labeled aPD-L1 dispersed in the whole body quickly within 2 h and 

disappeared at 24 h after injection. This result is consistent with a previous study 

showing early clearance and less tumor accumulation of aPD-L1.[178] For quantitative 

evaluation, major organs (liver, lung, heart, kidney, and spleen) and tumor were 

excised 24 h after injection (Figure 4.8.b). The Cy5.5 fluorescence intensities of each 

organ and tumors were normalized to the sum of the intensities in each group. 

Although the nanoparticles appeared to be primarily accumulated in mononuclear 

phagocytic system clearance organs, such as spleen, kidney, and liver,[179] the 

TCMNP accumulation at tumors was nearly 3.41, 3.17, and 8.3 folds higher than 

those of aPD-L1, trTCMNPs, and Lb-TCMNP, respectively. These results suggest 

that TCMNPs may reduce systemic toxicity by actively targeting tumor sites, unlike 

the immune checkpoint blockade.[142, 144] Previous studies also have shown the 

highest uptake of nanoparticles by the liver and kidneys.[152, 180] Figure 4.8 indicates 

that blocking LFA-1 on TCMNPs with antibodies resulted in decreased tumor 

targeting, while intact TCMNPs showed higher tumor targeting. This suggests that 

the T cell membrane coated on the nanoparticles is intact and stable in vivo.  
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Figure 4.8 Biodistribution of TCMNPs. In vivo distribution of intravenously injected 

Cy5.5-labeled anti-PD-L1 antibodies, trTCMNPs, Lb-TCMNPs, and TCMNPs in 

B16F10 tumor-bearing mice were investigated. a) Representative fluorescence 

images of the whole mouse body at different time points after injection (n = 3). b) 

Representative ex vivo images and the quantification data of fluorescent signals in 

major organs (liver, lung, heart, kidney, and spleen) and tumors of mice treated with 

Cy5.5-labeled aPD-L1, trTCMNPs, LFA-1-blocked TCMNPs (Lb-TCMNPs), or 

TCMNPs at 24 h (n = 3). The fluorescence intensity of each organ or tumor was 

normalized to the sum of intensities of the organs and tumors in each group because 

differences in the sum of fluorescence intensities may exist among the groups due to 

difference in the injection dose (0.06 mg/kg aPD-L1 vs. 25 mg/kg trTCMNPs, Lb-

TCMNPs, or TCMNPs). Data are mean ± SD. Statistical significance was calculated 

by one-way ANOVA with Tukey’s significant difference multiple comparisons. *p 

< 0.05 vs. either aPD-L1, trTCMNPs, or Lb-TCMNPs. ns = not significant. 
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4.2.3 In vivo toxicity and melanoma growth inhibitory 

effects of TCMNPs  

Prior to the investigation of the therapeutic potential of TCMNPs, we examined 

TCMNP toxicity after intravenous injection to B16F10 tumor-bearing mice. 

TCMNPs exhibiting direct FasL-mediated cytotoxicity (Figure 4.4) could induce 

side effects after intravenous administration due to Fas expression on normal 

cells.[136] However, the tumor-targeting effects of TCMNPs (Figure 4.8) may reduce 

the harmful effects because most cancer cells express Fas.[136] The histology of the 

major organs (kidney, lung, heart, liver, and spleen) showed no evidence of the 

toxicity of TCMNPs (Figure 4.9.a). Moreover, the levels of enzymes reflecting the 

functions of the liver and kidneys, such as aspartate aminotransferase, alanine 

aminotransferase, and blood urea nitrogen, in the plasma were not significantly 

different between PBS and TCMNP-treated mice at various time points (Figure 

4.9.b), demonstrating the biocompatibility of TCMNPs.  
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Figure 4.9 In vivo toxicity analysis. a) Representative H&E staining images of the 

major organs of PBS or TCMNP-injected B16F10 tumor-bearing mice harvested 26 

days after tumor inoculation. Scale bars = 100 μm. b) Toxicity analysis of the levels 

of enzymes reflecting the functions of the liver and kidneys, such as aspartate 

aminotransferase (AST), alanine aminotransferase (ALT), and blood urea nitrogen 

(BUN), in the plasma of B16F10 tumor-bearing mice. Data represent mean ± SD. ns 

= not significant. Statistical significance was calculated by two-way ANOVA with 

Bonferroni post-tests. 
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The in vivo therapeutic effect of TCMNPs was evaluated in C57BL/6 mice 

bearing subcutaneous B16F10 tumors on the right flank (Figure 4.10.a). As controls, 

aPD-L1 was injected at two different dosages, which was the same amount of aPD-

L1 as the amount of PD-1 expressed on TCMNPs and the general dosage 

administered previously[178] (positive control). We found that TCMNPs consistently 

delayed tumor growth compared to the other treatments (Figure 4.10.b and c). No 

difference in the body weights of the mice was observed among the groups, implying 

no or negligible systemic toxicity of TCMNPs (Figure 4.10.d). TUNEL staining 

assay indicated that TCMNPs increased the level of apoptosis in the tumor tissues 

compared to the other treatments (Figure 4.10.e). The therapeutic difference between 

aPD-L1 and TCMNP treatment may be caused by the multiple therapeutic 

mechanisms of TCMNPs other than PD-L1 blockade (Figure 4.4 and 4.6) and the 

tumor-targeting ability of TCMNPs higher than that of aPD-L1 (Figure 4.8). 

Altogether, the data indicate that TCMNPs have the potential to inhibit tumor growth. 
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Figure 4.10 In vivo therapeutic efficacy of TCMNPs in the B16F10 melanoma 

model. a) Schematic illustration of tumor modeling and treatment schedules. 

B16F10 cancer cells were inoculated on C57BL/6 mice. When the tumor volume 

reached ~ 50mm3, drugs were intravenously injected every other day for a total of 

five injections. b) Mean and individual tumor growth profiles over time and 

representative photographs of tumor-bearing mice on day 10 (n = 7-8). Red dotted 

circles and arrows indicate the tumors. Tumor growth data are mean ± standard error 

of the mean (SEM). c) Retrieved tumor mass on day 10. d) Body weight profiles of 

the mice over time (n = 4). ns = not significant. e) TUNEL assay depicting apoptotic 

cells in the tumor on day 10. Apoptotic cells were stained in green. Cell nuclei were 

labeled with DAPI (blue). Scale bars = 100 μm. Quantification of TUNEL+ area 

relative to DAPI+ (cell) area in the tumor tissues collected two days after the last 

injection. A total of at least eight separate fields from three mice for each group was 

used for the quantification. Data were presented as mean ± SD. Statistical 

significance was calculated by two-way ANOVA with Bonferroni post-tests (b, d), 

unpaired Student’s t-test (c), and one-way ANOVA with Tukey’s significant 

difference multiple comparisons (e). *p < 0.05 vs. PBS, †p < 0.05 vs. PLGA, ‡p < 

0.05 vs. aPD-L1, ¶p < 0.05 vs. aPD-L1 (positive control), and #p < 0.05 vs. 

trTCMNPs. 
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4.2.4 Therapeutic mechanisms of TCMNPs’ anti-

tumor activities  

To analyze the immunological mechanisms of the anti-tumor effects of TCMNPs, 

we next examined immune cells in tumor tissues collected 48 h after the last 

treatment from B16F10 tumor-bearing mice. We assume that the anti-tumor effects 

of TCMNPs are attributed to the direct anti-tumor activity of TCMNPs (Figure 4.4) 

and the prevention of CTL exhaustion in TME by TCMNPs. Another mechanistic 

possibility for the anti-tumor effects of TCMNPs is the attenuation of Treg activity. 

Immunosuppressive Treg cells are implicated in cancer immune escape and effector 

T cell suppression.[181] Given that TGF-β upregulates Foxp3 expression,[182] TGF-β1 

scavenging by TCMNPs (Figure 4.6) may reduce Treg cells in tumors in vivo. 

TCMNP injection elevated the infiltration of CD3+ and CD8+ T cells in the tumor 

tissues (Figure 4.11.a) and decreased the infiltration of immunosuppressive Treg cell 

(CD3+ CD4+ Foxp3+) (Figure 4.11.a and b). Notably, the CD8+ CTLs to Treg ratio in 

tumors was the highest in the TCMNP-treated group (Figure 4.11.a), which was 

correlated with the favorable therapeutic outcome.[183] The TCMNP injection 

enhanced CD8+ IFN-γ+ T cell and CD8+ Granzyme B+ T cell levels in the tumor 

tissues as compared to the other treatments (Figure 4.11.c-f), indicating a strong anti-

tumor immune activity in the TCMNP injection group.  

To investigate whether CD8+ T cells play a major role in the anti-tumor 

responses of TCMNPs in the B16F10 melanoma model, mice were depleted of CD8+ 

T cells starting three days before the first treatment and the depletion was maintained 

for two more weeks (Figure 4.11.g). Tumor growth inhibition by TCMNPs was not 

observed in mice depleted of CD8+ T cells (Figure 4.11.h and i), indicating that CD8+ 

T cells play a crucial role in the therapeutic efficacy of TCMNPs.  
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Figure 4.11 Modulation from anti-inflammatory to pro-inflammatory tumor 

microenvironment by TCMNPs.  a) The percentages of CD3+ T cells, regulatory T 

(Treg, CD3+ CD4+ Foxp3+) cells and CD8+ T cells, and the ratio of CD8+ T cells to 

Treg cells in the tumor tissues following various treatments, as evaluated by flow 

cytometry analysis (n = 3-6). b) Immunofluorescence staining for Foxp3+ (green) 

Treg cells in the tumor tissues. Scale bars = 50 μm. c) Dual immunostaining for CD8+ 

IFN-γ+ cytotoxic T cells (green, IFN-γ-positive cells; red, CD8-positive cells; blue, 

cell nuclei) in the tumor tissues. Scale bars = 100 μm. d) Manders’ colocalization 

coefficient to quantify the degree of colocalization of CD8 and IFN-γ in the images 

of (c) (n = 5). The higher coefficient indicates the higher colocalization. e) 

Quantification of CD8+ granzyme B+ T cells in the tumor tissues (n = 9). 

Representative images of immunofluorescence staining for CD8+ 
T cells (red) and 

granzyme B (green) in the tumor tissues harvested 2 days after the last treatment. 

Nuclei were stained with DAPI (blue). Scale bars = 100 μm. f) Effects of anti-CD8 

antibody-mediated CD8 depletion on the tumor growth in B16F10 tumor-bearing 

mice (n = 5), suggesting the critical role of CD8+ T cells in tumor growth inhibition. 

g) Schematic illustration of the treatment schedules. B16F10 cancer cells were 

inoculated subcutaneously on C57BL/6 mice. Anti-CD8 antibodies (5 mg/kg) were 

injected intraperitoneally every three days after tumor modeling. When the tumor 

volume reached ~ 50 mm3, TCMNPs were intravenously injected every other day 

for a total of five injections. h) Mean and individual tumor growth profiles and i) 

animal survival profiles for various treatments (n = 4). Differences in the survival 

were determined for each group by the Kaplan-Meier method and compared 

statistically using the log-rank (Mantel-Cox) test. Data are mean ± SD. Statistical 

significance was calculated by one-way ANOVA with Tukey’s significant 

difference multiple comparisons for (a, d, e) or two-way ANOVA with Bonferroni 

post-tests for (h). *p < 0.05 vs. PBS, †p < 0.05 vs. (a, d, e) PLGA or (h) TCMNP + 

anti-CD8 mAb, ‡p < 0.05 vs. (a, d, e) aPD-L1, ¶p < 0.05 vs. (a, e) aPD-L1 (positive), 

and #p < 0.05 vs. (a, e) trTCMNPs. 
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4.2.5 Lung metastasis inhibition by TCMNPs.  

Widespread metastasis is the leading cause of death in melanoma patients.[184] Tumor 

metastasis is a multi-step process, which involves cancer cell entry into blood vessels, 

their spread via blood circulation, and colonization at distal sites.[185] As cancer cells 

reach the metastatic site, they orchestrate the local environment into a tumor-

promoting metastatic niche characterized by an increase in angiogenesis, vascular 

permeability, and immunosuppressive factors, including TGF-β and PD-1.[186] TGF-

β and PD-1 blockade could be potential targets to prevent metastasis. Especially, the 

TGF-β blockade has shown to reverse pro-tumor to anti-tumor TME in metastasis 

model.[186] Considering the tumor-targeting capability of TCMNPs to ICAM-1high 

inflamed endothelium and PD-L1high cancer cells (Figure 4.8) and their anti-tumor 

efficacy, we investigated whether TCMNPs could inhibit metastasis by delaying the 

formation of metastatic foci at the pre-metastatic niche. B16F10 cancer cells were 

intravenously injected into mice to initiate lung metastasis,[112, 187] and then, the mice 

were treated with either PBS, PLGA, aPD-L1, aPD-L1 (positive control), trTCMNP, 

or TCMNP, as shown in Figure 4.12.a. The formation of metastatic nodules was 

significantly delayed in lung tissues in the TCMNP-treated mice on days 11 and 15, 

compared to the mice treated with either PBS, PLGA, aPD-L1, aPD-L1 (positive 

control), or trTCMNP (Figure 4.12.b), indicating the anti-metastasis effect of 

TCMNPs. Histological examination of the lungs confirmed that the TCMNPs 

significantly reduced the colonization of B16F10 cells in the lung tissues (Figure 

4.12.c). The notable inhibition effects of TCMNPs on lung metastasis could be 

ascribed to the direct anti-tumor activity, TGF-β scavenging, and PD-L1 blockade 

of TCMNPs.  
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Figure 4.12 In vivo anti-metastatic effects of TCMNPs in B16F10 tumor-bearing 

mice. a) Schematic illustration of metastatic tumor modeling and treatment 

schedules. B16F10 cancer cells were intravenously injected to develop melanoma 

lung metastasis in C57BL/6 mice. At 24 h after injection of B16F10 cells, PBS, 

PGLA nanoparticles, aPD-L1, aPD-L1 (positive control), trTCMNPs, or TCMNPs 

were intravenously administered every other day for a total of five injections. b) 

Photographs of visualized metastatic nodules (white arrows) in the lung harvested 

on days 11 and 15, and the numbers of metastatic nodules in the lungs (n = 4). c) 

Representative H&E staining images and quantification of metastatic lesions from 

different fields of the H&E staining images (n = 3) of the lung tissues harvested on 

day 15 after tumor inoculation. The metastatic lesions were denoted in red dotted 

circles. Scale bars = 100 μm. Data were presented as mean ± SD. Statistical 

significance was calculated by one-way ANOVA with Tukey’s significant 

difference multiple comparisons. *p < 0.05 vs. PBS, †p < 0.05 vs. PLGA, ‡p < 0.05 

vs. aPD-L1, ¶p < 0.05 vs. aPD-L1 (positive control), and #p < 0.05 vs. trTCMNPs. 
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4.2.6 Enhanced efficacy of anti-tumor drug-loaded 

TCMNPs  

Dacarbazine (DTIC) is the first-line treatment of metastatic melanoma, despite its 

low response rates.[188] Recently, DTIC has been reevaluated as an indirect 

immunomodulating agent that exerts NK cell- and CD8+ T cell-dependent anti-tumor 

effects.[189] DTIC not only alkylates cancer cells directly but also induces secretion 

of IFN-γ by NK cells, leading to increased TA presentation on MHC-I and higher 

CTL efficacy.[188] To enhance the therapeutic efficacy of TCMNPs and take 

advantage of PLGA nanoparticle cores as a drug delivery carrier, TCMNPs were 

loaded with DTIC (TCMNP/DTICs). We hypothesized that the local release of DTIC 

from TCMNP/DTICs could mimic the cytotoxic granule release from CTLs and 

exhibit synergistic effects with TCMNPs.  

The successful loading of DTIC was confirmed by UV spectrophotometry 

(Figure 4.13.a). The loading capacity was 4.46 ± 0.07%. The T cell membrane 

coating process reduced the encapsulation of DTIC onto TCMNPs. The drug loading 

efficiency of TCMNP/DTICs could be enhanced by modifying the PLGA particle 

size.[190] DTIC was released from TCMNP/DTICs in a relatively rapid manner during 

the first two hours, and then, the drug release sustained over 70 h (Figure 4.13.b). 

The therapeutic efficacy of TCMNP/DTICs (25 mg/kg DTIC) was evaluated in a 

subcutaneous B16F10 melanoma model (Figure 4.13.c). The mice receiving 

TCMNP/DTICs showed higher regression of tumor growth compared to the PBS- or 

TCMNP-treated mice (Figure 4.13.d and e) with no significant changes in the body 

weights (Figure 4.13.f). The tumors of TCMNP/DTIC-treated mice showed higher 

percentages of CD8+ granzyme B+ T cells and CD8+ IFN-γ+ T cells than those of the 

other treatment groups (Figure 4.13.g and h). The data suggest the versatile 

applicability of TCMNPs by loading drugs. 
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Figure 4.13 Loading TCMNPs with an anti-tumor drug potentiates the anti-tumor 

efficacy. a) Encapsulation efficiency and loading efficiency of dacarbazine (DTIC)  

onto TCMNPs before and after the T cell membrane coating process. The T cell 

membrane coating process reduced the encapsulation of DTIC onto TCMNPs. b) 

Profile of in vitro DTIC release from TCMNPs over time (n = 3). c) Treatment 

schedules of B16F10 cancer cell inoculation and treatment with TCMNPs or 

TCMNP/DTICs. B16F10 cancer cells were subcutaneously injected into C57BL/6 

mice. When tumor volume reached ~ 50 mm3 (D0), B16F10-bearing mice were 

intratumorally injected with either PBS, TCMNPs, or TCMNP/DTICs on days 0, 2, 

4, 6, and 8. d) Mean and individual tumor growth profiles over time (n = 6). e) 

Representative images of tumor-bearing mice of each group at day 10. Red arrows 

indicate tumors. f) Body weight profiles of the PBS-, TCMNP- or TCMNP/DTIC-

treated mice. ns = not significant. g) The percentages of CD8+ granzyme B+ T cells 

in the tumor tissues following various treatments, as evaluated by flow cytometry (n 

= 5). h) Dual immunostaining of CD8+ IFN-γ+ cytotoxic T cells (green, IFN-γ-

positive cells; red, CD8-positive cells; blue, cell nuclei) in the tumor tissues. Scale 

bars = 100 μm. Data are mean ± SD. Statistical significance was calculated by two-

way ANOVA with Bonferroni post-tests for (e,f) or one-way ANOVA for (g) with 

Tukey’s significant difference multiple comparisons. *p < 0.05 vs. PBS and †p < 

0.05 vs. TCMNPs. 
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4.2.7 Anti-tumor efficacy of TCMNPs on multiple 

types of tumors  

Adoptive T cell therapy, including CAR-T cells, requires already-known tumor-

specific antigens to make the T cells recognize and kill the target cancer cells. Thus, 

heterogeneity in the target antigen expression and antigen-negative cancers are 

hurdles for adoptive T cell therapy.[49, 191] The anti-tumor therapeutic mechanisms of 

TCMNPs [i.e., direct induction of cancer cell apoptosis and protection of CTLs from 

exhaustion through inhibitory signal blockade (Figure 4.4-4.6)] are TA-nonspecific 

mechanisms. Based on this aspect, we investigated whether TCMNPs have anti-

tumor effects on multiple types of tumors. Syngeneic lung carcinoma models were 

established by subcutaneous injection of LLC2 lung cancer cells into C57BL/6 mice. 

When the LLC2 tumor size reached approximately 50 mm3, the mice were 

intravenously injected with either 100 μl PBS or 25 mg/kg TCMNPs (Figure 4.14.a). 

Consistent with the data of the B16F10 tumor model (Figure 4.10), TCMNPs 

consistently inhibited the tumor growth and extended mouse survival compared to 

the PBS treated group (Figure 4.14.b and c). The data suggest that TCMNPs have 

therapeutic effects in an antigen-nonspecific manner. 
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Figure 4.14 Anti-tumor effects of TCMNPs in a different tumor model (Lewis lung 

cancer), which demonstrates that TCMNPs may be effective on various types of 

tumors. a) Schematic illustration of Lewis lung cancer (LLC) modeling and 

treatment schedules. LLC cells were subcutaneously injected into C57BL/6 mice. 

When the tumor volume reached ~ 50 mm3 (D0), the LLC-bearing mice were 

intravenously injected with PBS or TCMNPs on days 0, 2, 4, 6, and 8. b) Mean and 

individual tumor growth profiles over time (n = 5) and representative images of 

tumor-bearing mice of each group at day 10. Red arrows indicate tumors. Data are 

mean ± SD. Statistical significance was calculated by two-way ANOVA followed 

by Bonferroni’s multiple comparison tests. c) Animal survival profiles over time for 

each treatment. Differences in the survival were determined for each group by the 

Kaplan–Meier method and compared statistically using the log-rank (Mantel-Cox) 

test. *p < 0.05 vs. PBS.  



 

 １１０  

4.3 Conclusions 

Here, we developed T cell-mimicking nanoparticles by coating PLGA nanoparticles 

with T cell membranes for cancer immunotherapy. Similar to T cells, TCMNPs can 

be targeted at tumors and kill tumors via T cell membrane-derived proteins on 

TCMNPs. Furthermore, TCMNPs can release anti-tumor drugs and reinvigorate 

exhausted CTLs by scavenging TGF-β1 and PD-L1 for tumor killing. The TCMNP 

platform may be further improved by substituting PLGA nanoparticle cores with 

imaging nanoparticles such as magnetic metal oxide NPs, Au NPs, iron oxide NPs, 

quantum dots, and superparamagnetic iron oxides NPs.[46,55,56,57] TCMNPs have 

potential advantages over the current cancer therapies. First, TCMNP therapy would 

be more cost-effective and less time-consuming than adoptive T cell transfer therapy. 

Ex vivo T cell expansion and genetic modification for adoptive T cell transfer therapy 

are labor-intensive, high-cost, and long-term (~ 5 weeks) processes.[192, 193] In 

contrast, TCMNPs can be prepared from T cell lines and synthetic polymers within 

two days at a lower cost. Second, TCMNPs show higher anti-tumor efficacy (Figure 

4.10 - Figure 4.12) and may show lower systemic toxicity than immune checkpoint 

blockade (e.g., aPD-L1) because TCMNPs have more therapeutic mechanisms 

(Figure 4.1.c) and higher tumor-targeting efficiency (Figure 4.8) than immune 

checkpoint blockade. Third, TCMNPs can also function as an anti-tumor drug carrier 

and may achieve synergistic efficacy when combined with current chemotherapies 

(Figure 4.13). Overall, TCMNPs, as mimicry of CTLs, could be a potential cancer 

immunotherapy agent that can treat tumors effectively.  
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5.1 Introduction 

Chimeric antigen receptor (CAR)-T cell therapy has produced remarkable 

clinical results for cancer treatment, particularly for treating blood cancers.[26, 194] It 

offers a unique approach to killing cancer cells compared to conventional adoptive 

T cell transfer therapies. CAR is a synthetic receptor that helps T cells better 

recognize cancer cell surface antigens and induce the downstream signaling of T 

cells to attack the cancer cells.[53, 54] Despite the promising therapeutic efficacy of 

CAR-T cell therapy,[195] several challenges, including the complicated, laborious, 

costly process of CAR-T cell manufacturing and the tumorigenic potential of viral 

vector‐engineered CAR-T cells, remained and hindered broader clinical applications 

of CAR-T cell therapy.[196, 197] Furthermore, CAR-T cell therapy have shown 

moderate therapeutic effects for solid tumors.[25, 26] This may be partially due to the 

inactivation of CAR-T cells by the immunosuppressive tumor microenvironment 

(TME) of solid tumors.[24, 25] One of the critical players in the immunosuppressive 

TME is the pro-tumoral M2-phenotype tumor-associated macrophage (M2 TAM). 

M2 TAMs play a central role in promoting immunosuppressive regulatory T (Treg) 

cell differentiation and secreting immunosuppressive molecules.[27, 29] It has been 

reported that CAR-T cell infusion leads to a significant increase in the number of 

M2 TAMs in tumors.[198] Treg cells potentially hinder CAR-T cell-mediated 

immunity[199] by inhibiting the anti-tumoral function of CD8+ effector T cells.[200] 

Thus, developing CAR-associated strategies with a facile manufacturing process and 

powerful therapeutic effects on solid tumors is of key interest.  

Extensive research has been done to overcome the hurdles in the field of 

CAR-T cell therapy.[52, 77, 81] An approach of non-viral delivery of CAR-encoding 

genes to the programming of T cells into CAR-T cells in vivo has been conducted in 
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a leukemia model.[81] The approach circumvents the labor-intensive and expensive 

process of ex vivo CAR-T cell production. T cell-targeting nanoparticles that carry 

plasmid DNA (pDNA) encoding CAR were intravenously injected into mice, and 

the nanoparticles generate CAR-T cells. The in situ generated CAR-T cells showed 

anti-tumor efficacy comparable to that of CAR-T cell infusion. However, the 

therapeutic potential of nanoparticle-mediated in vivo CAR-T cell programming 

approach has not been demonstrated for solid tumors. To effectively treat solid 

tumors with CAR technology, the technology has recently been applied to 

macrophages.26 Macrophages can penetrate solid tumors and phagocytose. A recent 

study has shown ex vivo generation of CAR macrophages (CAR-Ms) via viral 

vector-mediated gene transfer.[201] Infusion of CAR-Ms into solid tumor-bearing 

mice led to cancer cell phagocytosis by the CAR-Ms and significantly suppressed 

the tumor growth. However, the tumorigenic potential of viral vector‐engineered 

CAR-Ms still remained, and a high-cost and laborious process of ex vivo CAR-M 

production can limit the broad clinical applications. 

Here, we provide an approach of non-viral vector-mediated gene delivery to 

in vivo program M2 TAMs in the TME to macrophages expressing both CAR and 

anti-tumor M1 phenotypes (CAR-M1 macrophages) for the treatment of solid tumors. 

In vivo programming with a non-viral vector can avoid the labor-intensive and 

expensive processes involved with ex vivo CAR-M manufacturing, as well as the 

tumorigenicity problems that come with it. We delivered genes encoding CAR and 

interferon-gamma (IFN-γ) to macrophages in vivo using mannose-conjugated 

polyethyleneimine (MPEI) to target macrophages.[85, 202-207] Mannose receptors are 

overexpressed in macrophages.[208]  The CAR expression on the macrophages can 

enhance cancer cell elimination by the CAR-mediated cancer-specific phagocytosis 

that has been dampened by the ‘don’t-eat-me’ CD47 signal of cancer cells (Figure 

5.1).[209] Programming pro-tumoral M2 TAMs to an anti-tumoral M1 phenotype 

would be an attractive therapeutic strategy for solid tumors.[210] Subsequently, the 

induced CAR-M1 macrophages can induce adaptive anti-cancer immunity by 
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presenting tumor antigens (TAs) to naïve T cells, thereby generating tumor-specific 

cytotoxic T cells (CTLs) and fostering a proinflammatory TME in solid tumors, 

which further augments the tumor-specific CTL function.[210] We evaluated the 

efficacy of CAR-mediated cancer cell-killing ability of the CAR-M1 macrophages. 

Next, we investigated whether in vivo gene delivery led to an M2- to M1-phenotypic 

shift, pro-inflammatory TME remodeling, and tumor growth suppression in tumor-

bearing mice. This off-the-shelf approach for in vivo CAR-M1 macrophage 

induction may advance CAR technology for the clinical treatment of solid tumors. 
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Figure 5.1 Therapeutic mechanisms and characterization of the MPEI/pCAR-IFN-γ 

nanocomplex. Schematic representation describing the delivery of plasmid DNA 

encoding ALK-specific CAR and IFN-γ (pCAR-IFN-γ) using MPEI to induce CAR-

M1 macrophages in vivo and the anti-tumor mechanisms of CAR-M1 macrophages 

expressing CAR and IFN-γ. 
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5.2 Results and Discussion 

5.2.1 Preparation of MPEI/pCAR-IFN-γ 

nanocomplexes 

Anti-ALK CAR-IFN-γ genes were cloned into non-viral piggyBac® transposon 

vectors to fabricate CAR-IFN-γ gene constructs (CAR-IFN-γ pDNA) (Figure 5.2.a). 

A non-viral piggyBac® transposon system was used for persistent CAR-IFN-γ 

transgene expression in the target cells.[211-213] ALK antigen was selected for target 

TAs because of its overexpression on the surface of neuroblastoma.[214-217] ALK 

inhibition with small molecules and anti-ALK CAR has been reported to be effective 

for the treatment of neuroblastoma.[218, 219] The anti-ALK CAR construct consisted 

of an anti-ALK single-chain variable fragment, a CD8α hinge domain, a CD28 

transmembrane domain, a CD28 cytoplasmic domain, and a CD3ζ cytoplasmic 

domain, that has been previously reported to be responsible for antibody-dependent 

cellular phagocytosis in macrophages[201, 220] (Figure 5.2.b and 5.3). We further 

aimed to modulate the CAR-macrophages from immunosuppressive (M2) to 

immunostimulative (M1) phenotype via IFN-γ gene delivery.[221, 222] The positive 

charge of MPEI and negative charge of CAR-IFN-γ pDNA form nanocomplex 

(MPEI/pCAR-IFN-γ) via electrostatic interactions, as analyzed by gel retardation 

assay (Figure 5.4.a). The morphology of MPEI/pCAR-IFN-γ were observed by 

transmission electron microscopy (Figure 5.4.b). The resulting MPEI/pCAR-IFN-γ 

nanocomplexes displayed an average hydrodynamic diameter of about 32.8 ± 2.1 nm 

and average positive zeta potential of 3.2 ± 1.7 mV, as determined using dynamic 

light scattering (DLS) and electrophoretic light scattering analyses, respectively 

(Figure 5.2.c and d). MPEI/pCAR-IFN-γ showed stable size in serum for 7 days 

(Figure 5.2.e), demonstrating excellent stability of the nanocomplexes in serum. The 

cytotoxicity of MPEI/pCAR-IFN-γ was evaluated in IL-4 pretreated bone marrow-

derived macrophages (M2 BMDMs) using CCK-8 assay. MPEI/pCAR-IFN-γ 
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showed no significant changes in cell viabilities than vehicle treatment groups, as 

consistent with previous studies (Figure 5.2.f).[223, 224] 

 

 

 

Figure 5.2 Fabrication of CAR-IFN-γ gene constructs. a) Agarose gel 

electrophoresis images of double digested lentiviral vector (left) and non-viral 

piggyBac® transposon vector (right) encoding anti-ALK CAR. b) Transgene 

construct to express anti-ALK CAR and IFN-γ.  
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Figure 5.3 Map of vectors used in this study. a) Maps of the piggyBac® transposon 

and b) lentiviral vector, and c) cleavage sites in the vectors.  
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Figure 5.4 Characterization of MPEI/pCAR-IFN-γ nanocomplex. a) Agarose gel 

electrophoresis showing MPEI and pCAR-IFN-γ condensation. b) TEM image of 

MPEI/pCAR-IFN-γ nanocomplexes. Scale bars: 50 nm. c) Size distribution and d) 

zeta potential of MPEI/pCAR-IFN-γ, as determined using DLS and ELS, 

respectively (n = 3). e) Stability of MPEI/pCAR-IFN-γ in 50% serum, as evaluated 

by determining changes in the nanocomplex size by DLS over 7 days (n = 3). Data 

represent mean ± SD. ns: not significant. f) Viability of MPEI/pCAR-IFN-γ-treated 

M2 macrophages, as determined using the CCK-8 assay (n = 5). ns: not significant.  
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Next, we examined the transfection efficiency of MPEI/pCAR-IFN-γ into 

M2 BMDMs. To optimize the transfection condition for MPEI/pCAR-IFN-γ, the 

nanocomplex were prepared at various weight ratios and transfected into M2 

BMDMs for 72 h (Figure 5.5.a). CAR expression in M2 BMDMs was validated 

using GFP as a surrogate marker with an average transfection efficiency of ~ 14% 

(Figure 5.5.b and c). However, the transfection efficiency was lower than that of 

lentiviral transduction of CAR-IFN-γ pDNA. Following transfection, IFN-γ 

expression in M2 BMDMs exhibited nearly 20-fold upregulation than that made 

from MPEI treatment (Figure 5.5.d). Together, these data indicate that MPEI/pCAR-

IFN-γ successfully delivers CAR-IFN-γ genes to M2 BMDMs.  
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Figure 5.5 Optimization of MPEI/pCAR-IFN-γ transfection. a) Optimization of the 

treatment doses of MPEI/pCAR-IFN-γ for transfection into IL-4-pretreated bone 

marrow-derived macrophages (M2 BMDMs) for 72 h, using various amounts of 

MPEI/pCAR-IFN-γ (ⅴ - ⅶ). CAR expression was measured using flow cytometry 

with GFP as a surrogate marker (n = 3). Various levels of lentiviral transduction of 

CAR-IFN-γ pDNA served as the positive control (ⅱ - ⅳ). MOI, multiplicity of 

infection. b) Fluorescence microscopic images of CAR (green)-expressing 

macrophages post MPEI/pCAR-IFN-γ transfection. Nuclei were stained with DAPI 

(blue). Scale bars: 100 μm. c) Flow cytometric analysis for CAR expression (with 

GFP as a surrogate marker) post vehicle (gene transfection buffer), MPEI, or 

MPEI/pCAR-IFN-γ treatments to M2 macrophages in vitro (n = 3). Lentiviral 

transduction of CAR-IFN-γ pDNA served as the positive control. d) Upregulated 

IFN-γ mRNA expression post MPEI/pCAR-IFN-γ transfection to M2 macrophages 

in vitro, as evaluated using qRT-PCR (n = 3). *p < 0.05 vs. vehicle and †p < 0.05 vs. 

MPEI. Statistical significance was calculated using one-way ANOVA with Tukey’s 

significant difference post-hoc test.   
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5.2.2 CAR-mediated antigen-specific phagocytosis in 

vitro 

We then evaluated CAR-mediated cancer cell-specific phagocytosis of M2 

macrophages (M2 BMDMs or M2 RAW264.7 cells) following MPEI/pCAR 

treatment (Figure 5.6.a). MPEI harboring a plasmid encoding GFP (MPEI/pGFP) or 

anti-ALK CAR (MPEI/pCAR) is prepared. MPEI/pGFP- or MPEI/pCAR-treated 

M2 macrophages were co-cultured with NIH3T3 (ALK-), B16-F10 (ALK-) cancer, 

or Neuro-2a (ALK+) cancer cells for 48 h (Figure 5.6.b). MPEI/pCAR-treated M2 

macrophages in the co-cultures exhibited enhanced phagocytic activity against 

ALK+ cancer (i.e., Neuro-2a) cells, compared to MPEI/pGFP-treated M2 

macrophages (Figure 5.6.c and d). MPEI/pCAR-transfected M2 macrophages 

phagocytosed more ALK+ cancer cells than MPEI/pGFP-transfected cells, but no 

difference in ALK- (i.e., NIH3T3, B16-F10) cell phagocytosis was detected. 
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Figure 5.6 CAR-mediated antigen-specific cancer cell phagocytosis by M2 

macrophages post MPEI/pCAR transfection in vitro. a) Treatment and analysis 

schedule to investigate CAR-mediated cancer cell phagocytosis by macrophages 

post various transfections into M2 macrophages. b) Expression of ALK. Relative 

mRNA expression levels of ALK, a target cancer antigen in this study, in NIH3T3 

(ALK-), B16-F10 (ALK-) cancer, or Neuro-2a (ALK+) cancer cells, as evaluated 

using qRT-PCR (n = 5). Phagocytosis c) in co-cultures of transfected M2 

macrophages and Far Red-stained NIH3T3 (ALK-) or Neuro-2a (ALK+) cancer cells, 

and d) in co-cultures of transfected M2 macrophages and Far Red-stained B16-F10 

(ALK-) cancer cells or Neuro-2a (ALK+) cancer cells, as determined using flow 

cytometry (n = 3). M2 macrophages were transfected with MPEI complexed with 

plasmids encoding GFP (MPEI/pGFP) or anti-ALK CAR (MPEI/pCAR). The co-

cultures were performed at an effector (transfected M2 macrophage)-to-target 

(NIH3T3, B16-F10 or Neuro-2a cells) ratio of 1 : 3 (NIH3T3 and Neuro-2a) or 1 : 5 

(B16-F10 and Neuro-2a) for 24 h. Far Red+ cells within the GFP+ population were 

regarded as the cells phagocytosed by the macrophages. ns: not significant. *p < 0.05 

vs. NIH3T3 cells or MPEI/pGFP, and †p < 0.05 vs. B16-F10 cells. Statistical 

significance was calculated using one-way ANOVA with Tukey’s significant 

difference post-hoc test.  
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5.2.3 IFN-γ-mediated M2-to-M1 phenotypic shift in 

vitro 

Tumor-supportive M2 TAMs prevail in most tumor and are characterized by 

simultaneous secretion of anti-inflammatory agents (predominantly IL-10) and 

growth factors [e.g., transforming growth factor β (TGF-β), vascular endothelial 

growth factor (VEGF)], and high expression of surface molecules, such as CD163 

and macrophage mannose receptor 1 (also known as CD206). Phenotypic plasticity 

of TAMs suggests potential therapeutic approaches in cancer treatment[33]. IFN-γ is 

one of the key drivers for M1 polarization[225] and the IFN-γ gene transfer has been 

utilized to induce M1 macrophages in vivo[221, 222]. Our goal is to program M2 TAMs 

to immunostimulative (M1) phenotype; accordingly, we next performed a set of 

assays to determine whether MPEI/pCAR-IFN-γ can polarize M2 macrophages into 

M1 macrophages. BMDMs were stimulated with IL-4 to polarize to M2 phenotype 

and treated with vehicle (=gene transfection buffer), MPEI harboring a plasmid 

encoding anti-CD19 CAR (MPEI/pCD19), IFN-γ (MPEI/pIFN-γ), MPEI/pCAR or 

MPEI/pCAR-IFN-γ. After 2 h, media was changed, and the cells were collected at 

different time points for further analysis. Vehicle and LPS-treated macrophages 

served as negative and positive controls, respectively. We found that IFN-γ-

contained groups (i.e., MPEI/pIFN-γ and MPEI/pCAR-IFN-γ) significantly 

upregulated M1 [inducible nitric oxide synthase (Inos)]- and downregulated M2 

(Arginase-1)-related gene expression in M2 macrophages, as determined using 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

(Figure 5.7.a). Flow cytometry (Figure 5.7.b) and enzyme-linked immunosorbent 

assay (ELISA) (Figure 5.7.c) studies also revealed a similar trend as the qRT-PCR 

results, with considerably lower levels of CD163 and interleukin 10 (IL-10), both of 

which contribute to cancer development.[226, 227] The immunocytochemistry data 

(Figure 5.7.d) further confirmed the M2- to M1-repolarizing effects of MPEI/pIFN-

γ and MPEI/pCAR-IFN-γ, which are consistent with prior research.[221, 222] The IFN-
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γ release in both an autocrine and paracrine manner[228, 229] from macrophages 

transfected with MPEI/pIFN-γ and MPEI/pCAR-IFN-γ is seemed to induce M1 

phenotype in macrophages.  

Following that, we looked at whether the M2- to M1-phenotypic change 

was sustained in M2 BMDMs transfected with MPEI/pCAR-IFN-γ after cancer cell 

phagocytosis. ALK-expressing Neuro-2a cancer cells were co-cultured with M2 

BMDMs transfected with MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-, or 

MPEI/pCAR-IFN-γ, and the phenotype of cancer cell-phagocytosed M2 BMDMs 

was examined. Flow cytometric analysis indicated that M1 markers were more 

abundant in cancer cell-phagocytosed M2 BMDMs transfected with MPEI/pCAR-

IFN-γ (Figure 5.7.e). The increase of M1 markers would be ascribed to IFN-γ release 

from MPEI/pCAR-IFN-γ-transfected M2 BMDMs. In contrast, reduced cancer cell 

phagocytosis in MPEI/pIFN-γ-transfected M2 BMDMs resulted in decreased M1 

marker expression in cancer cell-phagocytosed M2 BMDMs transfected with 

MPEI/pIFN-γ. 

Flow cytometric analysis revealed the highest expression of M1 markers in 

cancer cell-phagocytosed M2 BMDMs transfected with MPEI/pCAR-IFN-γ (Figure 

5.7.e). The M1 marker upregulation would be attributed to IFN-γ release from the 

MPEI/pCAR-IFN-γ-transfected M2 BMDMs. In contrast, reduced cancer cell 

phagocytosis in MPEI/pIFN-γ-transfected M2 BMDMs led to low M1 marker 

expression in cancer cell-phagocytosed M2 BMDMs transfected with MPEI/pIFN-

γ. Overall, our findings showed that transfection with MPEI/pCAR-IFN-γ 

effectively programmed the macrophage phenotype from M2 to M1 and that the 

phenotypic shift persists after cancer cell phagocytosis. 
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Figure 5.7 M2-to-M1 phenotypic shift in macrophages upon MPEI/pCAR-IFN-γ 

transfection in vitro. mRNA and protein expression levels of M1 (iNOS, CD86, 

TNF-α, and CD80) and M2 (arginase-1, CD163, IL-10, and CD206) markers in M2 

macrophages post in vitro treatments with vehicle (group ⅰ), MPEI complexed with 

a plasmid encoding anti-CD19 CAR (MPEI/pCD19, group ⅱ), anti-ALK CAR 

(MPEI/pCAR, group ⅲ), IFN-γ (MPEI/pIFN-γ, group ⅳ), or MPEI/pCAR-IFN-γ 

(group ⅴ), as evaluated using a) qRT-PCR (n = 7-8), b) flow cytometry (n = 4), c) 

ELISA (n = 3-5), and d) immunofluorescence staining (n = 5). MPEI/pCAR-IFN-γ 

transfection successfully programmed M2 macrophages to M1 phenotype. Nuclei 

were stained with DAPI (blue). Scale bars: 100 μm. LPS-treated macrophages served 

as the positive control (group ⅵ). The expression of the mRNA of interest was 

normalized to that of GAPDH. e) Flow cytometric analysis of M1-associated marker 

(CD86) expression in vehicle-, MPEI/pCD19-, MPEI/pCAR-, MPEI/pIFN-γ-, or 

MPEI/pCAR-IFN-γ-transfected M2 macrophages post co-culture with Neuro-2a 

cancer cells (n = 3). *p < 0.05 vs. vehicle, †p < 0.05 vs. MPEI/pCD19, ‡p < 0.05 vs. 

MPEI/pCAR, ¶p < 0.05 vs. MPEI/pIFN-γ, and &p < 0.05 vs. MPEI/pCAR-IFN-γ. 

Statistical significance was calculated using one-way ANOVA with Tukey’s 

significant difference post-hoc test.  
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5.2.4 Macrophage targeting and programming in vivo 

The majority of MPEI/pCAR-IFN-mediated CAR expression was seen in the tumors 

48 hours following intratumoral injection of MPEI/pCAR-IFN-γ into Neuro-2a 

tumor-bearing A/J mice (Figure 5.8.a). CAR expression was not found in the major 

organs (i.e., kidney, liver, lung, heart, and spleen). As measured by blood levels, 

intratumorally administered MPEI/pCAR-IFN-γ had no systemic effects. 

MPEI/pCAR-IFN-γ exhibited no systemic toxicity after intratumoral injection, as 

measured by serum levels of enzymes reflecting the functions of the liver (aspartate 

aminotransferase and alanine aminotransferase) and kidney (creatinine and blood 

urea nitrogen) (Figure 5.8.b and c). CAR expression was primarily found in 

macrophages (82.0 ± 27.0%), followed by dendritic cells (5.8 ± 0.9%), in the tumors, 

as determined using flow cytometry and immunohistochemistry (IHC) (Figure 5.8.d).  

This suggests that MPEI can aid in the targeted delivery of pCAR-IFN-γ to 

macrophages. The discrepancy in CAR expression between macrophages and 

dendritic cells, both of which express mannose receptors, may be related to the 

preponderance of macrophages over dendritic cells in tumors.[230, 231] Co-localization 

of anti-ALK CAR and ALK-expressing Neuro-2a cancer cells in the tumors was 

found after MPEI/pCAR-IFN-γ injection (Figure 5.8.e), indicating CAR-mediated 

cancer cell phagocytosis. 
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Figure 5.8 Biodistribution, toxicity and macrophage targeting efficiency of 

MPEI/pCAR-IFN-γ. a) Representative ex vivo fluorescence images of major organs 

and tumor tissues 48 h after intratumoral injection of vehicle or MPEI/pCAR-IFN-γ. 

GFP gene was inserted in the pCAR-IFN-γ construct as a surrogate marker for CAR 

expression. b) In vivo toxicity analysis of intratumorally injected MPEI/pCAR-IFN-

γ. Treatment and analysis schedules. A/J mice (n = 4 mice/group) were 

subcutaneously inoculated with 1 × 106 Neuro-2a cancer cells. Vehicle or 

MPEI/pCAR-IFN-γ was then administered intratumorally on days 8 and 11 post the 

inoculation. c) The levels of enzymes reflecting the functions of the liver (AST and 

ALT) and kidney (creatinine and BUN) in the plasma of Neuro-2a tumor-bearing 

mice were measured to evaluate the in vivo toxicity of MPEI/pCAR-IFN-γ (n = 3). 

ns: not significant. Statistical significance was calculated using two-way ANOVA 

with Bonferroni post-hoc tests. d) The percentages of CAR+ cells in the tumor tissues, 

as determined using flow cytometry, which indicated that MPEI/pCAR-IFN-γ was 

internalized mostly by macrophages in the tumors (n = 3). Representative 

fluorescence images of CAR+ (green)
 
macrophages (CD68, red) (white arrows) in 

the tumor tissues harvested 48 h post MPEI/pCAR-IFN-γ injection. Nuclei were 

stained with DAPI (blue). Scale bars: 10 μm. e) Fluorescence images and 

quantification of Neuro-2a cancer cell (red) and CAR (green)-expressing 

macrophage colocalized area relative to DAPI+ (cell) area, indicating CAR-mediated 

cancer cell phagocytosis by the macrophages (white arrows) in the tumor tissues. 

Scale bars: 25 μm. *p < 0.05 vs. (i). Vehicle. 
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5.2.5 Tumor-suppressive effects of intratumorally 

injected MPEI/pCAR-IFN-γ in syngeneic tumor-

bearing mice 

Having shown that MPEI/pCAR-IFN-γ elicited CAR-expressing macrophages in 

vivo, we set out to determine the nanocomplex’s therapeutic efficacy. Healthy A/J 

mice were implanted subcutaneously with Neuro-2a cancer cells to establish a 

syngeneic tumor-bearing mice model. Neuro-2a tumor-bearing mice were randomly 

divided into five groups and injected intratumorally with a vehicle, MPEI/pCD19, 

MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-IFN-γ when the tumors reached a 

volume of around 50 mm3 every three days for up to two total doses (Figure 5.9.a).  

The treatment group that received MPEI/pCAR-IFN-γ exhibited superior anti-tumor 

efficacy, as indicated by the delayed tumor growth (Figure. 5.9.b-d). Other control 

groups that were treated with MPEI/pCAR or MPEI/pIFN-γ still showed tumor 

growth inhibition efficacy, but lower than that of MPEI/pCAR-IFN-γ treatment. In 

addition, Neuro-2a tumors were no longer detectable in 3 of 6 (50%) mice in the 

MPEI/pCAR-IFN-γ injection group at the experimental endpoint (Figure. 5.9.e). 

Meanwhile, the average body weight of mice did not show significant changes over 

16 days after tumor modeling, suggesting a minimal side effect with the treatments 

(Figure. 5.9.f). Then, mice were sacrificed to further examine the therapeutic effects 

at day 16 after tumor modeling. The excised tumors were processed for hematoxylin 

and eosin (H&E) and terminal deoxynucleotidyl-transferase-mediated dUTP-biotin 

nick end labeling (TUNEL) staining. There were much fewer cancer cells (Figure 

5.10.a) and more positive signals of apoptosis (Figure 5.10.b) in MPEI/pCAR-IFN-

γ treatment groups compared to other groups. Collectively, these data indicate that 

both CAR and IFN-γ genes synergistically facilitate anti-tumor therapeutic effects.  
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Figure 5.9 In vivo tumor growth inhibition effects of MPEI/pCAR-IFN-γ. a) 

Treatment and analysis schedules. A/J mice (n = 6-15 mice/group) were 

subcutaneously inoculated with Neuro-2a cancer cells. Vehicle, MPEI/pCD19, 

MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-IFN-γ was then intratumorally 

injected on days 8 and 11 post inoculation. b) Mean and individual tumor growth 

profiles of Neuro-2a tumor-bearing mice following various treatments (n = 15). c) 

Tumor mass and representative images of tumor tissues harvested on day 16 (n = 7-

8). d) Representative photographs of Neuro-2a tumor-bearing mice on days 13 and 

16 post tumor modeling. A/J mice (n = 4 mice/group) were subcutaneously 

inoculated with 1 × 106 Neuro-2a cancer cells, following intratumoral administration 

of vehicle, MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-IFN-γ on 

days 8 and 11 post the inoculation. e) Survival of Neuro-2a-bearing mice following 

various treatments (n = 6). Statistical significant differences were determined using 

the Kaplan–Meier method. f) Body weights of the mice (n = 8). ns: not significant.  
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Figure 5.10 Reduced cancer cells and increased apoptotic cells in the tumors after 

MPEI/pCAR-IFN-γ treatment. a) Representative images of hematoxylin and eosin-

stained tumor tissues on day 16, showing reduced number of cancer cells in the 

tumors of mice treated with MPEI/pCAR-IFN-γ. Scale bars: 100 μm. b) TUNEL 

staining and quantification of TUNEL+ (green) area relative to DAPI+ (blue) area for 

evaluation of apoptotic cells in tumor tissues harvested on day 16 post tumor 

modeling (n = 5). Scale bars: 25 μm. k) Percentages of CAR+ macrophages in the 

tumors (n = 3) on day 16. *p < 0.05 vs. vehicle, †p < 0.05 vs. MPEI/pCD19, ‡p < 

0.05 vs. MPEI/pCAR, and ¶p < 0.05 vs. MPEI/pIFN-γ. Statistical significance was 

calculated using two-way ANOVA with Bonferroni’s multiple comparison tests or 

one-way ANOVA with Tukey’s significant difference post-hoc test. 
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5.2.6 MPEI/pCAR-IFN-γ enhances CD8+ T cell 

response in vivo 

To further study the immune mechanism underlying the robust anti-tumor effects of 

MPEI/pCAR-IFN-γ, we analyzed the tumors of the Neuro-2a tumor-bearing mice on 

day 16 using flow cytometry. We found that high-level expression of the CAR gene 

in macrophages (10.3 ± 2.7% of CD11b+ macrophages) in the tumors (Figure 5.11.a). 

We hypothesized that CAR-mediated TA-processed CAR-M1 macrophages would 

play a pivotal role in initiating a further adaptive immune response together with 

IFN-γ-mediated pro-inflammatory TME modulation. We investigated the changes in 

the immune context of the tumor niche on day 16 in several aspects. First, tumor 

tissues were extracted and analyzed using qRT-PCR for the expression of M1 

(Cd80)-associated markers and a marker (Granzyme b) of activation of both 

cytotoxic T cell and natural killer cells, as compared to the other groups (Figure 

5.11.b). IHC and flow cytometry studies of tumors revealed an increase in M1 

macrophage markers (CD86 and iNOS) and a reduction in M2 macrophage markers 

(Arginase-1 and CD163) expression in the MPEI/pCAR-IFN-γ group (Figure 5.11.c 

and d). The increased iNOS generation in the MPEI/pCAR-IFN-γ group is most 

likely due to IFN-γ secretion, which stimulates iNOS expression.[232] iNOS is 

recognized to have an important role in M1 macrophage tumoricidal activity and 

arginase-1 downregulation.[233] The MPEI/pCAR injection did not polarize 

macrophages to the M1 phenotype in the absence of IFN-γ gene delivery. The results 

of macrophage polarization in vivo were similar with those obtained in vitro. The 

number of macrophages in tumors increased in the MPEI-treated groups 

(MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-γ, and MPEI/pCAR-IFN-γ) (Figure 

5.11.e), most likely due to MPEI's adjuvant effects.[234] Despite the fact that these 

groups had similar numbers of macrophages in tumors, the higher number of M1 

macrophages in the MPEI/pCAR-IFN-γ group (Figure 5.11.b-d) is most likely 

attributable to the M2- to M1-phenotypic change. 



 

 １４０  

a

c

Granzyme b

d

ⅰ ⅱ ⅲ ⅳⅴ

†2

1.5

1

0.5

0

1.5

1

0.5

0

* †
*

Re
la

tiv
e 

M
FI

(C
D8

6)

ⅰⅱ ⅲⅳ ⅴ

M2 markerM1 marker

Re
la

tiv
e 

M
FI

(C
D1

63
)

ⅰ. Vehicle ⅱ. MPEI/pCD19
ⅲ. MPEI/pCAR

15
10

Cd80 5

ⅳ. MPEI/pIFN-γ
ⅴ. MPEI/pCAR-IFN-γ

A B C D E

1

2 5
10
15

5
10
15

M
PE

I/p
CA

R-
IF

N
-γ

Ve
hi

cl
e

M
PE

I/p
CD

19
M

PE
I/p

CA
R

M
PE

I/I
pF

N
-γ

M1 marker M2 marker
CD68 CD68iNOS Merge MergeArginase-1

240

180

120

60

0

1.5

1

0.5

0

* † ‡

iN
O

S+
ar

ea
 / 

DA
PI

+
ar

ea

Ar
gi

na
se

-1
+

ar
ea

 / 
DA

PI
+

ar
ea

ⅰ ⅱ ⅲⅳⅴⅰⅱ ⅲⅳ ⅴ

* † ‡

* † ‡
* † ‡

CD
11

b

Vehicle MPEI/pCAR-IFN-γ

1.2 ± 1.6 % 10.3 ± 2.7 %

CAR (FITC)

b

%
 C

D4
5+

 C
D1

1b
+

ce
lls

50

0
ⅰ ⅱ ⅲ ⅳ ⅴ

40

30

20

10

*

ⅰ. Vehicle
ⅱ. MPEI/pCD19

ⅳ. MPEI/pIFN-γ
ⅴ. MPEI/pCAR-IFN-γ

ⅲ. MPEI/pCAR

*

*

*

e



 

 １４１  

Figure 5.11 M2-to-M1 phenotype changes of macrophages in the tumors after 

various treatments. a) Percentages of CAR+ macrophages in the tumors (n = 3) on 

day 16. Immune modulation in the tumor microenvironment by MPEI/pCAR-IFN-γ 

in an immunocompetent murine syngeneic solid tumor (Neuro-2a) model. b) 

Assessment of a M1 (CD80) macrophage marker and a marker for activated 

cytotoxic T cells (granzyme b) in the tumor tissues on day 16, as evaluated using 

qRT-PCR (n = 4). c) IHC analysis, quantification of iNOS+ or Arginase-1+ (red) area 

relative to DAPI+ (cell) area (n = 4), and d) flow cytometric analysis (n = 6) for 

evaluation of changes in M1 and M2 markers in the tumor tissues harvested on day 

16. Nuclei and macrophage marker were stained with DAPI (blue) and CD68 (green), 

respectively. Scale bars: 50 μm. e) Percentages of CD45+CD11b+
 
(a pan-macrophage 

marker)-expressing cells in the tumors harvested 5 d post the last injection of vehicle, 

MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-IFN-γ to Neuro-2a 

tumor-bearing mice, as assessed using flow cytometry (n = 4). Statistical 

significance was calculated using one-way ANOVA with Tukey’s significant 

difference post-hoc test. *p < 0.05 v.s vehicle, †p < 0.05 vs. MPEI/pCD19, ‡p < 0.05 

vs. MPEI/pCAR, and ¶p < 0.05 vs. MPEI/pIFN-γ.  
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Next, we looked at how MPEI/pCAR-IFN-γ-induced CAR-M1 

macrophages influence surrounding immune cells. Because macrophages are both 

phagocytic innate cells and professional antigen-presenting cells, they serve as a 

bridge between innate and adaptive anti-tumor immunity.[235] Macrophages can 

present antigens from phagocytosed tumor cells, causing T-cell activation.[14, 15]  

In the tumors of MPEI/pCAR or MPEI/pCAR-IFN-γ-treated mice, we 

found a substantial increase in activated CD8+ T cells, as evidenced by an increase 

in the density of CD8+ T cells expressing granzyme B or IFN-γ expression (Figure 

5.12.a-c). CAR-mediated tumor cell phagocytosis and subsequent activation of 

CD8+ T cells by CAR-M1 macrophages may be responsible for the enhanced anti-

tumor activity of CD8+ T cells (Figure 5.1). Furthermore, the MPEI/pCAR-IFN-γ 

injection increased the expression of granzyme B (Figure 5.11.b), a cytotoxic T cell 

and NK cell activation marker. When stimulated with Neuro-2a cancer cell lysates, 

splenocytes derived from MPEI/pCAR-IFN-γ-treated mice produced the greatest 

amounts of IFN-γ and TNF-α in vitro (Figure 5.12.d), indicating the highest number 

of tumor-specific CTL. 
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Figure 5.12 Enhanced anti-tumor activities in the tumors after MPEI/pCAR-IFN-γ 

treatment. a) Percentages of CD8+ T cells in the tumors and number of CD8+ 

granzyme B+ cytotoxic T cells per gram of the tumors. b) IHC staining for CD8+ 

(red) and IFN-γ+ (green) cells in tumors harvested 5 d post the last intratumoral 

injection of vehicle, MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-

IFN-γ into Neuro-2a tumor-bearing mice. Nuclei were stained using DAPI (blue). 

Scale bars: 50 μm. c) Quantification of CD8+,
 
IFN-γ+, or CD8+IFN-γ+ areas relative 

to the DAPI+ (cell) area in the tumor section shown in (b) (n = 5). d) Tumor-specific 

CD8+ T cell analysis. Splenocytes were obtained 5 d after the last injection of vehicle, 

MPEI/pCD19, MPEI/pCAR, MPEI/pIFN-γ, or MPEI/pCAR-IFN-γ into Neuro-2a 

tumor-bearing mice and restimulated using Neuro-2a cancer cell lysates for 3 d. 

Concentrations of IFN-γ and TNF-α in the culture media of the splenocytes were 

measured to assess the antigen-specific CD8+ T cell responses (n = 7). Statistical 

significance was calculated using one-way ANOVA with Tukey’s significant 

difference post-hoc test. *p < 0.05 vs. vehicle, †p < 0.05 vs. MPEI/pCD19, ‡p < 0.05 

vs. MPEI/pCAR, and ¶p < 0.05 vs. MPEI/pIFN-γ.  
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Meanwhile, MPEI/pCAR-IFN-γ injection reduced the CD4+CD25+Foxp3+ 

regulatory T (Treg) cell population in tumors substantially (Figure 5.13.a). The 

greatest CD8/Treg ratio in the tumors of MPEI/pCAR-IFN-γ-treated mice (Figure 

5.13.b) indicates the most effective anti-tumor action. The lowest levels of 

transforming growth factor β (TGF-β) expression in the tumors (Figure 5.13.c). The 

MPEI/pCAR-IFN-γ group had the smallest number of Treg cells due to the lowest 

levels of transforming growth factor β (TGF-β) expression in the tumors (Figure 

5.13.c). Because of the immunological adjuvant properties of MPEI as mentioned 

above, ELISA results showed that groups containing MPEI had considerably higher 

levels of pro-inflammatory cytokines (TNF-α and IFN-γ) in tumors (Figure 5.13.d). 

TNF-α and IFN-γ levels were greatest in the MPEI/pIFN-γ and MPEI/pCAR-IFN-γ 

groups, demonstrating that pIFN-γ administration promoted pro-inflammatory 

responses in the tumors. Notably, the MPEI/pCAR-IFN-γ injection decreased the 

production of anti-inflammatory cytokines, IL-4 and IL-10, in the tumors (Figure 

5.13.e), which is associated with a decrease in M2 macrophages and Treg cells in the 

tumors.[236] Collectively, findings are linked to the favorable outcome of 

MPEI/pCAR-IFN-γ therapy.  
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Figure 5.13 Reduced pro-tumor activities in the tumors after MPEI/pCAR-IFN-γ 

treatment. a) Number of Treg cells per gram of the tumors, and b) ratios of tumor-

infiltrating CD8+ T cells to Treg cells in the tumors on day 16, as assessed using flow 

cytometry (n = 5-6). c) IHC for TGF-β (green) and quantification of TGF-β+ area 

relative to DAPI+ (blue) area in the tumors on day 16 (n = 5). Scale bars: 50 μm. 

Levels of d) proinflammatory cytokines (TNF-α and IFN-γ) and e) anti-

inflammatory cytokines (IL-4 and IL-10) in the tumor lysates on day 16, as 

determined using ELISA (n = 4-5). Statistical significance was calculated using one-

way ANOVA with Tukey’s significant difference post-hoc test. *p < 0.05 vs. vehicle, 

†p < 0.05 vs. MPEI/pCD19, ‡p < 0.05 vs. MPEI/pCAR, and ¶p < 0.05 vs.  

MPEI/pIFN-γ.  
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5.2.7 Anti-tumor efficacy of systemically administered 

MPEI/pCAR-IFN-γ 

To see if systemically given MPEI/pCAR-IFN-γ generates comparable anti-tumor 

immune responses, we first evaluated MPEI/pCAR-IFN-γ biodistribution following 

intraperitoneal injection into Neuro-2a tumor-bearing mice. Because macrophages 

are more numerous in the peritoneal cavity, intraperitoneal injection is favored over 

intravenous injection for gene delivery to macrophages.[237, 238] MPEI/pCAR-IFN-γ-

mediated CAR expression was observed in the tumors (Figure 5.14.a). Although 

CAR expression was found in other organs, the potential harm caused by CAR 

expression to normal tissues would be minimal due to the selectivity of CAR for 

ALK antigens on Neuro-2a tumors.[214, 239] CAR expression in the tumors is most 

likely owing to CAR-expressing immune cells, especially macrophages (63.4 ± 

14.4%) (Figure 5.14.b). CAR-expressing dendritic cells (27.2 ± 6.5%) can also exert 

anti-tumor effects via tumor phagocytosis and subsequent TA presentation to T 

cells.[240] Interactions between the generated CAR-M1 macrophages and Neuro-2a 

cancer cells in the tumors (Figure 5.14.c) can result in CAR-mediated cancer cell 

phagocytosis. The therapeutic effects of MPEI/pCAR-IFN-γ following 

intraperitoneal administration into Neuro-2a tumor-bearing mice were next 

investigated (Figure 5.14.d). The MPEI/pCAR-IFN-γ injection slowed tumor 

development (Figure 5.14.e), and there was no indication of systemic toxicity in 

animals treated with MPEI/pCAR-IFN-γ (Figure 5.14.f and g). These findings 

suggest that MPEI/pCAR-IFN-γ can generate anti-tumor immune responses 

following administration via either local or systemic routes. 
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Figure 5.14 Anti-tumor efficacy of intraperitoneally administered MPEI/pCAR-

IFN-γ in tumor-bearing A/J mice. a) Representative ex vivo fluorescence images of 

major organs and tumor tissues 48 h post intraperitoneal injection of vehicle or 

MPEI/pCAR-IFN-γ. GFP gene was inserted in the pCAR-IFN-γ construct as a 

surrogate marker for CAR expression. b) Percentages of CAR+ cells in the tumor 

tissues, as determined using flow cytometry, indicating that MPEI/pCAR-IFN-γ was 

internalized mainly by the macrophages in the tumors (n = 3). Representative 

fluorescence images of CAR+ (green)
 
macrophages (CD68, red) (white arrows) in 

tumor tissues harvested 48 h post the MPEI/pCAR-IFN-γ injection. Nuclei were 

stained with DAPI (blue). Scale bars: 25 μm. c) Fluorescence images and 

quantification of Neuro-2a cancer cell (red) and CAR (green)-expressing 

macrophage colocalized area relative to DAPI+ (cell) area, indicating CAR-mediated 

cancer cell phagocytosis by the macrophages (white arrows) in the tumor tissues. 

Scale bars: 10 μm. d) Treatment and analysis schedules. A/J mice (n = 6 mice/group) 

were subcutaneously inoculated with Neuro-2a cancer cells. Vehicle or 

MPEI/pCAR-IFN-γ was then intraperitoneally injected on day 4 post the tumor 

inoculation. e) Mean tumor growth profiles of Neuro-2a tumor-bearing mice 

following vehicle or MPEI/pCAR-IFN-γ treatments (n = 5). f) Body weights of the 

mice (n = 6). g) Levels of enzymes reflecting the functions of the liver (AST and 

ALT) and kidney (creatinine and BUN) in the peripheral blood of Neuro-2a tumor-

bearing mice that received an intraperitoneal injection of vehicle or MPEI/pCAR-

IFN-γ (n = 3). ns: not significant. Statistical significance was calculated using two-

way ANOVA with Bonferroni post-tests. *p < 0.05 vs. vehicle.  
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CAR-T cell therapy has not to be shown clinically effective in the treatment 

of solid tumors.[25, 26] This might be attributed mostly to CAR-T cell inability to 

penetrate specific kinds of solid tumors and CAR-T cell deactivation in the 

immunosuppressive TME of solid tumors.[24, 25] To overcome the challenge of CAR-

T cell therapy's low therapeutic effectiveness in solid tumors, in the present study, 

we in vivo programmed M2 TAMs to CAR-expressing M1 macrophages. 

Macrophages have been shown to intrinsically penetrate solid tumors.[201, 241] M2 

TAMs make up a significant percentage of the TME of solid tumors and are 

distinguished by the simultaneous production of anti-inflammatory chemicals (most 

notably IL-10) and growth factors, as well as high expression of surface markers 

such as CD163 and macrophage mannose receptor 1 (also known as CD206).[27, 29-31] 

M1 macrophages, on the other hand, have anti-tumor characteristics and can inhibit 

tumor development by producing pro-inflammatory molecules. The phenotypic 

flexibility of TAMs implies that macrophages might be used as a possible therapeutic 

strategy in cancer therapy.[33] We chose the IFN-γ gene to switch CAR-Ms from an 

immunosuppressive (M2) to an immunostimulative (M1) phenotype since IFN-γ is 

a critical driver of M1 polarization.[225] IFN-γ gene transfer has been previously 

utilized to induce M1 macrophages in vivo.[221, 222] Furthermore, recombinant IFN-γ 

administration has been utilized to treat various types of tumors.[242] However, 

growing data suggests that IFN-γ treatment frequently results in significant adverse 

effects due to off-target of IFN-γ.[71, 72] In contrast, our approach of in situ 

reprogrammed CAR-M1 macrophages would allow the IFN-γ effects to be locally 

imposed on the tumors via macrophage-targeting polymer nanocarriers. By 

delivering antigens to T cells, macrophages play a major role in establishing an 

adaptive anti-tumor immune response.[235] However, expression of CD47, a marker 

of self, on cancer cells suppresses macrophage-mediated cancer cell phagocytosis 

via an interaction between CD47 and signal regulatory protein-α (SIRPα) on 

macrophages.[209] It has been proposed that CAR-mediated engulfment of cancer 

cells can increase cancer cell phagocytosis and subsequent antigen presentation by 
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macrophages[220] or by blocking the CD47/SIRPα-mediated ‘don’t-eat-me’ signaling 

pathway.[243] Given this, we predicted that in vivo programming of M2 TAMs to 

CAR-M1 macrophages might result in higher anti-tumor effectiveness on solid 

tumors. The programming resulted in CAR-mediated tumor-specific phagocytosis 

(Figure 5.6), decreased production of of immunosuppressive factors from TAMs 

(Figures 5.7 and 5.11), and enhanced tumor-specific T cell activation (Figure 5.12). 

The complicated and costly methods of ex vivo CAR-T cell manufacturing, 

as well as the possible tumorigenicity risk of the viral vector used to manufacture 

CAR-T cells, restrict the therapeutic uses of CAR-T cell treatment.[197] By 

administering pCAR-IFN-γ to macrophages, we were able to in vivo program M2 

TAMs to CAR-expressing M1 macrophages. This approach avoids CAR-expressing 

immune cell ex vivo procedures (e.g., CAR-T cells or CAR-Ms). CAR-T cells were 

previously produced in vivo by transferring CAR genes to T cells.[81] We used a non-

viral transfection method – MPEI – to avoid the possible tumorigenicity of the viral 

vectors. Polyethylenimine (PEI) has been widely utilized as a non-viral vector with 

excellent effectiveness for DNA delivery.[244] As a non-viral vector, we utilized 

MPEI, which is widely recognized for improving gene transport to mannose 

receptor-expressing cells like macrophages.[206] Furthermore, we chose MPEI to 

reduce toxicity.[83, 206] Consistent with previous studies,[223, 224] MPEI and 

MPEI/pCAR-IFN-γ showed no toxicity (Figures 5.4, 5.8, 5.9, and 5.14), which can 

be ascribed to the mannose residues. By changing the lipid content of the cell 

membrane, positively charged PEI has the potential to destabilize negatively charged 

plasma membranes.[245] Mannose has the potential to decrease the toxicity of PEI 

because mannosylated nanoparticles have the ability to enter cells via receptor-

mediated endocytosis rather than adsorptive endocytosis induced by electrostatic 

interactions between PEI and cell membranes.[83]  

We used piggyBac®, a transposon-mediated genetic cargo delivery 

technique that effectively inserts vectors into chromosomes through a cut-and-paste 

process. We employed a transposon-mediated genetic cargo delivery method, 
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piggyBac®, which efficiently integrates vectors into chromosomes via a cut-and-

paste mechanism,[211-213] as used in previous studies.[81, 246-248], to transport large-sized 

genes and maintain long-term gene expression in vivo. PiggyBac® is not 

immunogenic and has been shown to be less carcinogenic than viral vectors.[249-251] 

This is due to the piggyBac® system's lower likelihood of being integrated at 

transcriptional start sites.[251]  

Our findings demonstrate that our gene/non-viral vector construct, 

MPEI/pCAR-IFN-γ, can successfully transport pCAR-IFN-γ genes to macrophages 

(Figures 5.5, 5.8, and 5.14), give macrophages with TA-specific phagocytic 

capability (Figure 5.6), and cause an M2- to M1-phenotypic shift (Figures 5.7 and 

5.8). MPEI/pCAR-IFN-γ infusions improved anti-tumor and pro-inflammatory 

immune responses in mice, as indicated by increased CD8+ T cell activity and a 

decrease in the number of Treg cells in tumors (Figure 5.13). IFN-γ gene delivery, 

which polarized macrophages to the M1 phenotype, and CAR gene administration 

synergistically promoted macrophage polarization to the pro-inflammatory M1 

phenotype (Figure 5.11). CAR-expressing macrophages phagocytosed cancer cells, 

presented TAs, and activated TA-specific T cells into cytotoxic T cells. Cytotoxic T 

cells increased IFN-γ release, which can cause macrophage M1 polarization.[242]  

The difference in M1 polarization between MPEI/pIFN-γ and MPEI/pCAR-

IFN-γ indicates synergistic production of M1 phenotype in macrophages by delivery 

of IFN-γ and CAR genes (Figure 5.11 b-d). The decreased Treg cell population in the 

tumors of MPEI/pCAR-IFN-γ-treated mice was most likely owing to M2 

macrophage downregulation, which has a dramatic effect on Treg cell development 

and recruitment.[252] TGF-β, which is required for Treg cell development, is primarily 

released by Treg cells, M2 macrophages, and cancer cells.[35] TGF-β expression 

decreased in the tumors of MPEI/pCAR-IFN-γ-treated mice (Figure 5.13.c), 

supporting the limited population of Treg cells (Figure 5.13.a). Reduced interaction 

between M2 macrophages and Treg cells in the tumors may enhance CD8+ T cell 
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proliferation. Collectively, these findings suggest that both TA presentation and pro-

inflammatory regulation are necessary for CD8+ T cell activation.[6] 
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5.3 Conclusions 

In conclusion, our research shows that MPEI/pCAR-IFN-γ may generate CAR-M1 

macrophages in vivo for efficient anti-tumor immunity. This method may address 

numerous current CAR-T cell therapy difficulties, such as complex CAR immune 

cell production procedures and unsatisfactory clinical results in solid tumor 

treatment. The MPEI/pCAR-IFN-γ nanocomplex can be manufactured using a fast 

two-step, charge-driven self-assembly process. This straightforward and low-cost 

procedure may provide an easy way to advance CAR technology for wider 

applications. 

 

5.4 Acknowledgements 

This work was supported by grants (2017R1A2B3005842 and 2020R1A4A3078645) 

from National Research Foundation of Korea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 １５６  

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6. 

CONCLUDING REMARKS 
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In this thesis, we developed two nanoparticle systems for cancer immunotherapy 

applications. The goals of this thesis were to develop a nanomedicine that can be 

used as an alternative to current cancer immunotherapy with enhanced therapeutic 

efficacy. Many current cancer immunotherapies have limited therapeutic efficacy 

due to a lack of tumor targeted-delivery efficiency and diverse immunosuppressive 

factors in the tumor microenvironment. In addition, some cancer immunotherapy 

requires a complicated, laborious, and costly manufacturing process. Addressing 

these drawbacks, we were motivated by the current work in nanotechnology for 

cancer therapy we reviewed in Chapter 2 and have demonstrated throughout Chapter 

4 and 5 a facile approach to engineering nanoparticles (e.g., TCMNP and 

MPEI/pCAR-IFN-γ) that can provide tumor-targeted, multifunction-driven anti-

tumor activities that revitalize pro-inflammation in cancer progression. 

Nanoparticles developed in this thesis may provide facile, low-cost, non-toxic, and 

highly effective alternatives for current cancer immunotherapies.  

 

 In Chapter 4, we developed a novel T cell-membrane-coated nanoparticle 

(TCMNP) that has the potential to improve the current cancer immunotherapies such 

as adoptive T cell transfer and immune checkpoint inhibitors (Figure 4.1). Our 

results suggest that the biological activity of the T cell membrane can be retained 

upon coating onto TCMNPs and is critical in providing the nanoparticles with 

complex biological functions to better interact with the tumor microenvironment. 

TCMNPs have a key cytotoxic function against cancer cells as T cells do and can act 

as immune checkpoint inhibitors. In contrast, TCMNPs are free from 

immunosuppression in the tumor microenvironment, unlike T cells. Specifically, 

TCMNPs are composed of a surface coating of T cell membranes containing 

multiple proteins (e.g., LFA-1, TGF-β1R, FasL, and PD-1) (Figure 4.3) that are 

critical in binding with the endothelium, (1) mediating nanoparticle accumulation in 

the tumor microenvironment (via LFA-1) (Figure 4.8) while (2) preventing 

immunosuppressive influence from CTLs (via TGF-β1R and PD-1) (Figure 4.5, 4.6, 
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4.7, and  4.11) and (3) directly killing cancer cells (via FasL) (Figure 4.4). Unlike 

existing immune checkpoint inhibitors (e.g., aPD-L1), TCMNPs are highly 

accumulated in tumors and elicit multi-anti-tumor activities [(1)-(3) as mentioned 

above], providing a synergistic effect that results in superior tumor growth inhibition 

effects (Figure 4.10). Unlike adoptive T cell transfer therapy, in vivo studies 

demonstrated that TCMNPs enhanced cancer cell apoptosis and reinvigorated CTLs 

by blocking inhibitory factors such as PD-L1 and TGF-β1, thereby elevating the 

infiltration of CTLs and decreasing the infiltration of immunosuppressive Treg cells. 

The anti-tumor activities of TCMNPs prevent metastasis as well (Figure 4.12). We 

also observed that the therapeutic efficacy of TCMNPs could be enhanced by anti-

tumor drug (e.g., dacarbazine) loading in TCMNPs (Figure 4.13). Over existing 

synthetic nanoparticles that are quickly cleared from the body, TCMNPs remain 

highly stable in vivo after intravenous injection, allowing TCMNPs to have much 

longer therapeutic efficacy after the drug loading. Importantly, the anti-tumor actions 

of TCMNPs are not limited to particular cancer cell types (Figure 4.14) and do not 

involve the additive manufacturing process. Collectively, these observations 

demonstrate the utility of TCMNPs for cancer immunotherapy and suggest that they 

may represent a more effective substitute for current cancer treatments.  

Several points, however, need to be considered regarding their future 

clinical application. We developed TCMNPs by coating nanoparticles of PLGA with 

T cell membrane derived from the EL4 cell line, a murine T cell line, because of its 

stable protein expression as primary T cells do. Although the T cell membrane used 

for TCMNP fabrication was derived from a T cell line (EL4 cell) rather than primary 

T cells, the risk of tumorigenesis after TCMNP injection in vivo would be low 

because only the plasma membrane parts without tumorigenic genetic materials were 

used for TCMNP fabrication. Regarding the future clinical translation of TCMNPs, 

other natural cell membrane sources, including a human T lymphocyte cell line[105] 

or human primary cytotoxic T lymphocytes[113, 168] could be utilized as an alternative 

to the EL4 cell line for T cell membrane coating. Furthermore, the scale-up issues 
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should be considered to reduce manufacturing time and produce a therapeutic dose. 

Ex vivo production of T cells at a clinical scale[253-255] can supply a large quantity of 

T cell membranes, which makes membrane collection simple and scalable for 

efficient manufacturing. 

The current approach of TCMNPs to delay tumor growth relies on a pre-

existing population of CTLs in tumor tissues.[256] Thus, TCMNPs would exhibit a 

limited therapeutic efficacy in treating some tumors that tumor-reactive T cells 

cannot penetrate.[53] For example, ‘cold’ tumors are lack or paucity of T cell 

infiltration into the TME,[257] thus are difficult to have desirable outcomes after 

cancer immunotherapy. To maximize the therapeutic impact of TCMNPs to those 

types of ‘cold’ tumors, pretreatment, such as intratumoral injection of immune 

agonist[258] and irradiation,[259] to convert ‘cold’ tumors to ‘hot’ tumors (that are 

characterized by high T cell infiltration and anti-tumor immune activation) could be 

employed. Moreover, the efficacy of TCMNPs could be improved by the 

combination with CTLA-4 blockades. Blockade of CTLA-4 can promote anti-tumor 

T cell expansion in the draining lymph nodes.[260] Due to the distinct mechanisms in 

inducing anti-tumor responses between CTLA-4 blockade and TCMNPs, TCMNPs 

combined with CTLA-4 blockade would further enhance therapeutic outcomes.  

 

In Chapter 5, we described a macrophage-targeting DNA-carrying 

nanoparticle (MPEI/pCAR-IFN-γ) to in vivo program macrophages with tumor-

recognizing and anti-tumor immune response modulating capabilities (Figure 5.1). 

The results described here establish for the first time that CAR technology can be 

extended to in vivo programming of macrophages by using nanoparticles. Mannose 

moiety in MPEI/pCAR-IFN-γ nanocomplex allows genes (i.e., pCAR-IFN-γ) to be 

efficiently delivered into in vivo macrophages and edit the cells to have cancer-

killing (via CAR) and immune-modulating (from anti-inflammatory to pro-

inflammatory phenotype via IFN-γ) ability. We found that MPEI/pCAR-IFN-γ 

nanocomplex-reprogrammed macrophages act as a ‘living drug’ that targets and 
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phagocytoses cancer cells and ultimately activates CTLs by presenting the 

phagocytosed cancer cells. Importantly, MPEI/pCAR-IFN-γ-mediated macrophage 

can intrinsically penetrate solid tumors, thereby eliciting anti-tumor responses in 

solid tumors, which is not the case in current CAR-T cell therapy. Specifically, we 

observed the CAR-mediated tumor-specific phagocytosis (Figure 5.6, 5.8, and 5.14), 

reduced secretion of immunosuppressive factors from tumor-associated 

macrophages (Figure 5.7 and 5.11), and increased tumor-specific T cell activation 

(Figure 5.12), which are all promoted by MPEI/pCAR-IFN-γ-mediated macrophage 

in vivo programming. PiggyBac® transposon system in MPEI/pCAR-IFN-γ reduced 

tumorigenicity concerns associated with using a viral vector, suggesting the potential 

of clinical implementation of MPEI/pCAR-IFN-γ. Furthermore, MPEI/pCAR-IFN-

γ avoids the complicated and costly process of ex vivo CAR-cell (e.g., CAR-T or 

CAR-NK cell, and CAR-macrophage) production, and the anti-tumor immune 

responses are not limited to either local or systemic injection routes (Figure 5.14). 

Altogether, this nanomedicine could therefore be used as a practical approach to 

broaden CAR-technology to be effective for solid tumors. 

While we only delivered pCAR-IFN-γ for in vivo programming of 

macrophages in this thesis, additional genes to the gene construct may offer 

opportunities to prevent potential cytotoxic T cell exhaustion or increase T cell 

infiltration into the tumors. For example, recent work from Rafiq and colleagues 

developed CAR-T cells secreting an scFv to block PD-1,[261] offering enhanced anti-

tumor acitivity of CAR-T cell therapy. The PD-1-blocking scFv secretion from 

CAR-T cells localized the therapeutic efficacy to tumor sites, thereby preventing 

systemic toxicity as well. Similarly, the delivery of additional PD-1-blocking scFv 

part to pCAR-IFN-γ to macrophages may prevent PD-1-related dampening of nearby 

cytotoxic T cells. Furthermore, cytotoxic T cell accumulation in tumors is necessary 

to exploit their effector functions,[8] but the T cell infiltration is often hindered in 

stroma-rich solid tumors.[23] A previous study demonstrated that engineering CAR T 

cells to secrete ECM-modifying enzymes can facilitate the penetration of CAR T 
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cells into solid tumors.[262] Applying these techniques to cancer immunotherapies 

could provide critical insight to generating an anti-tumor response that has not yet 

shown effective clinical outcomes. 

The lack of identified tumor-specific antigens on the surfaces of solid 

tumors is a major problem for CAR-T cell therapy applying against solid tumors. 

TAs should be determined for the CAR construct of MPEI/pCAR-IFN-γ as well. 

Several human tumor-associated antigens, such as Melanoma-associated 

antigen 3 (MAGE-A3) and G antigen 1 (GAGE-1),[263, 264] that have been already 

identified, can be a potential target of CAR for clinical application of MPEI/pCAR-

IFN-γ. Thus, our approach can be applied clinically for these types of tumors. Also, 

personalized neoantigens (mutated antigens specifically expressed by tumors) 

identified by sequencing and computational analyses[265] can be used as TAs for CAR 

construction. These technological advances together offer a promising prospect for 

the translation of MPEI/pCAR-IFN-γ. 
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요약	(국문초록)	

입양	 T	 세포	 전달	 치료법	 [예	 :	 키메라	 항원	 수용체	 (CAR)-T	 세포	

면역	요법]	및	면역관문억제제를	포함한	암	면역	치료제는	암	치료에서	

괄목할만한	치료효과를	보여주고	있다.	 성공적인	암	면역	요법은	항암	

반응이	 암	 특이적이면서	 치료	 효과가	 오래	 지속된다는	 장점이	 있다.	

그럼에도	불구하고,	 현재	암	면역	치료제는	일부의	환자에게만	효과가	

있다.	 제한된	치료	효과는	부분적으로	 (1)	 암	 면역	 치료제의	낮은	암	

전달	효율	및	 (2)	 암	면역	치료제의	항암	반응을	방해하는	종양	미세	

환경의	다양한	면역	억제	인자	때문이다.	더욱이,	 (3)	복잡한	생체	외	

세포	제조	절차와	 CAR-T	세포	면역	요법의	고형암에	대한	낮은	치료	

효능은	현재의	암	면역	치료제의	광범위한	적용에	방해요소가	되고	있다.	

나노	입자	기반	암	면역	치료법은	이러한	단점을	극복하기위한	유망한	

치료	전략으로	주목받고	있다.	

	 본	 논문의	 주요	 목표는	 현재의	 암	 면역	 치료제의	 한계점을	

개선하기	 위한	 나노	 입자를	 개발하는	 것이다.	 이	 논문은	 (1)	

효율적으로	 암에	 전달되고,	 (2)	 여러가지	 기전으로	 항암	 면역	 반응을	

향상시키면서,	(3)	쉽게	제조	할	수	있는	두	가지	나노	입자를	제시한다.	

한	 가지는	 T	 세포막을	 나노	 입자에	 코팅(TCMNP)하여	 개발하였다.	

TCMNP 는	 면역관문억제제	 기능	 외에	 (1-1)	 T	 세포막에서	 유래한	

단백질을	통해	암을	표적할	수	있으며,	 (2-1)	항암	약물을	방출하거나	

Fas	 리간드	 매개를	 통해	 암세포	 사멸을	 유도할	 수	 있기에	



 

 １７６  

면역관문억제제와	 비교하였을	 때	 더	 높은	 암치료	 효과를	 가진다.	

TCMNP 는	 입양	 T	 세포	 전달	 치료법과	 다르게	 면역	 억제	 인자를	

제거하여	 항암면역세포을	 돕는	 작용으로	 암세포를	 제거할	 수도	 있다.	

또한,	(3-1)	TCMNP는	저렴한	비용으로	2	일	이내에	T	세포주	및	합성	

고분자로부터	용이하게	제조	할	수	있다.	본	논문에서	개발된	또	다른	

한	 가지	 나노입자는	 항암성(CAR)과	 친염증	 표현형(M1)을	 갖도록	

대식세포를	 프로그래밍	 할	 수	 있는	 대식세포-표적	 캐리어와	 DNA 의	

나노	 복합체이다.	 나노	 복합체를	 생체	 내	 주입하는	 것은	 (1-2)	

성공적으로	암	내	대식세포를	표적하고,	(2-2)	CAR매개	암	포식	작용	

및	 항암	 면역	 조절이	 가능한	 CAR-M1	 대식세포를	 유도하여	 CAR-T	

세포	면역	요법과	비교하였을	때	고형암에서	더	높은	치료효과를	가진다.	

또한,	이	접근법을	통해	(3-2)	생체	외	CAR-발현	세포	생산의	힘들고	

비용이	 많이	 드는	 과정을	 피할	 수	 있다.	 결론적으로,	 본	 논문은	 목표	

부위에	 효율적으로	 전달되고,	 다방면으로	 항암	 면역반응을	 유도하는	

나노	 입자를	 제작하는	 손쉬운	 접근	 방식을	 제시한다.	 개발된	 나노	

입자들을	 현재	 암	 면역	 치료제의	 한계점을	 개선할	 수	 있다는	 점에서	

상당한	가치를	가진다.	

	

주요어	 :	 나노입자,	 암	 면역	 치료제,	 입양	 T	 세포	 전달,	 면역	 관문	

억제제,	세포막	코팅,	CAR	대식세포,	DNA/폴리머	나노복합체,	생체	내	
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