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ABSTRACT 

 

Cancer immunotherapy has long been proposed as a powerful approach to curing 

tumors, based on the natural function of the immune system in protecting its host with 

specificity, thus holding the potential for developing long-term memory that prevents 

tumor recurrence. However, the immunosuppressive feature of the tumor 

microenvironment prevents the patientsô own immune system from functioning normally 

in the fight against cancer. As one of the most potent cancer immunotherapies, 

immunostimulatory cytokines have been shown to elicit anti-tumor immune responses in 

preclinical studies, but their clinical application is limited by severe immune-related 

adverse events upon systemic administration. None of the current delivery strategies can 

fully address issues of toxicities and sustainably supply cytokines over the course of a few 

days without compromising cytokinesô structural integrity. Herein, we have developed a 

novel formulation to anchor potent cytokine molecules to the surface of large-sized 

particles (1 Õm) for local cancer treatment. The cytokines are confined in tumors and have 

minimal systemic exposure over a few days following intratumoral injection, thereby 

eliciting anti-tumor immunity while avoiding the systemic toxicities caused by the 

circulating cytokines. Such particle-anchored cytokines can be synergistic with other 

immunotherapies, including immune checkpoint blockade antibodies and tumor antigens, 

to safely promote tumor regressions in various syngeneic tumor models and genetically 

engineered murine tumor models.  
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GENERAL AUDIENCE ABSTRACT 

 

Cancer immunotherapy is a promising method to treat cancer by harnessing the 

power of the body's immune system, which naturally fights off diseases and can remember 

and prevent diseases from returning. Unfortunately, cancers create a hostile environment 

that weakens the immune system's ability to combat the disease effectively. Among the 

treatments explored, immunostimulatory cytokines (unique proteins that boost the immune 

system) have shown great promise in laboratory studies for their ability to fight cancer. 

However, when these proteins are administered to patients, they can cause severe side 

effects due to their systemic dissemination throughout the body. Herein, by attaching the 

potent cytokines to large-sized particles (1 Õm), and injecting them directly into the tumor, 

their cancer-fighting abilities are focused precisely where they are most needed. This 

targeted delivery minimizes the cytokines' presence in the rest of the body, dramatically 

reducing the risk of side effects associated with their systemic dissemination. This method 

not only shows promise on its own but also enhances the effectiveness of other cancer 

treatments. Our findings suggest a new, safer way to encourage the body's defense system 

to fight cancer more effectively. 
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CHAPTER I TUMOR IMMUNE MICROENVIRONMENT AND CANCER 

IMMUNOTHERAPY 

1.1 Introduction  

Cancer is a global health crisis and the second leading cause of death in the United 

States. 1 Cancer immunotherapy has long been proposed as a powerful approach to curing 

tumors, based on the natural function of the immune system in protecting its host with 

specificity, thus holding the potential for developing long-term memory that prevents 

tumor recurrence. 2-4 Different from traditional cancer therapy, such as chemotherapy, 

radiotherapy, and surgical resection, which passively kill both healthy and cancer cells, 

immunotherapy actively trains the patientôs own immune system to fight against cancer. 

For many years, cancer immunotherapeutics has been plagued by high toxicity, narrow 

therapeutic window, low to negligible patient response rate, or both. 5,6 One notable 

exception is found in superficial bladder cancer, where the intravesical injection of live 

bacilli Calmette-Gu®rin (BCG) after surgical resection has been shown to prolong patient 

survival. 7,8  

Nevertheless, cancer immunotherapy experienced dramatic progress in clinical 

trials more than 10 years ago. 2,9 The first validation of active cancer immunotherapy as a 

viable solution was the FDA approval of ProvengeÈ (sipuleucel-T) for advanced prostate 

cancer in April 2010. 10 ProvengeÈ comprises an incompletely characterized mixture of 

peripheral blood mononuclear cells (PBMC) supplemented with cytokine and tumor-

derived differentiation antigen. 11 The clinical results of ProvengeÈ showed little evidence 

of tumor shrinkage but exhibited a 4.1-month improvement in patient median survival. 10  
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This was immediately followed by the discovery of significant clinical efficacies 

by immune checkpoint blockade (ICB) antibodies 12-14 and chimeric antigen receptor 

(CAR) T cell therapy in certain cancers. 15,16 ICB therapy uses antibodies that block 

inhibitory receptors cytotoxic T lymphocyte antigen-4 (CTLA-4) 17,18 or programmed cell 

death-1 (PD-1, or its counter-receptors PD-L1), 19-21 which allows tumor-infiltrating 

lymphocytes (TILs) to reverse exhausted status and re-acquire effective tumor rejecting 

functions (Figure 1.1). 22 The treatment using ipilimumab (YERVOYÈ), an FDA-

approved anti-CTLA-4 antibody, has led to complete responses in approximately 20 % of 

advanced melanoma patients, with durations lasting over 10 years. 12,23 Additionally, 

treatment with PD-1 blocking antibodies has elicited objective responses in a variety of 

solid tumors, including melanoma, lung cancer, prostate cancer, breast cancer, ovarian 

cancer, head and neck cancer, and colorectal cancer. 13,24-29 Reflecting upon their 

complementary modes of action, combination therapy with anti-CTLA-4 and anti-PD-1 

has led to even greater response rates and survival rates in melanoma and other cancer 

patients. 30-35  
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Figure 1.1 T cell exhaustion and blockade if immune checkpoints to enhance T cell responses. 

Checkpoint molecules CTLA-4 and PD-1 on antigen-presenting cells (APCs) attenuate T cell 

activation and induce the exhaustion of T cells. The use of checkpoint blockade antibodies, such as 

anti-CTLA-4, anti-PD-1, and anti-PD-L1, reverses such process and reinvigorates T cells. 

 

Alternatively, adoptive cell-transfer (ACT) based therapies bypass the need for 

active immunization. Genetically engineered T cells with CAR have been reported to boost 

the specificity of T cells with tumoricidal properties. 36 CAR-T immunotherapy targeting 

the CD19 antigen has produced marked clinical responses in patients with leukemia and 

lymphoma, including a high proportion of durable complete remissions. 15,16,37,38 Cytokine 

therapy for cancer is another type of immunotherapy that uses cytokines, which are small 

proteins that are naturally produced by the immune system, to stimulate or enhance the 

immune responses against cancer through cell ï cell surface communications. Since the 

first approval of IFN-Ŭ by the FDA in 1986 for the treatment of hairy cell leukemia, 39 and 

later for melanoma and renal cell carcinoma, multiple inflammatory cytokines have been 
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entering either preclinical or clinical trials for the treatment of different cancers, among 

which interleukin-2 (IL-2), 40 Tumor Necrosis Factors alpha (TNF-Ŭ), and interferon-

gamma (IFN-ɔ) were all approved by FDA in the late 90s. 41 Above all, these prominent 

successes in clinical studies led to approval by the FDA of multiple cancer 

immunotherapies, convincingly demonstrating the potential of immunotherapy towards 

cancer therapeutics beyond the traditional standard-of-care treatment methods.  

However, aside from creating opportunities for powerful attacks against tumors, 

the potency of immunotherapeutics also posts a significant danger to healthy tissues, 42,43 

as a large number of them are administered systemically to induce systemic immune 

responses. Unfortunately, these therapies have been shown to generate systemic toxicity. 

For instance, treatment using anti-CTLA-4 antibodies can lead to a series of autoimmune 

side effects, including gastrointestinal toxicity, pruritis, and fatigue. These treatment-

related side effects can become grade 3 or 4 serious adverse events in ~ 23 % of patients. 

12 The combination therapy using both anti-CTLA-4 and anti-PD-1 induces exacerbated 

toxicity: ~ 55 % of previously untreated melanoma patients experienced grade 3 or 4 

adverse events when given the combination. 31,35 Furthermore, CAR-T cell therapy has 

been much less effective for solid tumors; safety issues persist surrounding the selection of 

targets and the paucity of such targets; 44,45 while manufacturing complexities and costs 

further compromise the selection of such treatment. 46 Besides, highly potent cytokines 

have the potential to cause overstimulation of lymphocytes in healthy tissues, resulting in 

severe dose-limiting toxicities. These immune-related systemic toxicities represent a 

significant obstacle to the clinical translation of cytokine therapies, as they can significantly 

curtail treatment efficacy and patient safety. 47 Therefore, the development of effective 



5 

 

strategies to harness the potential of immunotherapies with durable responses while 

avoiding debilitating toxicities that prevent such therapies from reaching their full curative 

potential presents a looming challenge in the field. 

Localized delivery of cancer immunotherapeutics represents a transformative 

approach that directly addresses the limitations inherent to systemic delivery. This strategy 

offers a focused method for administering therapeutic agents directly to the tumor site or 

its microenvironment, substantially minimizing systemic toxicity. Such localized 

interventions enable higher concentrations of therapeutic agents at the target site, 

enhancing the safety and potency of immunotherapies while avoiding on-target/off-tumor 

toxicities. 48 Local delivery has demonstrated a "local but systemic" effect, where locally 

replenishing immune modulators achieves high treatment efficacy and influences distant 

metastases. 49 This local delivery mechanism is crucial for harnessing the full therapeutic 

potential of immunotherapeutics, often hampered by systemic side effects and limited 

tumor specificity when delivered systemically. 

Advancements in nanotechnology and biomaterials have been pivotal in the 

progress of localized delivery methods. Approaches based on nanomedicine ï the 

formulation of drugs in carrier materials that are smaller than ~100-200 nm ï may offer the 

means to increase both the safety and therapeutic efficacy of many immunotherapies. 

Immunotherapeutics can be incorporated into various nanoparticles (NPs) composed of 

lipids, polymers, or other materials; and such delivery platforms can alter systemic 

exposure and bioavailability of immunotherapeutics, promote their accumulation in 

tumors, enhance their cellular uptake, and impact pathway signaling at the single-cell level. 

50-53 The advancement in materials science and nanotechnology has enabled NPs to have 
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high surface areas, unique morphology and nanostructures, and amenability to 

modifications for multiplexed effects. 54-56 However, a large portion of NPs still end up in 

normal organs, including the liver and spleen, which may cause systemic toxicities during 

the dosing of highly potent immunotherapeutics. 57 Moreover, conventional NP delivery 

systems release drugs in a monotonic manner, in other words, drugs are released at a 

predetermined rate irrespective of patient needs or changing physiological circumstances. 

Therefore, continuous efforts are crucial in developing ideal delivery strategies for 

confined and durable cancer immunotherapy with minimal systemic toxicity.  
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1.2 Tumor immune microenvironment 

The immunosuppressive tumor microenvironment allows the escaping of tumor 

cells from immune attack through a variety of complementary mechanisms. 58 First, there 

are numerous populations of immune cells that are immunosuppressive to support tumor 

growth and immune evasion. These immune cells include regulatory T (Treg) cells,
 59 

myeloid-derived suppressor cells (MDSCs), 60 tumor-associated macrophages (TAMs), 61 

and tumor-associated neutrophils (TANs). 62 Many immunosuppressive cells hamper CD8+ 

T cell priming or abrogate its effector function and even induce T cell death. 63-65 Moreover, 

these immunosuppressive cells, including cancer-associated fibroblasts (CAFs), MDSCs, 

and TAMs, have been shown to prevent T cell infiltration into the tumor core. 66-71 For 

example, MDSCs secrete reactive nitrogen species to alter CCL2ôs structure (CCL2, C-C 

motif chemokine ligand 2) to entrap T cells in tumor stroma instead of interacting with 

tumor cells. 72 Additionally, tumor oncogene-derived expression of cytokines and 

chemokines, such as IL-1ɓ, 73 IL-6, 74 IL-10, 75 VEGF (vascular endothelial growth factor), 

76 and CSF-1(colony-stimulating factor 1), 77 interfere with dendritic cells (DCs) 

maturation, causing failure for them to migrate to tumor draining lymph nodes (TDLNs), 

78 and preferentially recruiting immunosuppressive cells to the tumor. 63,79,80 Furthermore, 

the disorganized tumor blood vessels and impaired expression of adhesion molecules on 

endothelia cells could actively exclude T cells. 81-83 Such exclusion is further exacerbated 

in some tumors by the abundant extracellular matrix (ECM), and dense CAFs. 3,84-87 

Notably, tumor cells can also directly escape T cell recognition by downregulating MHC 

class I molecules (MHC-I) or by disabling other components of the antigen processing 

machinery. 88 
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Even if the recruitment of cytotoxic T cells into tumors occurs, such T cells cannot 

control tumor growth, owing to tumor-induced tolerance mechanisms. 89 T cell-mediated 

anti-tumor immunity includes multiple sequential steps involving activation and 

proliferation of T cells in lymphoid tissues, trafficking of the generated T cells to tumor 

sites, and executing effector functions. Each step is regulated by counterbalancing 

stimulatory and inhibitory signals that fine-tune the response. Inhibitory ligands and 

receptors that regulate T cell effector functions in tissues are commonly overexpressed on 

tumor cells or on immunosuppressive cells; whereas receptors and ligands that upregulate 

T cell activation are not. The highly expressed inhibitory receptors (so-called checkpoint 

receptor) on the dysfunctional T cell surface include CTLA-4, PD-1, TIM-3 (T cell 

membrane protein 3), LAG-3 (lymphocyte activation gene 3), TIGIT (T-cell 

immunoreceptor with immunoglobulin and ITIM domains), VISTA (V-domain Ig 

suppressor of T-cell activation), and BTLA (B and T lymphocyte attenuator, Figure 1.2). 

90,91 The dysfunctional or exhausted T cells are characterized by loss of effector functions, 

such as declined production of immunostimulating cytokines IFN-ɔ, IL-2, and TNF-Ŭ; and 

loss of proliferative capacity. 92,93 Notably, cancer cellsðas well as infiltrating DCs and 

TAMsðexpress PD-L1 that engages the inhibitory PD-1 receptor to suppress the 

proliferative and effector responses of T cells. 94 Antibodies that block immune 

checkpoints, as discussed above, could elicit durable responses in a fraction of cancer 

patients. 
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Figure 1.2 Inhibitory ligands and receptors that regulate T cell effector functions. Co-

inhibitory Immune checkpoints, including CTLA-4, PD-1, TIM-3, and LAG-3, and co-stimulatory 

molecules, including CD40, 4ï1BB, OX40, and GITR are expressed on T cells, and their ligands 

on antigen-presenting cells. 
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1.3 Cancer immunity cycle 

The cancer immunity cycle, a process of generating anti-cancer immune responses, 

is composed of several important steps. First, to initiate immune response, DCs, a critical 

type of antigen-presenting cells (APCs), engulf exogenous tumor antigens and process 

them into short peptide fragments (8-15 amino acids) while migrating from peripheral 

tissues to TDLNs (step 1, Figure 1.3). 95,96 These tumor antigens are either oncogenic viral 

proteins or abnormal self-proteins arising from somatic mutations. 97 DCs then load such 

short peptides into the cleft of MHC-I molecules on DC surface (ñantigen cross-

presentationò, step 2, Figure 1.3). 84,98 Upon antigen encounter, DCs often need suitable 

activation signals (ñmaturationò), 99 including Toll-like receptor (TLR) ligands100-102 and 

agonist antibodies against CD40 to proceed. 103 The peptide-MHC-I complex presented on 

DC surfaces interacts with CD4+ (reacting with peptide-MHC class II complex) or CD8+ 

(with peptide-MHC class I complex) T cells bearing cognate T cell receptors (TCRs). 104-

106 The activated T cells then migrate and infiltrate the tumor parenchyma to kill tumor 

cells (step 3-7, Figure 1.3). 107 Notably, the presentation of antigens by DCs at a steady 

state without receiving immunogenic maturation signals promotes tolerance by Treg cells, 

thus jeopardizing the anti-tumor response. 108,109 Once CD8+ T cells are primed, they 

immediately migrate to TME and perform cytotoxic activities, including inflammatory 

cytokine secretion and direct cancer cell killing. Cancer cell death results in the additional 

release of tumor antigens, which amplifies the antigen presenting and immune activating 

process, thus continuing the cycle. 98 
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Figure 1.3 Generation and regulation of anti-tumor immune responses. Anti-tumor immune 

responses begin with the capture of tumor-associated antigens by DCs. DCs process the captured 

antigen for cross-presentation and migrate to lymph nodes, where anti-tumor effector T cells are 

activated by mature DCs. Antigen-educated effector T cells exit lymph nodes and then proceed to 

infiltrate the tumor bed, where T cells recognize and kill tumor cells. 
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1.4 Cancer immunotherapy 

 

1.4.1 Cancer vaccine 

Tumor antigen-based vaccines 

Tumor antigen-based vaccines represent an innovative approach in cancer 

treatment that leverages the immune system to recognize and attack tumor cells by 

targeting specific antigens unique to or overexpressed by these cells. These antigens can 

be either tumor-specific antigens (TSAs), unique to cancer cells, or tumor-associated 

antigens (TAAs), which are normal proteins overexpressed in cancerous cells. The 

principle behind tumor antigen-based vaccines is the identification and utilization of 

specific antigens that are presented on the surface of tumor cells but not, or only minimally, 

on healthy cells. This specificity allows the immune system to target and eliminate cancer 

cells while sparing normal tissue. Traditional vaccines target foreign pathogens; in contrast, 

cancer vaccines must overcome the challenge of targeting self-antigens that are not 

inherently immunogenic due to the body's tolerance mechanisms. 110 

The immune response against tumor antigens involves both the innate and adaptive 

arms of the immune system. APCs, such as DCs play a crucial role by capturing antigens 

and presenting them on their surface to T cells, thereby activating the T cells. The activated 

T cells then proliferate and seek to destroy cancer cells expressing the target antigens. This 

process is enhanced by adjuvants that stimulate the immune response and by strategies that 

overcome the immunosuppressive tumor microenvironment. 111 

Various strategies are employed to enhance the immunogenicity of tumor antigens 

and present them to the immune system effectively, including the use of whole tumor cells, 
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peptides, proteins, or genetic material (DNA/RNA) encoding tumor antigens. Whole tumor 

cell vaccines, for instance, use either autologous (patient-derived) or allogeneic (donor-

derived) tumor cells with adjuvants in order to activate polyclonal immune responses to 

tumor-associated antigens. 112-114 Numerous autologous tumor vaccines have been 

investigated in clinical trials but have yet to receive FDA approval. The application of such 

approach is limited because tumor-associated antigens are often recognized by the immune 

system as self-produced, and the obtaining of patient-derived tumor cells is difficult in 

some cancers. 115 Alternatively, the next-generation sequencing of genomic DNA or RNA 

from tumors helps to identify tumor-specific neoantigens that boost T cell immunity when 

combined with other immunotherapies. 116,117  

 

Anti-TRP1/TYRP1 Antibody 

 Melanoma, arising from the malignant transformation of melanocytes, is 

characterized by its rapid progression, high metastatic potential, and resistance to 

conventional therapies. The identification of melanocyte-specific antigens has paved the 

way for targeted immunotherapy approaches. Tyrosinase-related protein-1 (TYRP1), a 

transmembrane glycoprotein and melanocyte differentiation antigen, plays a crucial role in 

melanin synthesis and has been implicated in melanoma progression. 118 TYRP1 is 

involved in the melanin biosynthetic pathway, stabilizing tyrosinase activity and 

facilitating eumelanin polymer formation. Beyond its role in pigmentation, TYRP1 

contributes to melanoma cell survival and proliferation. Overexpression of TYRP1 has 

been associated with advanced stages of melanoma and poor prognosis, underscoring its 

potential as a therapeutic target. 118,119  
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 Anti-TRP1/TYRP1 antibodies are designed to specifically bind TYRP1 on 

melanoma cells, initiating a cascade of immune responses. The proposed mechanisms of 

action include direct anti-tumor activity, immune-mediated cytotoxicity, and immune 

response modulation, leading to the targeted destruction of melanoma cells. The 

therapeutic potential of anti-TRP1/TYRP1 antibodies in melanoma treatment has been 

explored in various preclinical and clinical settings. 120-122 Initial studies focusing on the 

efficacy of these antibodies as standalone treatments have shown promise in reducing 

tumor burden and prolonging survival in melanoma models. Combining anti-TRP1/TYRP1 

antibodies with other therapeutic modalities, such as checkpoint inhibitors and 

proinflammatory cytokines, may enhance anti-tumor effects and overcome resistance 

mechanisms.  

 

1.4.2 Cytokine therapy 

Cytokines are soluble polypeptides or glycoproteins that provide growth, 

differentiation, and pro-inflammatory or anti-inflammatory signals to cells, with their 

molecular weights usually remaining below 30 kDa. Several cytokines limit tumor cell 

growth by direct anti-proliferative or pro-apoptotic activity, or by indirect stimulation of 

cytotoxic activity of immune cells against tumor cells. 123 However, because of their short 

half-lives and narrow therapeutic windows against tumors, there are only two pro-

inflammatory cytokines, IL-2 and IFN-Ŭ, that have been approved by FDA for the 

treatment of several malignant tumors. 124-127 The low response rate and high toxicity 

associated with high-dose IL-2 and IFN-Ŭ administration have relegated the clinical use of 

these cytokines as a monotherapy. Nevertheless, clinical studies involving pro-
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inflammatory cytokines in combination with other immune agents are undergoing (Figure 

1.4), 128 with the improvement of pharmacokinetic profiles of these cytokines via protein 

engineering or using plasmid or mRNA encoding cytokine for gene delivery. 129,130 Those 

pro-inflammatory cytokines, besides IL-2 and IFN-Ŭ, include IL-12, 131,132 IL-15, 133,134 IL-

21, 135 and granulocyte-macrophage colony-stimulating factor (GM-CSF, encoded in FDA-

approved talimogene laherparepvec). 136 Additionally, IL-10, used to be considered as an 

immunosuppressive cytokine as it decreases antigen-presenting activity in DCs, 137 have 

been shown to inhibit CD8+ T cell apoptosis and thereby prolonging the effector activities 

of cytotoxic T lymphocytes (CTLs). 138,139 The combination of PEGylated IL-10 (PEG, 

polyethylene glycol) with anti-PD-1 has been evaluated in clinical trials, with the 

PEGylation helping increase IL-10 circulation half-life and hence reduce the amount that 

must be administered to affect a response. 140,141 

 

Figure 1.4 Clinical research status of cytokines. Number of cancer clinical trials using cytokine-

based drugs treating all cancer types (A) or each cancer type (B) registered with ClinicalTrials.gov 

as of January 2021. Reproduced from Drug design, development and therapy 15, 2269-2287 

(2021).
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In addition to immune-stimulatory cytokines, agents blocking the activity of tumor 

cell-secreted immunosuppressive cytokines to neutralize tumorigenesis have been 

developed to enhance cancer immunotherapy. These immunosuppressive cytokines and 

chemokines for tumorigenesis include TGF-ɓ, 142 IL-8, 143 CCL-2, 144 CCL3/CCL5, 145,146 

and CSF-1. 147 Antagonistic antibodies, small molecules, and small interfering RNA based 

agents that target these cytokines and their receptor signal transductions have also been 

actively explored in clinical trials. 129 

 

Interleukin 12 

 Interleukin 12 (IL-12) is a pivotal cytokine that bridges innate and adaptive 

immunity, playing a critical role in regulating inflammatory responses in cancer. IL-12 

exerts its antitumor effects through a complex mechanism of action (Figure 1.5), 

Interleukin-12 (IL-12) serves as a linchpin in orchestrating the immune response against 

tumors, leveraging its interactions with various cytokines and immune cells. Crucially, it 

drives the polarization of naive T cells into T helper 1 (Th1) cells, pivotal for cellular 

immunity against tumor cells. These Th1 cells, in turn, secrete TNF-Ŭ, effectively 

disrupting tumor vasculature. Furthermore, IL-12 triggers the production of IFN-ɔ from T 

cells and natural killer (NK) cells, setting in motion a positive feedback loop by activating 

dendritic cells to secrete more IL-12, thus amplifying the immune response. Importantly, 

IFN-ɔ also plays a critical role in anti-tumor immunity by stimulating the production of IP-

9, which contributes to anti-angiogenic effects and inhibits tumor growth. 
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Moreover, IL-12 promotes the secretion of Interleukin-2 (IL-2), bolstering the 

proliferation and cytotoxic activity of CD8+ CTLs essential for directly killing tumor cells. 

IL-2 enhances the responsiveness of immune cells to IL-12 signaling by facilitating the 

expression of IL-12 receptors. Additionally, the synergy between IL-12 and other key 

cytokines, such as TNF-Ŭ and IFN-ɔ, activates dendritic cells and macrophages, promoting 

Th1 polarization and NK cell activation, which are crucial for effective tumor surveillance 

and elimination. 

Beyond its direct effects, IL-12 subtly modulates the immune response by 

regulating the production of cytokines and the expression of their receptors on immune 

cells. This nuanced approach ensures a Th1-dominant profile, enhancing the cytotoxic 

activity of T cells and NK cells against tumor cells. Through these interconnected pathways 

and regulatory mechanisms, IL-12 plays an indispensable role in promoting anti-tumor 

immunity, exemplifying its comprehensive impact on shaping the immune landscape to 

combat cancer effectively. 148,149 

 Despite its initial promise as an ideal candidate for tumor immunotherapy due to its 

activation of both innate (NK cells) and adaptive (CTLs) immunities, the clinical 

translation of IL-12 has faced challenges. Early clinical trials revealed very modest 

antitumor effects and unacceptable levels of adverse events, which significantly dampened 

the enthusiasm for its use in cancer patients. However, recent research into IL-12 has 

sparked renewed interest in its oncology applications. This cytokine is being explored as 

an adjuvant in cancer vaccines, as part of gene therapy through locoregional IL-12 plasmid 

injections, and in tumor-targeting immunocytokines. 150 
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Figure 1.5 IL-12 mechanism of action in cancer. Multi-potent IL-12 amplifies anti-tumor 

immune responses mainly through the Th1 polarization and subsequent cytotoxic cytokines 

secretion, resulting in tumor vascular disruption, anti-angiogenesis effect, and enhanced 

cytotoxicity of CD8+ T cells. 

 

Interleukin 15 

 Interleukin 15 (IL-15) is a pro-inflammatory cytokine with significant roles in 

immune regulation and has emerged as a promising candidate for cancer immunotherapy. 

Interleukin 15 (IL-15) plays a pivotal role in cancer immunotherapy through a series of 

interconnected mechanisms that collectively enhance the immune system's ability to fight 

cancer. Its actions are orchestrated through several stages, beginning with the activation of 

immune cells, followed by their proliferation and differentiation, leading to an enhanced 

antitumor response. This approach not only targets the tumor directly but also modulates 

the immune environment to sustain an effective antitumor activity over time. 



19 

 

 Firstly, IL-15 directly activates critical immune cells involved in antitumor 

responses, including NK cells, CD8+ T cells, and NK T cells. By binding to its specific 

receptor, IL-15RŬ, IL-15 triggers signaling pathways that enhance the cytolytic activity of 

these cells. As a result, NK cells and CD8+ T cells become more efficient in identifying 

and destroying cancerous cells, a crucial step for the initial containment and reduction of 

tumor mass. 151 

 Subsequently, IL-15 promotes the proliferation and differentiation of these 

activated immune cells. Unlike other cytokines, such as IL-2 that might also stimulate Treg 

cells, which can suppress antitumor immunity, IL-15 specifically enhances the expansion 

of cytotoxic lymphocytes without favoring the proliferation of Treg cells. This selective 

action ensures that the immune system's antitumor components are strengthened while 

minimizing the counterproductive effects of immune suppression. This unique property of 

IL-15 contributes significantly to its potential as a cancer immunotherapeutic agent, as it 

maintains a favorable ratio of effector to regulatory cells within the tumor 

microenvironment. 152 

 Moreover, IL-15 enhances the survival and functionality of memory T cells. This 

aspect is crucial for long-term immunosurveillance and the prevention of tumor recurrence. 

By supporting the persistence of memory CD8+ T cells, IL-15 ensures that the immune 

system remains vigilant and ready to combat cancer cells that might emerge at a later time. 

This prolonged effect underscores IL-15's role in not only treating existing tumors but also 

in preventing their future development. Lastly, IL-15 can synergize with other therapeutic 

strategies, such as adoptive cell transfer, vaccines, and checkpoint inhibitors, to create a 

more robust and multifaceted approach to cancer treatment. By enhancing the efficacy of 
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these therapies, IL-15 contributes to a comprehensive strategy that addresses various 

aspects of the tumor and its microenvironment, leading to more effective cancer control.153  

 While IL-15 has shown promising results in cancer immunotherapy due to its 

unique ability to enhance the immune system's antitumor response, several downsides have 

impeded its approval by the FDA. One of the primary concerns with IL-15 therapy is the 

potential for severe side effects and toxicity, similar to what has been observed with other 

cytokine therapies. IL-15's capacity to activate and expand immune cells significantly, 

including NK and CD8+ T cells, raises the risk of cytokine release syndrome (CRS), which 

manifests through a spectrum of symptoms from fever and nausea to more severe 

conditions like multi-organ dysfunction. This immune overactivation underscores the 

delicate balance required in harnessing IL-15's therapeutic potential without crossing into 

harmful immune responses. 154 Adding to the therapeutic conundrum is the heterogeneity 

of cancer responses to IL-15. The variability in tumor types and their microenvironments 

can significantly affect the efficacy of IL-15-based treatments. Some cancers may evade 

the immune response induced by IL-15, while differences in the expression of IL-15 

receptors across tumor types and within the tumor microenvironment further complicate 

the predictability and consistency of treatment outcomes. Furthermore, the production and 

delivery of biologically active IL-15 for clinical use presents its own set of challenges. 

Ensuring the cytokine's structural and functional integrity during manufacturing, along 

with developing delivery mechanisms that optimally stimulate the immune system without 

provoking severe side effects, are critical hurdles that need to be overcome. The complexity 

of these processes adds another layer of difficulty in bringing IL-15 therapies to market.  
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The journey toward FDA approval requires rigorous clinical evaluation to 

demonstrate the safety and efficacy of IL-15. With IL-15 and its derivatives still 

undergoing clinical trials to determine their therapeutic potential and safety profiles, the 

path to approval is a work in progress. Addressing the above challenges is essential for the 

successful development and FDA approval of IL-15-based cancer therapies. 

 

Fc fusion technology and immunocytokines  

 Fc fusion technology is an advanced bioengineering strategy that combines the 

therapeutic potentials of biological ligands with the fragment crystallizable (Fc) domain of 

immunoglobulins, particularly IgG. This innovative approach enhances the 

pharmacological properties of protein drugs, including increased protein size and 

pharmacokinetics, improved solubility, and reduced clearance, thereby prolonging their 

therapeutic activity. The Fc region of these fusion proteins can bind to the neonatal Fc 

receptor (FcRn), enabling recycling and protection from degradation, which significantly 

extends their half-life in circulation. 155 

 Immunocytokines, or Fc-fusion cytokines, represent a sophisticated class of 

biopharmaceuticals that ingeniously combine the targeting specificity of monoclonal 

antibodies with the potent immune-modulating functions of cytokines, primarily aiming to 

bolster the fight against cancer. This therapeutic strategy has evolved from the critical need 

to localize cytokine activity precisely at the tumor site, thereby magnifying their 

therapeutic efficacy while concurrently mitigating the systemic side effects typically 

associated with cytokine therapy. One of the hallmark benefits of immunocytokines over 
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bare cytokines is their ability to reduce systemic toxicity. This advantage stems from their 

targeted action, which limits the exposure of non-tumor tissues to cytokines, thereby 

reducing the adverse side effects often observed with traditional cytokine therapies. 

Moreover, the precise localization of cytokines at the tumor site not only mitigates toxicity 

but also significantly potentiates the anti-tumor immune response. This targeted approach 

can lead to more effective therapeutic outcomes, making immunocytokines a highly 

promising modality in oncology. 156 

 Despite the compelling advantages and the progress in the development of 

immunocytokines, none has received full FDA approval for cancer treatment. However, 

several immunocytokines are advancing through clinical trials, demonstrating promising 

safety and efficacy profiles in early-phase studies. These ongoing trials, which span a 

variety of cancer types including melanoma and renal cell carcinoma, highlight the 

burgeoning potential of immunocytokines to enrich the cancer treatment landscape 

significantly. 157 

 

1.4.3 Immune checkpoint blockade antibodies  

Immune checkpoints and cancer immune escape 

Immune checkpoints play a critical role in the modulation of the immune response, 

serving as regulatory switches that can either stimulate or inhibit immune activities. These 

checkpoints are crucial for maintaining self-tolerance and preventing autoimmunity by 

down-regulating immune responses. In cancer, however, the abnormal expression or 
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functioning of immune checkpoints can contribute to immune escape, a process wherein 

cancer cells evade detection and destruction by the immune system. 

Immune checkpoints include a variety of inhibitory pathways integral to the 

immune system, responsible for maintaining self-tolerance and modulating the magnitude 

and duration of immune responses to minimize collateral tissue damage. Notable 

checkpoints include CTLA-4 and PD-1, along with their ligands, such as PD-L1, which 

play pivotal roles in controlling T cell activation and maintaining immune homeostasis. 

The engagement of these checkpoints with their ligands inhibits T cell proliferation, 

cytokine production, and cytotoxic function, thus preventing overactivation of the immune 

system and autoimmunity. 9 

Cancer cells can exploit these immune checkpoints to evade immune surveillance 

and the dysregulation of immune checkpoints is a hallmark of cancer immune escape. By 

upregulating the expression of checkpoint ligands such as PD-L1, tumors can engage PD-

1 on T cells, leading to the inhibition of T cell function and allowing cancer cells to escape 

immune-mediated destruction. Furthermore, the tumor microenvironment can contribute 

to the upregulation of immune checkpoints, creating an immunosuppressive milieu that 

supports tumor growth and metastasis. These abnormalities hinder the activation and 

proliferation of cytotoxic T lymphocytes, crucial for targeting and eliminating tumor cells. 

Effective cancer therapy must overcome these immune escape mechanisms, highlighting 

the importance of immune checkpoint inhibitors in cancer treatment strategies. 90,158 
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T cell exhaustion and immune checkpoint blockade antibodies 

T-cell exhaustion is a critical phenomenon that significantly impacts the 

effectiveness of immune responses due to prolonged exposure to antigen and persistent 

inflammation. Exhausted T cells are characterized by a progressive loss of effector 

functions, including cytokine production and cytotoxic activity, alongside an increased 

expression of multiple inhibitory receptors such as PD-1, Tim-3, and LAG-3. This state of 

exhaustion hinders the immune system's ability to effectively combat tumors, contributing 

to the persistence and progression of cancer. 

The understanding of T-cell exhaustion has paved the way for the development of 

cancer immunotherapies aimed at reversing this dysfunctional state. Immune checkpoint 

inhibitors, which block the inhibitory pathways (e.g., PD-1/PD-L1, CTLA-4/B7), have 

shown success in reinvigorating exhausted T cells, leading to improved antitumor 

responses and significant clinical benefits in some patients. 9 While other 

immunotherapeutic strategies are implemented for immune activation and stimulation, ICB 

antibodies engage in reversing the exhausted status of immune cells in tumor 

microenvironments by blocking the abnormally expressed immune checkpoints on cell 

surfaces, thus preventing the immune evasion of cancer cells. 159 As discussed above, 

antibodies targeting CTLA4/B7 and PD-1/PD-L1 pathways have been successfully applied 

clinically for treating various recalcitrant cancers. Besides these two members of negative 

regulatory receptors on T cells, other checkpoint receptors in preclinical and clinical studies 

include LAG-3, 160,161 TIM-3, 162 TIGIT, 163 VISTA, and BTLA, etc. 164 However, the 

heterogeneity of exhausted T cells and the complexity of the tumor microenvironment 
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necessitate the exploration of combination therapies and novel targets to more effectively 

overcome T-cell exhaustion. 

 

Programmed cell death 1 and programmed cell death ligand 1 

 PD-1 is a checkpoint receptor located on the membrane of T lymphocytes, integral 

components of the adaptive immune response. Its corresponding ligand, PD-L1, is 

expressed across a diverse array of cells, encompassing both malignant and various 

immune cells. The PD-1/PD-L1 axis is critical in maintaining immune homeostasis, 

facilitating the immune system's ability to differentiate self from non-self antigens, thereby 

averting autoimmunity by tempering T cell activation. Nevertheless, a multitude of 

neoplasms have been observed to manipulate this regulatory pathway, thereby cloaking 

themselves from immune surveillance and destruction. This immune evasion strategy 

underscores the complexity of cancer immunobiology and highlights the potential 

therapeutic targets within the PD-1/PD-L1 interaction for oncological interventions. 

 The interaction between PD-L1 on the surface of neoplastic cells and PD-1 

receptors on T lymphocytes culminates in suppressing T-cell activation and proliferation. 

This immunological checkpoint serves as a mechanism through which tumor cells 

circumvent immune detection and annihilation. Within the realm of oncology, 

antagonizing the PD-1/PD-L1 axis represents a pivotal therapeutic strategy to amplify the 

host's immunological offensive against malignant cells. Therapeutic agents, including 

monoclonal antibodies targeting PD-1 and PD-L1, are engineered to interrupt this 

immunosuppressive interaction, thereby reinstating the immune system's capacity to 
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identify and eliminate cancer cells. This approach has elicited sustained responses across a 

spectrum of cancer types, emphasizing the resurgence of T cell-mediated antitumor 

immunity as a cornerstone of cancer treatment. 

 

Cytotoxic T lymphocyteïassociated protein 4 

 Discovered in the late 1980s, CTLA-4 is a member of the immunoglobulin 

superfamily and serves as a negative regulator of T-cell activation. It is homologous to the 

costimulatory molecule CD28, and both CTLA-4 and CD28 bind to B7-1 (CD80) and B7-

2 (CD86) on APCs. While CD28 provides a stimulatory signal necessary for T cell 

activation and survival, CTLA-4 delivers an inhibitory signal that attenuates T cell 

activation, thus serving as a critical immune checkpoint. 

 CTLA-4's mechanism of action is multifaceted, involving several pathways that 

lead to the downregulation of T cell function. Upon T cell receptors engagement with an 

antigen presented by an APC, CD28 co-stimulation is required for full T cell activation. 

CTLA-4 competes with CD28 for binding to B7 molecules with a much higher affinity, 

effectively outcompeting CD28 and thereby inhibiting the costimulatory signal. This 

inhibition reduces cytokine production, T cell proliferation, and overall T cell activity. 

Furthermore, CTLA-4 signaling promotes the development and activity of Treg cells, which 

play a critical role in maintaining immune tolerance and preventing autoimmunity. Treg 

cells suppress effector T cell functions, further contributing to the inhibition of immune 

responses against tumors. 
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 The inhibitory role of CTLA-4 in T cell activation presents a unique target for 

cancer immunotherapy. By blocking CTLA-4, anti-CTLA-4 antibodies can enhance T cell 

activation and proliferation, leading to a stronger immune response against tumor cells. 

This approach has been explored in various cancers, including melanoma, renal cell 

carcinoma, and non-small cell lung cancer. 12, 35 

 

Current limitations of immune checkpoint blockade antibodies 

 Recent advances in ICB therapies have markedly enhanced oncological treatment 

modalities through the strategic targeting of inhibitory pathways, notably CTLA-4, PD-1, 

and PD-L1. These interventions aim to reinvigorate the antineoplastic activities of T 

lymphocytes. The clinical application of these therapies has yielded exceptional outcomes 

across various cancer types, manifesting in prolonged responses and, occasionally, 

complete remissions. To augment the therapeutic index and mitigate the associated 

toxicities of ICB therapies, cutting-edge methodologies are being explored. Among these 

are the deployment of tumor microenvironment-specific nanomedicine delivery systems 

and the utilization of RNA interference (RNAi) techniques to create targeted immune 

checkpoint nanoblockers. 165 These innovative strategies hold the promise of enhancing the 

precision and safety of ICB therapies, thereby potentially revolutionizing cancer treatment 

paradigms. 166 

 Despite these advancements, the clinical application of ICB therapies is limited by 

two significant disadvantages: low response rate and severe systemic toxicity. The overall 

response rate to these therapies is modest, with a substantial proportion of patients not 

responding to treatment. This limitation is attributed to the complex tumor immune 
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microenvironment, which can suppress immune responses and facilitate tumor evasion 

from immune surveillance. Factors such as tumor mutational burden, PD-L1 expression, 

and the frequency of immune cells within the tumor microenvironment have been 

identified as predictors of response, yet accurately predicting which patients will benefit 

from ICB therapies remains a significant challenge. 167-169 

Moreover, ICB therapies can induce a range of immune-related adverse events 

(irAEs) that affect various organ systems, including the skin, gastrointestinal tract, 

endocrine organs, and lungs. These toxicities are believed to result from the activation of 

T cells against normal tissues, leading to inflammation and organ dysfunction. The 

occurrence of severe irAEs can necessitate the discontinuation of treatment and, in some 

cases, can be life-threatening, further complicating the management of patients undergoing 

ICB therapy. 169 
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1.5 Localized immunotherapeutics delivery  

An alternative to systemic administration is the delivery of immunotherapeutics to 

TDLNs via local administration (intradermally near the tumor or peritumoral injection). 170 

Though lymphatic dysfunction is found in some tumors, 171,172 TDLNs are known to 

accumulate antigens from dying tumor cells that could prime anti-tumor T cells. 

Nevertheless, dysfunction of DCs in TDLNs was reported as a mechanism of immune 

evasion by tumors. 173 The delivery of immune adjuvants to activate DCs for maturation in 

TDLNs could be a viable strategy to boost anti-tumor immunity while avoiding aggravated 

toxicities induced by systemic administration of the adjuvants. 174,175 Studies have found 

that the size of NP has a strong influence on its lymphatic transport: 176 small NPs less than 

30 nm delivered via intradermal injection near tumor site could traverse via lymphatic 

capillary vessels to reach ~ 50 % of lymph node-resident DCs, whereas large NPs over 100 

nm can only reach 10 % of the same cell population, therefore indicating that large NPs 

could be uptaken by phagocytic cells prior to lymph node localization. 177 Notably, small-

sized NPs may not be retained in lymph nodes over the time, and would eventually enter 

the systemic blood circulation, necessitating a more frequent dosing regimen. 178  

In addition to intradermal delivery to TDLNs, intratumoral administration that 

confines drugs to a target lesion has recently become a potentially effective solution to 

address the challenge associated with efficacy versus toxicity, since many immunotherapy 

toxicities are linked to systemic or on-target off-tumor stimulation of immune cells. By 

local injection, immunotherapeutics, such as cytokines, can have higher local concentration 

and bioavailability to contact with the therapeutic targets in the tumor, and thus induce a 
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stronger immune response. On top of that, off-target toxicities and adverse effects are 

reduced when the immune-modulating agents could stay in the tumors, limiting their 

systemic diffusion and resulting in reduced systemic toxicity. Over the last decades, 

intratumor immunotherapies have gained much interest, and a plethora of 

preclinical/clinical trials are currently undergoing using intratumorally delivered cancer 

immunotherapeutics (Figure 1.6). 179,180 Two local immunotherapies have been approved 

by the FDA for cancer treatment: intravesicular injections of bacilli CalmetteïGu®rin 

bacteria for the treatment of bladder cancer and intratumoral injections of an engineered 

virus (talimogene laherparepvec) for the treatment of melanoma.  

 

Figure 1.6 Current landscape of active clinical trials of intratumoural immunotherapies. A 

Classification of the different types of immunotherapy agents that are currently being investigated 

in clinical trials involving intratumoural administration as of 1 December 2020. B Visualization of 

the number of clinical trials for each type of agent outlined in the classification by circle packing, 

whereby the circle diameter indicates the relative proportion of ongoing or completed clinical trials 

identified. Reproduced from Nature Reviews Clinical Oncology 18, 9 (2021).  

 

 

A                                                                B 
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The number of preclinical studies of locally delivered immunotherapies has also 

been increasing rapidly. 181-183 Microparticles, 184,185 microneedle patches, 186 and hydrogel 

matrices187-189 have been used to provide sustained release of cytokines or ICB antibodies 

in several murine tumor models. However, the encapsulated drugs still quickly leak into 

systemic circulation due to non-homogeneous and large pore size. Alternatively, immuno-

stimulatory agents such as cytokines could be covalently attached onto the surface of NPs 

for intratumoral injection to limit their systemic exposure while still eliciting potent anti-

tumor immune responses in tumor. 190,191 Nonetheless, the chemical conjugation has risk 

of compromising the cytokine bioactivity. The small-sized NPs were also removed from 

tumors very quickly. The use of molecular engineering technologies to fuse cytokines with 

collagen binding protein192 has potential for enhanced tumor stay, but this methods is 

limited by the collagen contents in the tumors (e.g., B16F10 < 3 %) and heterogenous drug 

distribution due to tumor collagen turnover. Even though using aluminum hydroxide 

(alum) encapsulation method improved the tumor retention of cytokines, 193 the 

complicated genetic engineering method limited it to bench-top scale, and such a process 

becomes costly to scale up. 193 No one has developed a universal method that can be 

applicable to most cytokine delivery.  

We herein developed a general strategy for most Fc-fusion cytokine delivery by 

using large-sized particle-anchoring methods, in which an Fc-binding peptide (FcBP) was 

selected to be conjugated onto the large-sized particle surface. This allows the Fc-cytokines 

to physically bind to FcBP on the particle surface. This method largely reserves the 

cytokine structure and functional integrity while maximizing the surface contact between 

cytokines and immune cells. More importantly, the large-sized particle could be confined 
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in the TME for a prolonged period with minimum leakage to the systemic circulation, 

resulting in negligible toxicity.  
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CHAPTER II DESIGN AND EX VIVO STUDY OF LARGE-SIZED 

PARTICLE-ANCHORED CYTOKINE DELIVERY PLATFORM 

2.1 Introduction 

Cytokines, such as interleukin (IL) and interferon (IFN),  are potent secreted potent 

proteins that provide instructive cues to immune cells. 129,194,195 Proinflammatory cytokines, 

such as IL-2 and IL-12, can stimulate innate and adaptive immune cells and can synergize 

with other immunotherapies by amplifying and coordinating immune cell responses to 

overcome immunosuppressive tumor microenvironments (TMEs). 196,197 Despite early 

regulatory approval of IL-2 and IFN-Ŭ for cancer treatment, 198,199 the adoption of 

systemically administered cytokines in the clinic has been hampered by severe dose-

limiting toxicity; 200-203 the dose of the cytokines (e.g., IL-2) required to reach therapeutic 

levels in tumor tissue therapy inevitably overstimulates immune cells in healthy tissues. 

However, highly potent cytokines can cause over-stimulation of lymphocytes in 

healthy tissues, leading to severe dose-limiting toxicities. Such immune-related systemic 

toxicities curb the clinical translation of cytokine therapies. 129 

The challenges of circumventing systemic exposure of cytokines have been 

recognized for decades. Tethering cytokines to soluble macromolecules such as 

poly(ethylene glycol) by means of conventional nonspecific bioconjugation techniques can 

extend the circulation half-time of conjugated cytokines but also results in heterogeneous 

products that lose structural integrity and activity; and clinical trials of these conjugates 

(e.g., poly(ethylene glycol)ïIL-2) have often been halted due to poor efficacy. 204 

Alternatively, local (intratumoral [i.t.]) administration of cytokines has been studied as a 
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strategy for maximizing their i.t. retention. However, injected cytokines (e.g., IL-2 and IL-

12) enter the systemic circulation within minutes 201-203,205,206 owing to their low molecular 

weights (~10 kDa for IL-2, ~70 kDa for IL-12). Moreover, i.t. administration of cytokine-

loaded nanoparticles also fails to enhance cytokine retention in tumors (Figure 2.1). For 

example, 24 h after i.t. administration of 150-nm liposomes with IL-2-decorated surfaces, 

only ~20 % of the liposomes remain in the tumor; 207 whereas i.t. injection of cytokine-

encoding mRNAs encapsulated in lipid nanoparticles results in peak expression of proteins 

6 h post-injection, and protein levels gradually decrease thereafter. 208 Moreover, 

implantable delivery carriers such as scaffolds and hydrogels fail to prevent cytokines from 

rapidly entering the circulation within hours 209-215 because the pores of these carriers (>1 

Õm) are much larger than cytokine molecules (<10 nm). 209 
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Figure 2.1 Injection of free cytokines or cytokine-loaded nanoparticles into tumors. In both 

cases, the cytokines quickly enter the systemic circulation owing to leaky tumor vasculature, 

resulting in systemic toxicity and low therapeutic efficacy. 
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Another delivery strategy is to link cytokines to collagen-binding peptides for 

systemic or i.t. administration, the idea being that peptide binding to collagen in solid 

tumors would result in retention of the linked cytokines216-218. However, 3 days after i.t. 

injection, only ~10 % of the linked cytokines remain in the tumor; 218 the poor retention is 

presumably due to the heterogeneous distribution and turnover of the collagen in tumors. 

Very recently, IL-12 fused to a phosphorylated alum-binding peptide was engineered and 

tethered to aluminum hydroxide adjuvant particles for i.t. administration. 219 The particles 

were retained in the tumor for more than a week after i.t. injection. However, such strategy, 

as well as many other strategies involving molecularly engineered cytokines220-223 and 

TME-sensitive masked cytokines, 224-228 requires specific protein-engineering techniques 

and is not universally applicable to all cytokines. Moreover, these sophisticated 

technologies can be expected to face scale-up problems that will hamper their clinical 

translation. 

 Herein, we report a facile strategy for noncovalently anchoring commercially 

available Fc-fused cytokines (Fc = fragment crystallizable domain) to the surface of 

particles decorated with Fc-binding peptide (Figure 2.2). Injection of such particles into 

tumors resulted in prolonged tumor retention of cytokines with minimal systemic toxicity, 

and more importantly, the retention time was particle-size dependent. Since the particle 

anchored cytokines have prolonged intratumoral retention, the cytokines would be able to 

induce durable anti-tumor immune responses.  
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Figure 2.2 Design and formulation of a local delivery system using particle-anchored 

cytokines for cancer immunotherapy. The selected FcBP was covalently coupled to the particle 

surface through EDC/NHS chemistry. The Fc fusion cytokines are then physically attached to the 

FcBP. When injected intratumorally into the tumors, the P-cytokine interacts with T cells through 

surface-surface communication. The T cells were primed accordingly and exhibited cytotoxic 

activities, such as secreting inflammatory molecules.  
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2.2 Material and Methods 

2.2.1 General methods  

All reagents were purchased from U.S. suppliers, stored according to published 

protocols, and used as received unless indicated otherwise. All experiments were 

performed in a biosafety cabinet or fume hood in accordance with Occupational Safety and 

Health Administration regulations. 

 

2.2.2 Animal studies 

All animal work was conducted in appliance to the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals under protocols approved by Virginia 

Tech Institutional Animal Care and Use Committee and Institutional Biosafety Committee.   

 

2.2.3 Mice and cell lines 

Balb/c mice (ages 6 to 8 weeks female, from Jackson Laboratories or Envigo), All 

mice were group-housed (5 mice per cage) and maintained under a regular light-dark cycle 

altered every 12 h with free access to water and food in pathogen-free conditions in a barrier 

facility in Virginia Tech. Murine breast cancer 4T1 cell lines was originally purchased from 

American Type Culture Collection (ATCC, Manassas, VA). All cells were maintained at 

37 ÁC with 5 % CO2 in the culture medium according to the instructions, supplemented 

with 10 % heat inactivated FBS and penicillin/streptomycin (all from Life Technology, 

Grand Island, NY). All cells were tested to be free of mycoplasma. 
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2.2.4 Subcutaneous tumor inoculation  

For subcutaneous (s.c.) inoculation of 4T1 tumors, 5 Ĭ 105 4T1 cells in 50 ÕL of 

sterile PBS (1Ĭ) were s.c. injected into the back of neck of balb/c female mice under 

anesthesia using isoflurane after hair was removed.  Treatments were started when 4T1 

tumors reached ~ 50-100 mm3. The body weight and tumor size were measured every 1-2 

days. Tumor length and width were measured with a digital caliper, and the tumor volume 

was calculated using the following equation: tumor volume = length Ĭ width Ĭ width/2. 

Mice were euthanized when their tumor volumes reached a predetermined end point (1000 

mm3) or when their body weights dropped over 20 %.   

 

2.2.5 Synthesis of Cyanine 7 labeled Fc (Fc-Cy7) 

50 Õg mFc (SinoBiological) was dissolved in 0.5mL 1Ĭ PBS. Sulfo-Cy7- NHS 

ester (10 equiv., Lumiprobe) and N-(3-Dimethylaminopropyl)-Nô-ethylcarbodiimide 

hydrochloride (EDC, 10 equiv., Sigma-Aldrich) were immediately transferred to the mFc 

solution and reacted under stirring for overnight. The conjugate was then transferred to 

dialysis for 48 h (12-14 kDa membrane, SpectraPro). All steps were under dark condition 

to avoid photo bleach.  

 

2.2.6 Synthesis of polystyrene particles surface decorated with Immunoglobulin G Fc 

region binding peptide (PS-FcBP) 
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Immunoglobulin Fc region binding peptide (FcBP, sequence: GGGGSHWRGWV, 

Peptide 2.0) was dissolved in 1 Ĭ PBS (1mg/mL). Carboxy-modified polystyrene (PS) 

microparticle (D = 1Õm, Polysciences) was first activated with EDC and N-

Hydroxysuccinimide (NHS, Sigma-Aldrich) solution (EDC : NHS = 1 : 2 molar ratio) for 

15min. FcBP solution was then transferred to PS solution (mass ratio 1 : 10) and reacted 

under stirring overnight. The PS-FcBP conjugate was washed 3 times using the centrifuge 

(8000 Ĭ g for 5 min), and the supernatant was discarded. The pellet was then resuspended 

in 1 Ĭ PBS (20mg/mL) and stored under 4 ÁC.   

 

2.2.7 Formulation and characterization of Fc-fused IL-12 (Fc-IL-12) immobilization 

on PS-FcBP surface 

Fc-IL-12 (SinoBiological, catalog # CT021-M02H) was mixed with PS-FcBP at 

the Fc-IL-12/PS-FcBP ratio of 1:10 (w / w) and incubated for overnight under 4 ÁC (or RT 

4 h). The formulated particle anchored Fc-IL-12 (P-IL-12) was then washed 3 times using 

the centrifuge (8000 Ĭ g for 5 min), and the supernatant was discarded. The pellet was then 

resuspended in DI water for scanning electron microscopy (SEM), dynamic light scattering 

(DLS), and Zeta potential measurement.  

 

2.2.8 Characterization of Fc loading efficiency  

Fc-Cy7 (40 Õg / mL in PBS 1 Ĭ) were mixed with PS-FcBP solution (1mg/mL) and 

incubated under 4 ÁC for overnight. The formulated PS-FcBP/Fc-Cy7 were then 

centrifuged at 8000 Ĭ g for 10 min, and the supernatant was collected. The fluorescence 
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intensity of the original Fc-Cy7 and the supernatant were imaged and compared using LI-

COR Biosciences Odyssey Infrared Imaging System with emission wavelength 800 nm.  

 

2.2.9 In vitro degradation and release study of particle anchored Fc-Cy7  

The formulated PS-FcBP/Fc-Cy7 was soaked in both 1Ĭ PBS and 2 % Fetal Bovine 

Serum (FBS) solutions at 1 mg/mL. The supernatants were collected on day 1, 2, 4, 7 and 

imaged using LI-COR Biosciences Odyssey Infrared Imaging System with emission 

wavelength 800 nm. The particle size was characterized on day 7 using DLS (Zetasizer 

Ultra-Red, Malvern Panalytical).  

 

2.2.10 Enzyme-linked immunosorbent assay (ELISA) for IL-12 detection 

Fc-IL-12 was incubated with PS-FcBP at a mass ratio of 1:10 at 4 ÁC for 12 h to 

obtain particle-anchored IL-12 (P-IL-12). The mixture was then centrifuged at 8000 Ĭ g 

for 5 min. The supernatant was collected, and the concentration of free Fc-IL-12 was 

measured using sandwich ELISA methods according to manufacturerôs recommended 

protocol (Thermo Fisher Scientific, catalog# 88-7121).   

CorningÊ CostarÊ 9018 ELISA plate was firstly coated with 100 ÕL/well of 

capture antibody in Coating Buffer and incubated overnight at 4ÁC. The plate was then 

blocked with 200 ÕL/well of ELISA/ELISPOT Diluent (1Ĭ) for 1 h. Supernatants were 

then added at 100 ÕL/well to the wells and incubated for 2 h. Diluted Detection Antibody 

was next added to each well at 100 ÕL/well and incubated for 1 h, subsequent to which 100 
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ÕL/well of diluted Avidin-HRP was added and incubated for another 30 min. TMB (1Ĭ ) 

Solution was subsequently added and incubated for 15 min, followed by adding 100 

ÕL/well of Stop Solution. All steps were under room temperature and the plate was washed 

3 times using Wash Buffer between each step. Standard curve was prepared using 2-fold 

serial dilution method and a total of 8 points were adopted. One well was left blank with 

100 ÕL of ELISA/ELISPOT Diluent (1Ĭ) as background control. The plate was read at 450 

nm and data was analyzed using Origin Software (Northampton, MA).  

 

2.2.11 Intratumoral retention of PS-FcBP/Fc-Cy7 and whole-body fluorescence 

imaging of mice 

The balb/c mice were firstly shaved, subcutaneously inoculated with 5x105 4T1 

cells in 50 ÕL PBS (1Ĭ) on the back of neck. The balb/c mice were fed with alfalfa-free 

food for at least one week prior to the study in order to minimize the gastrointestinal 

background autofluorescence. 229 Once the tumor reached to ~ 50mm3, a 50 Õg/mL PS-

FcBP/Fc-Cy7 in 20 ÕL sterile PBS solution (1Ĭ) was intratumorally injected into the 4T1 

tumor. Whole body fluorescence imaging of mice was performed with LI-COR 

Biosciences Odyssey Infrared Imaging System with excitation wavelength at 800 nm. 

Tumors were collected at day 7 and imaged to get the fluorescence intensity. The analysis 

of the results was carried out using Origin software (Northampton, MA) by fitting the 

normalized fluorescence intensity (I) ï time (t) curve into an exponential decay model 

according to Eq. (1).  

I = a Ŀ exp (-t/T1) + b                                                                                                        (1) 
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where a, b, T1 are all constants fitted by Origin software. The starting point for the 

curve fitting was the peak value of the normalized fluorescence intensity, usually at 6 or 

24 hr. The obtained T1 value was used to calculate the decay half-life Ű based on Eq. (2).  

Ű = ln (2) Ŀ T1                                                                                                                    (2) 

Note that the fluorescence intensity at t = 0 was normalized as 1. 

 

2.2.12 Statistical analysis 

Statistical analysis was performed using Origin Software (Northampton, MA). 

Sample sizes were indicated in each figure captions. Comparisons between groups were 

assessed using Mann-Whitney U-test (two-sided). Significance was represented as follows: 

* P < 0.05, ** P < 0.01, *** P < 0.001, and not significant (n.s.). The n values and specific 

statistical methods are indicated in figure legends.  
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2.3 Results and discussions 

2.3.1 Facile non-covalent anchoring of Fc-cytokine to particle surface 

The advent of endoscopy and laparoscopic surgery procedures to access lesions 230 

has inspired researchers to develop local immunotherapies that can be used to treat 

unresectable tumors or can be used as a post-surgical adjuvant that generates systemic 

immunities to prevent recurrence. 231,232 Two local immunotherapies have been approved 

by the US Food and Drug Administration for cancer treatment, and various dose-limiting 

protein therapeutics are in clinical trials as i.t. immunotherapies, including ICB antibodies 

(NCT03058289), IL-12-encoding mRNA (NCT03946800), and tumor-targeted IL-2 and 

TNF-Ŭ (NCT04362722). 230 Nevertheless, there is no fundamental framework for 

designing optimal i.t. delivery agents that maximize tumor retention of these potent 

therapeutics and minimize their systemic exposure. For many immunotherapeutics, 

including cytokines, the local concentration must remain within the therapeutic window 

long enough to allow productive engagement with desired immune cells, thereby 

transforming immune-excluded tumors to tumors with an inflammatory milieu in the TME. 

In addition, unlike conventional chemotherapeutics that must undergo cellular 

internalization, cytokines do not have to be taken up by cells, because they function by 

engaging with receptors on the surface of immune cells. 

Conventional bioconjugation techniques often result in heterogeneous conjugates 

with loss of the structural integrity and activity; 233 while the specific molecular engineering 

of cytokines is not general and can be difficult to scale up. Cytokines function via the 

engagement of surface receptors on immune cells and they do not need to be internalized. 
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Therefore, structural-integrated cytokines that are anchored on the particle surface rather 

than encapsulated within the particles can maintain their bioactivities. In search of a 

generalized strategy that can easily anchor cytokines onto particles, we utilized the Fc-

fused cytokines and developed a formulation method utilizing the binding between Fc 

region and the Fc-binding peptide (FcBP) on the particle surface (Figure 2.3A). Fc-fused 

cytokine is composed of an immunoglobin (IgG) Fc domain linked to the cytokine of 

interest. Fc-fused proteins are easy to manufacture, and are widely used in therapeutic 

proteins (e.g., trastuzumab and cetuximab). 234,235 This is because Fc improves the 

solubility and stability of the fused protein, allowing for high protein expression yields in 

the production. 235 We therefore hypothesized that noncovalent binding of the Fc-fused 

cytokine to the FcBP on the particle surface would not affect the cytokineôs structural 

integrity or bioactivity and that anchoring of the cytokine to particles and subsequent i.t. 

injection of the surface-modified particles would enhance local retention of the cytokine to 

drive tumor growth inhibition while minimizing the systemic exposure of the cytokine, 

which leads to side effects. 

We selected an FcBP with an amino acid sequence of HWRGWV, 236,237 which has 

a reasonable affinity for Fc (Kd = 10 ÕM) even when the peptide is immobilized on beads. 

237 A GGGGS spacer was added to the N-terminus of the peptide to increase its stability. 

238 We then conjugated the FcBP to carboxylate-functionalized polystyrene (PS) particles 

using EDC/NHS conjugation chemistry 239 (~17 Õmol of carboxylate per gram of particles 

240). To investigate the effect of particle size on tumor retention, we selected PS particles 

because they can be prepared in discrete sizes, including 0.2 Õm, 0.5 Õm, and 1 Õm with 

narrow particle-size distributions, and they do not aggregate in biological buffers at 37ÁC 
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241. The EDC/NHS conjugation chemistry was chemo-specific in this case because only the 

N-terminal amine on the FcBP was available for the reaction. After conjugation, the FcBP-

decorated PS particles (PS-FcBP) were incubated with Cy7-labeled Fc (Fc-Cy7) generate 

PS-FcBP/Fc-Cy7 particles. The loading efficiency of Fc-Cy7 in these fluorescent particles 

was determined to be 98 % (52 Õg of Fc per milligram of PS particles), as indicated by 

fluorescence imaging (Figure 2.3B, Figure 2.5A), confirming that the FcBP on the particle 

surface bound strongly to the Fc-Cy7 molecules. We also incubated a mixture of Fc-fused 

IL-12 (Fc-IL-12) and PS-FcBP at a mass ratio of 1/10 at 4 ÁC for 12 h to obtain particle-

anchored IL-12 (P-IL-12). A SEM image of P-IL-12 indicated the presence of proteins on 

the particle surface (Figure 2.3C-D), as the bare particles all had smooth surfaces before 

incubation while they had rough surfaces after incubation. The slight change of zeta 

potential before and after incubation indicated the anchored IL-12 on the particle surface 

(Figure 2.4A-B). Besides, the surface modification and Fc-IL-12 attachment did not 

significantly affect particleôs size as evidenced by the DLS measurements (Figure 2.4C-

D).  
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Figure 2.3 Formulation and characterization of particle-anchored cytokine. A Scheme of PS-

FcBP formulation and cytokine anchoring. B Representative fluorescence images for quantification 

of the formulation process. A mixture of PS-FcBP (no fluorescence) and Fc-Cy7 was incubated for 

6 h and then centrifuged. The separated supernatant rarely exhibited any fluorescence whereas the 

pelleted particles showed strong fluorescence. C, D Representative scanning electron microscopy 

images of PS particles (left) and IL-12-decorated PS particles (P-IL-12, right) after incubating PS-

FcBP with Fc-IL-12 and purification. Scale bar: 2 Õm.  

A                                                                 

B                                                                 

C                                                                 D                                                                
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Figure 2.4 In vitro characterization of particle anchored cytokines. A, B Surface zeta potential 

measurement of PS (top) and P-IL-12 (bottom). C, D Dynamic light scattering characterization of 

PS (1 Õm diameter size, left) and P-IL-12 (right).  

 

An enzyme-linked immunosorbent assay (ELISA) revealed that less than 1 % of 

the IL-12 remained in the supernatant after centrifugation (Figure 2.5B). Notably, when 

incubating PS-FcBP/Fc-Cy7 particles in 1ĬPBS buffer or 2 % FBS cell culture media 

(FBS, fetal bovine serum) at 37 oC, we found less than 2 % of Fc-Cy7 was released into 

the solution over 7 days (Figure 2.5C), and the particle sizes remained unchanged as 

characterized by DLS (Figure 2.5D-E), confirming the prolonged retention of PS-FcBP/Fc-

Cy7 in tumors with minimal disassociation. These results collectively suggested that our 

physical binding strategy was suitable for anchoring Fc-fused cytokines onto FcBP-

decorated particles.

A                                                                 

B                                                                 

C                                                                     D 
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Figure 2.5 In vitro binding efficiency, degradation, and release study of particle anchored Fc-

Cy7. A Fluorescence intensity measurement of the supernatant and PS-FcBP/Fc-Cy7 particles in 

Figure 2.3B (n = 4). B Enzyme-linked immunosorbent assay measurement of IL-12 concentration 

remaining in the supernatant after incubation (n = 4). C The measurement of Fc-Cy7 release in 1Ĭ 

PBS (blue) or 2 % FBS/DMEM (red; FBS, fetal bovine serum; DMEM, Dulbecco's modified 

Eagleôs medium) solution at 37 ÁC for seven days, using fluorescence intensity reading of the 

solution. D, E PS-FcBP/Fc-Cy7 size measurement (using dynamic light scattering) after 7-day 

release study in C, confirming that the particle is stable in cell culture solution without aggregation. 

A                                          B                                      C 

D                                                                   E 
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2.3.2 Particle-anchored cytokines accumulate in tumors in a size-dependent manner 

Using large particles, typically between 0.5 ï 2 Õm, for i.t. drug delivery has been 

rarely studied, presumably because they are less readily internalized by cells than small 

particles. 242,243 However, internalization of cytokines is unnecessary because most 

cytokines initiate and amplify immune responses by engaging with cell-surface receptors. 

244 Because tumors have distorted vasculature with leaky pores (> 200 nm), 244,246 we 

hypothesized that compared with small particles, large particles (> 200 nm) would show 

retarded clearance rates and prolonged tumor retention upon i.t. administration.  

To test our hypothesis, we anchored Fc-Cy7 to PS-FcBP particles of various sizes 

including 0.2 Õm, 0.5 Õm, and 1 Õm, and injected the resulting PS-FcBP/Fc-Cy7 particles 

into subcutaneous murine 4T1 breast tumors for whole-animal fluorescence imaging 

studies (Figure 2.6A). We found 1 Õm particles remained in the tumors for over 1 week 

after a single dose (clearance half-life = 91.6 h), whereas free Fc-Cy7 and 200 nm PS-

FcBP/Fc-Cy7 particles were quickly cleared out of tumors (clearance half-lives = 7.1 and 

18.9 h, respectively) (Figure 2.6B). Note that FcBP was indispensable for Fc-Cy7 to bind 

to the particle and be retained in the tumor; in the absence of FcBP, all the Fc-Cy7 was 

washed off the particles before injection (Figure 2.6A), confirming that there is negligible 

non-specific binding between PS and Fc-Cy7.  
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Figure 2.6 Prolonged retention of 1 Õm-sized i.t.-injected polystyrene-anchored Fc-Cy7 in 

tumors. A Representative fluorescence images of mice receiving various Fc-Cy7 formulations 

(Cy7: green). Tumor areas were circled. B The change of Cy7 in A was quantified (n = 4-5; data 

are median Ñ quartile comparing results of two different sized PS particles). Statistical significance 

is determined by MannïWhitney U-tests. (n = 4-5; *, P < 0.05; **, P < 0.01). 

A   

B   
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One week after i.t. injection of the treatments, tumors injected with various 

formulations were collected and imaged. Tumors resected from mice that received 1-Õm 

PS-FcBP/Fc-Cy7 particles showed highest fluorescence intensity, which was 7.7, 13.8, and 

17.3 times as strong as that of tumors resected from mice that had been injected with 500- 

or 200-nm PS-FcBP/Fc-Cy7 particles or with free Fc-Cy7, respectively (n = 5, P < 0.05 in 

all cases; Figure 2.7A-B). These results collectively demonstrated that 1-Õm particles 

surface-decorated with FcBP showed longer i.t. retention of Fc-fused molecules than did 

smaller particles. Note that particles with diameters of ů 2 Õm often clogged the needles 

used for i.t. injection and were thus not used in this study. 
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Figure 2.7 Prolonged retention of 1 Õm-sized i.t.-injected polystyrene-anchored Fc-Cy7 in 

tumors. A 4T1 tumors in Figure 2.6 were resected 7 days after injection and were imaged (green: 

Cy7 dye). B Qualified tumor explants intensity at 168 h. Statistical significance is determined by 

MannïWhitney U-tests. (n = 4-5; *, P < 0.05; **, P < 0.01). 

A   

B    A   
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2.4 Conclusions 

In this chapter, we showed that tumor retention of particle-anchored cytokines is 

particle-size dependent and that i.t. administration of microparticles prolongs the presence 

of cytokines in tumors. Recent work involving i.t. injection of phosphorylated IL-12 

anchored to large aluminum hydroxide particles supports our findings in this study. 219 Our 

study is also consistent with previous reports showing brief tumor retention, usually ~1-2 

days, of i.t. administered nanoparticles < 200 nm in size. Given the readily accessibility of 

Fc-cytokines, our formulation provides a simple, general strategy for delivering potent 

immunostimulatory cytokines to induce durable anti-tumor immunity with minimal 

systemic toxicity. 

In summary, we designed and formulated a facile cytokine delivery platform using 

large-sized PS particles and a universal Fc-binding peptide with linear structure (GGGGS-

HWRGWV). The FcBP was covalently coated onto the surface of particles through 

EDC/NHS coupling methods, forming a óstickyô layer for Fc-cytokines immobilization. 

The PS-FcBP system could bind Fc-cytokines with high affinity and could achieve a 

binding efficiency of ~ 98 % (40 Õg Fc/mg particle). The surface modification did not 

significantly affect particleôs size, which was supported by both DLS and SEM images. 

The successful attachment of Fc-IL-12 onto particle surface was also evidenced by both 

SEM images and zeta potential measurements, in which all particles had rough surface and 

there was an increase of surface charge after incubation. Besides, an ELISA revealed that 

less than 1 % of the IL-12 remained in the supernatant after centrifugation. Notably, less 

than 2 % of Fc-Cy7 was released into the solution, and the particle sizes remained 

unchanged as characterized by Li-Cor and DLS during release and degradation studies. 
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When tested in vivo, the formulated 1-Õm PS-FcBP/Fc-Cy7 could stay in the tumor 

microenvironment for prolonged period with clearance half-life ~ 91.6 h, significantly 

higher than free Fc-Cy7 and 200 nm counterparts. Preferably, this PS-FcBP platform could 

be applied to attach various Fc-fusion cytokines and thus hold potential as a universal 

cytokine delivery platform.  
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CHAPTER III IN VIVO STUDY OF THE PARTICLE-ANCHORED 

CYTOKINE DELIVERY SYSTEM 

3.1 Introduction 

Unlocking the anti-tumor therapeutic potential of cytokines without exacerbating 

toxicity has been a formidable challenge. The purported benefits (high concentration and 

low toxicity) of local delivery of cytokines are undermined as high amounts of IL-12 and 

IL-2 enter circulation 3 hours after intratumoral treatment in humans, largely due to the 

small size of cytokines (5-25 kDa). 247,248 We proceeded with in vivo efficacy studies on 

tumor suppression and regression by using particle anchored cytokine delivery system. We 

recently reported that sustainable local delivery of ICB antibodies to murine tumors with 

photodynamic therapy could elicit durable anti-tumor immunity. 249 This treatment was not 

curative for poorly immunogenic tumors such as triple-negative murine 4T1 breast tumor 

and B16F10 melanoma. To test the safety and therapeutic potency of our facile PS-FcBP 

delivery platform, we anchored Fc-IL-12 and Fc-IL-15, two pro-inflammatory cytokines 

which are actively studied in clinical settings, on to the PS-FcBP surface and administered 

the formulated P-IL-12 and/or  P-IL-15 into various syngeneic and spontaneous tumor 

models, including triple negative 4T1 breast tumor model, B16F10 melanoma model, 

FVB/N-Tg(MMTV-PyVT)634Mul/J mice with spontaneous breast tumor, and B6.Cg-

Tg(Tyr-cre/ERT2)13Bos Braftm1Mmcm Ptentm1Hwu/BosJ mice with inducible melanoma. IL-

12 as one of the most potent pro-inflammatory cytokines can promote the polarization of 

Th1, resulting in IFN-ɔ secretion by cytotoxic CD8+ T cells, and stimulate antigen 

presentation by DCs 250,251. IL-15 shares non-redundant but synergistic roles with IL-12 in 
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cancer immunotherapy and specializes in NK cell and CD8+ memory cell activation and 

proliferation. 252-256 Although showing promising results in preclinical settings, neither IL-

12 or IL-15 has not approved by FDA yet due to irAEs and difficulties in retaining high 

local concentration to achieve therapeutic outcomes without systemic toxicity. 257 By 

anchoring Fc-IL-12/Fc-IL-15 on to our designed PS-FcBP, we expected to prolong the 

retention of these cytokines in TME, thereby enlarging the therapeutic window and 

enhancing the survival of tumor bearing mice when i.t. administered with ICBs antibodies. 

In this chapter, we assessed the systemic toxicity of our combination treatments by 

measuring cytokine concentrations in serums and by immunohistology studies. We then 

performed in vivo efficacy studies using different tumor models. Mice tumor volume, area, 

and body weight were monitored to evaluate the synergistic effect and therapeutic 

efficacies of various combinations of P-IL-12, P-IL-15, and free Fc-IL-12, Fc-IL-15, ICBs, 

and TA99 antibody.  
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3.2 Material and methods 

3.2.1 Animal studies 

All animal work was conducted in appliance to the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals under protocols approved by Virginia 

Tech Institutional Animal Care and Use Committee and Institutional Biosafety Committee.   

 

3.2.2 Mice and cell lines 

Balb/c and C57BL/6 female mice (ages 6 to 8 weeks female, from Jackson 

Laboratories or Envigo), FVB/N-Tg(MMTV-PyVT)634Mul/J male (ages 4 to 6 weeks 

from Jackson Laboratories; JAX stock #002374), FVB/NJ females mice (ages 4 to 6 weeks 

from Jackson Laboratories; JAX stock #001800), B6.Cg-Tg(Tyr-cre/ERT2)13Bos 

Braftm1Mmcm Ptentm1Hwu/BosJ breeding pairs (ages 4 to 6 weeks from Jackson Laboratories; 

JAX stock #013590) were used and maintained following the animal protocol. MMTV-

PyMT female mice with spontaneously developed breast cancer (around 8-week age) were 

crosses of FVB/N-Tg(MMTV-PyVT)634Mul/J male and FVB/NJ females mice, and 

genotyped (Transnetyx). B6.Cg-Tg(Tyr-cre/ERT2)13Bos Braftm1Mmcm Ptentm1Hwu/BosJ 

mice (designated as BrafV600E/Ptenfl/fl) were generated by male Hemizygous for Tg(Tyr-

cre/ERT2)13Bos, Heterozygous for Braftm1Mmcm, and Homozygous for Ptentm1Hwu and 

female noncarrier for Tg(Tyr-cre/ERT2)13Bos, Heterozygous for Braftm1Mmcm, 

Homozygous for Ptentm1Hwu, and genotyped (Transnetyx). All mice were group-housed (5 

mice per cage) and maintained under a regular light-dark cycle altered every 12 h with free 

access to water and food in pathogen-free conditions in a barrier facility in Virginia Tech. 
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Murine breast cancer 4T1 and murine melanoma B16F10 cell lines were originally 

purchased from American Type Culture Collection (ATCC, Manassas, VA). All cells were 

maintained at 37 ÁC with 5 % CO2 in the culture medium according to the instructions, 

supplemented with 10 % heat inactivated FBS and penicillin/streptomycin (all from Life 

Technology, Grand Island, NY). All cells were tested to be free of mycoplasma. 

 

3.2.3 Synthesis of polystyrene particles surface decorated with Immunoglobulin G Fc 

region binding peptide (PS-FcBP) 

Immunoglobulin Fc region binding peptide (FcBP, sequence: GGGGSHWRGWV, 

Peptide 2.0) was dissolved in 1 Ĭ PBS (1mg/mL). Carboxy-modified polystyrene (PS) 

microparticle (D = 1Õm, Polysciences) was first activated with EDC and N-

Hydroxysuccinimide (NHS, Sigma-Aldrich) solution (EDC : NHS = 1 : 2 molar ratio) for 

15min. FcBP solution was then transferred to PS solution (mass ratio 1 : 10) and reacted 

under stirring overnight. The PS-FcBP conjugate was washed 3 times using the centrifuge 

(8000 Ĭ g for 5 min), and the supernatant was discarded. The pellet was then resuspended 

in 1 Ĭ PBS (20mg/mL) and stored under 4 ÁC.   

 

3.2.4 Construction of particle anchored Fc-IL-12 (P-IL-12) 

Fc-IL-12 (SinoBiological, catalog # CT021-M02H) was mixed with PS-FcBP at 

the Fc-IL-12/PS-FcBP ratio of 1:10 (w / w) and incubated for overnight under 4 ÁC (or RT 

4 h). The formulated P-IL-12 was then washed 3 times using the centrifuge (8000 Ĭ g for 

5 min) before administration. 
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3.2.5 Construction of particle anchored Fc-IL-15 (P-IL-15)    

Fc-IL-15 (ARCOBiosystems; catalog# IL5-M5255) was mixed with PS-FcBP at 

the Fc-IL-15/PS-FcBP ratio of 1:10 (w / w) and incubated for overnight under 4ÁC (or RT 

4h). The formulated P-IL-15 was then washed 3 times using the centrifuge (8000 Ĭ g for 5 

min) before administration. 

 

3.2.6 Subcutaneous tumor inoculation  

For s.c. inoculation of single B16F10 and 4T1 tumors, 5 Ĭ 105 cells in 50 ÕL of 

sterile PBS (1Ĭ) were s.c. injected into the back of neck of C57BL/6 or balb/c female mice 

under anesthesia using isoflurane after hair was removed.  Treatments were started when 

4T1 tumors reached ~ 50-100 mm3, or 7 days after B16F10 tumor inoculation. The body 

weight and tumor size were measured every 1-2 days after the treatment started. Tumor 

length and width were measured with a digital caliper, and the tumor volume was 

calculated using the following equation: tumor volume = length Ĭ width Ĭ width/2. 258 Mice 

were euthanized when their tumor volumes reached a predetermined end point (1000 mm3) 

or when their body weights dropped over 20 %.  For tumor rechallenge studies, mice that 

overcame tumors were inoculated with the same amount of tumor cells (5 Ĭ 105 cells) in 

the right flank and monitored for another 2 weeks. For evaluation of anti-metastatic effect, 

mice that overcame tumors were intravenously injected with 106 4T1 tumor cells via tail-

vein injection and monitored for another 4 weeks. 
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3.2.7 Subcutaneous tumor treatment 

Intratumoral treatments into the subcutaneous tumors were administered in 30 ɛL 

of sterile PBS. In total, 100 Õg of Ŭ-CTLA-4 (clone 9H10, BioXCell, Lebanon, NH; catalog 

# BP0131) and Ŭ-PD-1 (clone RMP1-14, BioXCell; catalog #BE0146), 100 Õg of TRP1 

(only in B16F10 treatment, clone TA99, BioXCell; catalog #BE0151), 2 Õg Fc-IL-12, 2 

Õg Fc-IL-15, P-IL-12 (equivalent to 2 ɛg of Fc-IL-12; ~ 0.02 mg of particles per dose), and 

P-IL-15 (equivalent to 2 ɛg of Fc-IL-15; ~ 0.02 mg of particles per dose) were administered 

each per dose at designated timepoint. All mice were treated under anesthesia.  

For 4T1 tumor model, mice were treated at day 7 after tumor inoculation, different 

treatment combinations were given once per 6 days for consecutive 3 times. For B16F10 

tumor model, the detailed dose and schedule of the cytokines and antibodies are described 

in the figure legends.  

 

3.2.8 Histology 

For hematoxylin and eosin (H&E) staining, balb/c mice were euthanized 5 days 

after the first treatment, while C57BL/6 mice were euthanized 14 days after the first 

treatment. Lung, liver, heart, spleen, kidney, and tumors were fixed in 10 % formalin, 

embedded in paraffin, and stained with hematoxylin and eosin. The images were acquired 

under identical acquisition settings and subsequently processed using Fiji image analysis 

software.  
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3.2.9 Serum toxicity study 

For mice serum level of IFN-ɔ, TNF-h, IL-6, and IL-12 measurement, mice bearing 

4T-1 tumors were injected with free Fc-IL-12 + Fc-IL-15, P-IL-12 + P-IL-15, or PBS 1Ĭ. 

Mice blood were collected at both 1 h, 24 h, and 72 h after injection, allowed for clotting 

at RT for 30 mins, and centrifuged at 2000 Ĭ g for 15 mins. Mice serum were aliquoted 

and stored at ī80 ÁC until analysis. Samples were diluted 1:1 with Assay Buffer and 

assayed using a multiplex magnetic beads-based ELISA through LuminexÈ 200 

instrument with xPonent software (Mouse ProcartaPlexÊ Mix & Match 12-plex, Catalog 

#: PPX-12-MXYMMCJ), following manufacturer's instructions. All original data were 

acquired from LuminexÈ 200 instrument and analyzed on ThermoFisher cloud service 

ProcartaPlexÊ. 

 

3.2.10 Biodistributions of fluorescence PS-FcBP/Fc-Cy7 or Fc-Cy7 

 PS-FcBP/Fc-Cy7 or free Fc-Cy7 were i.t. injected into 4T1-tumor-bearing mice. 

Tumor samples and major organs, including heart, kidney, liver, lung, lymph nodes, and 

spleen were collected at day 7 after injection and were imaged using LI-COR Biosciences 

Odyssey Infrared Imaging System with emission wavelength 800 nm. Results are 

expressed as fluorescence intensities (a.u., arbitrary unit) per tissue mass.  
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3.2.11 Phagocytosis study of fluorescence-labeled 1 Õm-sized P-IL-12 

fluorescence-labeled 1 Õm-sized P-IL-12 (formulated by replacing PS-COOH with 

fluorescence PS-COOH from Sigma, cat# L4655) were i.t. injected into 4T1-tumor-bearing 

mice. Tumor samples were collected on day 1 and 3 post injection, and gently ground to 

generate single-cell suspensions through a 70-Õm cell strainer.  Red blood cells were lysed 

with RBC Lysis Buffer (Biolegend, San Diego, CA).  Cells were counted and resuspended 

in Cell Staining Buffer (Biolegend) and used for flow cytometry staining. Non-specific 

immunofluorescent staining was prevented by incubating cells with TruStain fcXÊ (anti-

mouse CD16/32) (clone 93, Biolegend) antibody in 100 Õl volume for 5 ~ 10 minutes on 

ice.  Cell-surface staining with antibody was performed according to manufacturerôs 

instructions (Biolegend) with a dilution ratio of 1:100. Fluorescent antibodies (all from 

Biolegend) used included CD45 (clone 30-F11), CD3 (clone 17A2), F4/80 (clone BM8), 

CD4 (clone GK1.5), and CD8a (clone 53-6.7). Fixable live/dead cell discrimination was 

performed using Zombie AquaÊ Fixable Viability Kit according to manufacturerôs 

protocol (Biolegend). All flow cytometric data collection was performed using BD 

FACSARIAÊ flow cytometer (BD Biosciences, San Jose, CA) and analyzed using 

FlowJo. software (Ashland, OR).   

 

3.2.12 Induction and treatment of BrafV600E/Ptenfl/fl autochthonous melanoma 

6-8-week-old BrafV600E/Ptenfl/fl mice were painted with 5 ɛL of 4-hydroxytamoxifen 

(Sigma) at 5 mg/ml dissolved in alcohol on the back of the mice on day 0. On day 10, mice 

were treated with 2Õg (18pmol) Fc-IL-12 or P-IL-12 (equimolar basis), anti-CTLA-4 
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(clone, BioXCell) at 100 ɛg per dose and anti-PD-1 (clone 29F.1A12, BioXCell) at 100 ɛg 

per dose in 50 ɛL of sterile PBS 1Ĭ for i.t. administration. Tumor size was measured as 

surface area, which was taken photos with a caliper and quantified by Fiji image analysis 

software. Mice were euthanized when tumors areas exceeded 150 mm2 or if body weight 

loss from treatment onset exceeded 20 %. 

 

3.2.13 Statistical analysis 

Statistical analysis was performed using Origin Software (Northampton, MA). 

Sample sizes were indicated in each figure captions. Comparisons between groups were 

assessed using Mann-Whitney U-test (two-sided). Kaplan-Meier survival curves were 

compared using log-rank test. Significance was represented as follows: * P < 0.05, ** P < 

0.01, *** P < 0.001, and not significant (n.s.). The n values and specific statistical methods 

are indicated in figure legends. 
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3.3 Results and discussions 

3.3.1 Particle-anchored cytokines confine cytokines in tumors and show minimal 

systemic toxicity 

In clinical trials, patients that receive cytokines, such as IL-12, experience cytokine 

release syndrome, which is characterized by high concentrations of circulating cytokines, 

including IFN-ɔ, that result in side effects. 200,203 Because we used IL-12 and IL-15 to treat 

murine tumors (vide infra), we treated mice bearing B16F10 melanomas with i.t. 

administered 1-Õm P-IL-12 plus P-IL-15 particles (formulated at a dose equivalent to 2 ɛg 

of free cytokine) or free Fc-IL-12 plus Fc-IL-15 (2 ɛg of each), and we monitored blood 

levels of different inflammatory cytokines. Over the course of 3 days after i.t. injection, 

circulating IL-12 concentrations were significantly lower in mice that received particle-

anchored cytokines than in mice that received free cytokines (Figure 3.1A, n = 4, P < 0.05 

in all cases). We also observed substantially lower blood IFN-ɔ concentrations in mice that 

received the particles, although the IFN-ɔ concentrations in that group were transiently 

elevated at 24 h post-injection but had decreased by 3 days post-injection (Figure 3.1B). 

Moreover, the TNF-Ŭ and IL-6 concentrations in the P-IL-12 plus P-IL-15 group were not 

significantly higher over 3 days than the concentrations in the other groups (Figure 3.1C-

D); nor were the serum concentrations of IL-1Ŭ, IL-2, IL-4, and IL-5 at 24 h post-injection 

(Figure 3.2A-D). The transient increase in blood IFN-ɔ concentration is consistent with 

literature reports 219,259,260 and can be attributed to the fact that IFN-ɔ is indispensable for 

the anti-tumor efficacy of IL-12 therapy: IL-12 induces IFN-ɔ release from T cells and NK 

cells, and IFN-ɔ in turn initiates positive feedback to stimulate T cell activation. 261  
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Figure 3.1 Particle-anchored Fc-molecules exhibit negligible systemic toxicity after 

intratumoral administration. Temporal dependence of serum concentrations of IL-12 (A), IFN-

ɔ (B), TNF-Ŭ (C), and IL-6 (D) after i.t. injection of B16F10-tumor-bearing mice with particle-

anchored IL-12 and IL-15 (P-IL-12 + P-IL-15, 2 Õg for each cytokine) (n = 4 for each group). P 

values were calculated by means of MannïWhitney U-tests.  

A                                                              B 

C                                                              D 
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Figure. 3.2 Particle-anchored Fc-molecules exhibit negligible systemic toxicity after 

intratumoral administration. Temporal dependence of serum concentration of IL-1Ŭ (A), IL-2 

(B), IL-4 (C), and IL-5 (D) after i.t. injection of B16F10-tumor-bearing mice with particle-anchored 

IL-12 and IL-15 (P-IL-12 + P-IL-15, 2 Õg for each cytokine) (n = 4 for each group). P values were 

calculated by means of MannïWhitney U-tests.  

 

A                                     B 

C                                    D 



68 

 

The H&E staining of mice receiving the combination regimen did not show any 

noticeable signs of tissue damage or toxicity in the liver, lung, spleen, heart or kidney 

compared to healthy mice (Figure 3.3). These results demonstrated that our formulation 

could provide sufficient intratumoral confinement to curb systemic toxicities of free 

cytokines without damage to major organs. 

 

Figure 3.3. Representative haematoxylin and eosin-stained sections of major organs and 

tumors. Major organs and tumors were collected on day 14 after the start of treatment from B16F10 

tumor-bearing C57BL/6 mice that were untreated and i.p. administered with Fc-IL-12/Fc-IL-

15/TA99 and i.t. administered P-IL-12/P-IL-15/ICB/TA99. Combined treatment of P-IL-12/P-IL-

15/ICB/TA99 in B16F10 tumors in C57BL/6 mice did not present toxicities on major organs. Scale 

bar: 200 ɛm. Data are representative of two repeated experiments. 
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3.3.2 Particle-anchored cytokines confine cytokines in tumors with minimal organ 

deposition and phagocytosis 

 In order to investigate the biodistribution of PS-FcBP/Fc-Cy7 particles, we collected 

major organs on day 7 after administration and performed the imaging study. Results 

showed that for such particles, the fluorescence levels in the livers and spleens (important 

organs in the mononuclear phagocyte system that macrophages bring particles to) 7 days 

post i.t.-injection is close to those in untreated mice, while the fluorescence intensity in 

tumors is significantly higher than both the untreated and free Fc-Cy7 groups, suggesting 

that these particles mainly stayed in the tumors and are not cleared through the 

mononuclear phagocyte system (Figure 3.4A-B).  
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Figure 3.4 A Representative picture of the major organs to be imaged. B Biodistributions of 

fluorescence PS-FcBP/Fc-Cy7 or Fc-Cy7 7 days post i.t. injection into s.c. 4T1 tumors, compared 

to untreated ones (n = 4-5). Results are expressed as fluorescence intensities (a.u., arbitrary unit) 

per tissue mass. Statistical significance was determined by means of MannïWhitney U-tests. 

 

A                                     

B                                     
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To further explore whether our formulated particles were phagocytized by 

macrophages, which are responsible to remove foreign bodies, we utilized fluorescence-

labeled 1 Õm-sized P-IL-12 (formulated by replacing 1 Õm PS-COOH with 1 Õm 

fluorescence PS-COOH (Sigma-Aldrich, catalog #: L4655) for in vivo flow cytometry 

studies. The fluorescence P-IL-12 particles were i.t. injected into 4T1-tumor-bearing mice. 

On days 1 and 3 post injection, we resected tumors for flow cytometry studies to examine 

whether intratumoral macrophages and T cells uptook fluorescence labeled P-IL-12. As 

shown in Figure 3.5A-C, on days 1 and 3 post-injection, fewer than 1 % macrophages 

(CD45+F4/80+ cells) engulfed fluorescence labeled P-IL-12, and so did CD8+ and CD4+ T 

cells. These data corroborate the results in Figure 2.6, demonstrating prolonged 

intratumoral retention of the 1 ɛm-sized particles for 1 week. Collectively, unlike many in 

vitro studies, the dense extracellular matrix and multitude of cell types present in solid 

tumors appear to limit uptake of our 1 Õm-sized IL-12-anchored particles by immune cells 

such as macrophages and T cells upon i.t. administration. 

 
Figure 3.5 Representative flow cytometry histogram overlay of the examination of in vivo 

cellular uptake of i.t.-injected fluorescence labeled P-IL-12 particles in 4T1-tumor bearing 

mice. On day 1 and 3 post-injection, 4T1 tumors were resected. For CD45+ lymphocytes, A CD8+ 

T cells (PE-Cy7-anti-CD8 labeled), B CD4+ T cells (PE-Cy5-anti-CD4 labeled) and C 

macrophages (BV421-anti-F4/80 labeled) were analyzed by flow cytometry to examine whether 

fluorescence P-IL-12 particles (excitation ~ 470nm; emission ~ 505 nm) were engulfed into these 

cells (n = 4).  

A                                             B                                          C 



72 

 

3.3.3 Particle-anchored cytokines plus checkpoint blockade antibodies elicits durable 

anti-tumor immunity in syngeneic tumor models 

We investigated whether i.t. administration of P-IL-12 combined with ICB 

antibodies potentiated the immunotherapeutic activity of the antibodies. We began by 

testing this combination therapy on mice bearing established subcutaneous 4T1 tumors 

(50ï100 mm3 in volume) at a dosage of once every 6 days for a total of three times (q6d Ĭ 

3). Intratumoral administration of P-IL-12 (equivalent to 2 ɛg of Fc-IL-12; ~ 0.02 mg of 

particles per dose; for simplicity, all Fc-cytokines are hereafter referred by designations 

that do not include ñFcò) in combination with ICB antibodies (anti-CTLA-4 and anti-PD-

1, each at 50 Õg/dose) completely eradicated 4T1 tumors, curing all the tumor-bearing mice 

over the course of 60 days (Figure 3.6A). In contrast, intraperitoneally administered ICB 

antibodies, i.t. IL-12, or i.t. P-IL-12 alone showed only modest therapeutic effects (Figure 

3.6A, P = 0.0027, 0.0015, and 0.0026, respectively; n = 5ï7). H&E staining revealed that 

5 days after i.t. injection with P-IL-12 plus ICB antibodies, the residue particles, which 

were pointed by yellow arrows (Figure 3.6B), were around the injection site, and there 

were no multinucleated foreign body giant cells around the injection site.  
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Figure 3.6 Effects of local delivery of PS particle-anchored cytokine and ICB antibodies on 

4T1 tumor model. A KaplanïMeier survival curve of 4T1 bearing mice. Treatments were 

performed in subcutaneous (s.c.) 4T1 tumors in balb/c mice (n = 5ï7). The treatment started on day 

7 post tumor inoculation and was given once per six days for three times (q6d Ĭ 3). B Representative 

haematoxylin and eosin stained sections of 4T1 tumors collected on day 5 after the start of treatment 

of tumor-bearing balb/c mice. Scale bar: 400 ɛm. Data are representative of two repeated 

experiments. P values in survival studies were compared by log-rank test. 

 

A                                     

B                                    
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The i.t. administration of ICB antibodies plus IL-12 resulted in early tumor 

regression but did not completely eliminate the tumors (Figure 3.6A, Figure 3.7A). The 

tumors grew back after initial shrinkage and reached the endpoint due to insufficient 

immune activation. Importantly, the i.t. injection with P-IL-12 plus ICBs did not cause 

body weight loss, whereas a > 4 % loss in body weight was observed in mice that received 

i.t. IL-12 plus ICB antibodies without particles (P = 0.016 at day 13, Figure 3.7B). These 

results confirmed that the 1 Õm IL-12-decorated particles safely potentiated ICB 

immunotherapy and showed significantly higher therapeutic effects. 
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Figure 3.7 Effects of local delivery of PS particle-anchored cytokine and ICB antibodies on 

4T1 tumor models. A Tumor growth curves of 4T1 bearing mice for selected treatments shown in 

Figure 3.6A.  Body weight changes of 4T1 bearing mice of selected groups in Figure 3.6A. P 

values were determined by means of MannïWhitney U-tests. 

A                                     

B                                     



76 

 

We next performed the rechallenge study to examine whether the cured mice 

developed systemic immune memory. To do this, we subcutaneously injected the 4T1 

tumor cells again into the cured mice. Mice cured of 4T1 tumors by the combination 

regimen rejected rechallenge by subcutaneous inoculation with 5 Ĭ 105 4T1 cells (Figure 

3.8A). Moreover, on day 90, the fraction of effector memory CD8+T 

(CD45+CD8+CD44hiCD62Llo, TEM) cells in the lymph nodes of the mice that had rejected 

the rechallenge was significantly higher than the fraction in untreated mice (P= 0.0025, n 

= 5ï7, Figure 3.8B), suggesting that i.t. treatment with the combination regimen induced 

the formation of effective systemic immune memory.  

We also examined the central memory CD8+ T (CD45+CD8+CD44loCD62Lhi , TCM) 

cells population in both groups (Figure 3.8C). Compared to TEM cells, TCM cells have an 

enhanced capacity for lymph node homing and recall potential. Nevertheless, recent studies 

have shown that TEM cells exhibit greater cytolytic activity, trafficking to infected sites, 

and recall potential than previously thought. 262 For the rechallenge study, the elevated TEM 

levels actually confer an advantage against circulating metastatic tumor cells. The 

unchanged TCM levels in lymph nodes can be potentially attributed to: (1) the conversion 

of TEM to TCM that could take weeks; and (2) the requirement of exogenous stimulators 

such as IL-7 for TCM formation.
 263,264 In contrast, IL-12 usually promotes the generation 

of TEM.  
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Figure 3.8 The local-administered combination regimen (P-IL-12 + ICB antibodies) elicited 

anti-tumor immunological memory against 4T1 tumor rechallenge. A All 4T1-tumor-bearing 

mice that had been cured by the combination regimen (i.t. P-IL-12 + ICB) were rechallenged with 

subcutaneous (s.c) injection of 5 Ĭ 105 4T1 tumor cells into the flank 60 days after initial tumor 

inoculation. All cured mice rejected rechallenge 30 days after tumor cell injection (n = 5-7).  B 

Flow cytometry studies were performed with lymphocytes from lymph nodes of mice in A to 

examine CD44hiCD62Llo T effector memory cells (left) and CD44hiCD62Lhi T central memory cells 

(right) in CD8+ lymphocytes (n = 5-7). P values in survival studies were compared by log-rank test. 

P values in flow study were determined by means of MannïWhitney U-tests. 

A                                     

B                                     



78 

 

To investigate whether i.t. treatment with our combination regimen could 

effectively control disseminated metastases, we intravenously injected 5 Ĭ 105 4T1 tumor 

cells through tail vein into mice that had been cured by the combination therapy and then 

assessed the anti-metastasis effect of the therapy. Remarkably, all the mice that had been 

cured survived for more than 4 weeks (n = 7, Figure 3.9A). No lung metastases were 

detected in these i.v. rechallenged mice, as shown in the representative lung images 

(Figure 3.9B).  

Representative histology images confirmed that there was tumor nodules formation 

in the lung tissue in the untreated group while all the cured mice had healthy lungs (Figure 

3.9C). Besides, the lung weights of these mice were lower than those of untreated mice 

that received intravenous 4T1 cells (P = 0.0021, n = 7, Figure 3.10A). Furthermore, the 

fractions of effector memory and central memory CD8+ T cells in the lymph nodes of the 

rechallenged mice were significantly higher than the fraction in untreated mice that 

received intravenous 4T1 cells, demonstrating that the combination therapy indeed led to 

long-term immunological memory against disseminated tumor cells (P= 0.0021, n = 7, 

Figure 3.10B). 
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Figure 3.9 The local-administered combination regimen (P-IL-12 + ICB antibodies) elicited 

anti-tumor immunological memory against 4T1 tumor rechallenge. A Survival curves for 

untreated balb/c mice and cured mice in that received i.t P-IL-12 + ICB. All mice were injected 

with 5 Ĭ 105 4T1 cells via the tail vein. B Representative lung images comparing untreated mice to 

cured mice. C Representative haematoxylin and eosin-stained sections of lungs collected on day 

15 after start of treatment from 4T1 tumor-bearing blab/c mice that were untreated and cured with 

P-IL-12+ICB i.t. Combined treatment of particle-anchored Fc-IL-12 and ICBs in 4T1 tumors in 

balb/c mice did not exhibit metastasis in lung. Scale bar: 200 ɛm. Data are representative of two 

repeated experiments. P values were compared by log-rank test. 

A                                     

B                                     

C                                     
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Figure 3.10 The local-administered combination regimen (P-IL-12 + ICB antibodies) elicited 

enhanced anti-tumor immune memory. A Comparison of lung weights from the two groups at 

the end of the study in Figure 3.9 and normal balb/c mice without any treatment. B, C Flow 

cytometry studies were performed with lymphocytes from lymph nodes. Fractions of 

CD44hiCD62Llo T effector memory cells and CD44hiCD62Lhi T central memory cells in CD8+ 

population were analyzed in untreated and combination groups (n = 5-7). P values were determined 

by means of MannïWhitney U-tests. 

 

A                                                 B                                              C 



81 

 

Encouraged by the synergy between P-IL-12 and ICB antibodies that was observed 

in the 4T1 tumors, we next explored the combination therapy for the treatment of 

aggressive, immune-excluded B16F10 tumors. Subcutaneously injected B16F10 tumor 

cells (5 Ĭ 105) were allowed to grow for 7 days (at which point their volumes were ~50 

mm3) and were then subjected to various treatments. We found that injection of the 

B16F10-tumor-bearing mice with the combination of P-IL-12 and ICB antibodies only 

modestly slowed tumor growth (P = 0.000006 for comparison with growth in untreated 

mice, n = 9ï12, q6d Ĭ 5). Similar results were observed for the combination of P-IL-2 and 

ICB antibodies (Figure 3.12A-B).  

In an attempt to achieve better therapeutic efficacy, we combined P-IL-15 with an 

antibody against tyrosinase-related protein-1 (anti-TYRP-1, referred to as TA99) for i.t. 

administration. IL-15, a member of the IL-2 superfamily cytokines, has been shown to 

enhance anti-tumor immunogenicity when combined with IL-12. 265-268 Notably, IL-15 

does not activate immunosuppressive Treg cells, and it is less likely to cause capillary leak 

syndrome than IL-2. 269 Additionally, TA99 has been shown to slow the growth of B16F10 

tumors. 270 Specifically, we treated mice bearing subcutaneous B16F10 melanomas with a 

combination of P-IL-12 (q6d Ĭ 5), P-IL-15 (q6d Ĭ 5), ICB antibodies (q3d Ĭ 10), and TA99 

(q3d Ĭ 10; 2 ɛg of each cytokine; 100 ɛg of TA99 per dose; anti-CTLA-4 and anti-PD-1, 

each at 50 Õg/dose; treatment schedule is shown in Figure 3.11). We found that i.t. 

administration of this combination therapy significantly delayed tumor growth and 

enhanced survival, with 2 of 10 mice showing complete tumor regression over 80 days 

(Figure 3.12A). Mice cured by the combination therapy developed vitiligo at the tumor 

site (Figure 3.13), which reportedly indicates an anti-melanocyte T cell response. 271 In 
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contrast, treatment with a combination of free IL-12, IL-15, TA99, and ICB antibodies, 

either intraperitoneally or intratumorally at the same dosage, did not result in significantly 

better survival (Figure 3.12A, P = 0.00002 and 0.0022, respectively, n = 5ï10). TA99 was 

found to be a necessary component of the combination therapy, as indicated by comparison 

with survival in a group that received all the other components but no TA99 (Figure 3.12A, 

P = 0.0005, n = 7ï10). Notably, despite the high response rates, the combination therapy 

had minimal systemic toxicity, as indicated by comparison of body weight changes in the 

group of mice that received intraperitoneal or i.t. IL-12, IL-15, TA99, and ICB antibodies 

with the body weights in the other groups (P = 0.008, n = 5 in all cases; Figure 3.14).  

 

Figure 3.11 Scheme of B16F10 tumor combination treatment schedule. The P-IL-12 and P-

IL-15 were given every three days in an alternate way with TA99 and ICB antibodies for a total 

of 5 times each. 
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Figure 3.12 Effects of local delivery of PS particle-anchored cytokines, tumor antigen (TA99), 

and ICB antibodies on B16F10 tumor growth and survival in mice. A, B KaplanïMeier survival 

curves and tumor growth curves of B16F10 tumor-bearing mice under different treatment regimes. 

Different treatments were given every 6 days for 5 times, or until tumor volume exceeding 500 

mm3. Mice were euthanized when body weight dropped 15 %. P values were compared by log-

rank test. 

 

A                                     

B                                     
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Figure 3.13 Representative images of local vitiligo development at the primary tumor site 

after receiving combination treatment. The arrow pointing at the white fur indicates localized 

anti-melanocyte T cell response.  

 

 

 

Figure 3.14 Effects of local delivery of PS particle-anchored cytokine, tumor antigen (TA99), 

and ICB antibodies on B16F10 tumor models. Mice body weight changes of selected groups in 

Figure 3.12. P values were determined by means of MannïWhitney U-tests. 
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3.3.4 Local administration of the combination therapy shows potent anti-tumor 

efficacy in genetically engineered mouse models 

The histology of transplanted tumors does not closely recapitulate the histology of 

human tumors. Therefore, we assessed the efficacy of our locally administered 

combination therapy in genetically engineered mouse models. We first tested female 

FVB/N-Tg(MMTV-PyVT)634Mul/J mice (also known as MMTV-PyMT mice), which 

spontaneously develop highly invasive breast ductal carcinomas in all mammary fat pads 

and show a high frequency of lung metastases. 272 When the volume of the first tumor 

reached 50ï100 mm3 (usually by 8 weeks of age), we started i.t. administration of a 

combination of P-IL-12 (2 Õg of IL-12 per dose) every 6 days, P-IL-15 (2 Õg of IL-15 per 

dose) every 6 days, and ICB antibodies (anti-CTLA-4 and anti-PD-1, each at 50 Õg per 

dose) every 3 days (schedules are shown in Figure 3.15A). The mice that received the 

combination therapy had significantly longer survival than mice that received IL-12 or ICB 

antibodies alone or a combination of P-IL-12 and ICB antibodies (Figure 3.15B, P = 

0.0014, 0.0038, and 0.0292, respectively, by log-rank test; n = 4ï8), and they also had 

lower total tumor burdens (representative images are shown in Figure 3.16). Notably, the 

combination regimen elicited a systemic response that restrained tumor growth in distal 

mammary fat pads (representative images are shown in Figure 3.16).  
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Figure 3.15 The combination treatment of P-IL-12+P-IL-15+ICB antibodies prolonged 

survival in a spontaneous tumor model. A Scheme of combination treatment schedule in MMTV-

PyMT model B Survival curve of mice treated with different regimes. MMTV-PyMT transgenic 

female mice were untreated or were treated with IL-12 (i.t., q6d ), or treated with ICB antibodies 

(i.t. q6d), or treated with IL-12+ICB (i.t., q6d), or treated with P-IL-12+ICB (i.t., q6d), or treated 

with P-IL-12+P-IL-15+ICB (i.t., q6d), starting from week 8 of mouse age when mammary tumor 

sizes were ~ 50 mm3. P values were compared by log-rank test. 

A                                     

B                                     
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Figure 3.16 Representative images were taken at different stages of treatment. The arrows 

indicate arising mammary tumors (time points differ due to significant tumor burdens and affected 

mice had to be euthanized following animal protocol). MMTV-PyMT receiving the combination 
regimen exhibited minimal contralateral tumor growth on day 30 and day 75 compared to other 

groups. 
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We next utilized the genetically engineered mouse model BrafV600E/Ptenfl/fl to 

examine the efficacy of our combination therapy. In this model, 10 days after topical 

application of 4-hydroxytamoxifen to induce the expression of oncogenic BrafV600E and 

deletion of tumor suppressor gene Pten in melanocytes, malignant melanomas form in 3 

weeks (representative images are shown in Figure 3.18), and masses with pigmented areas 

of > 150 mm2 develop in 5 weeks (Figure 3.18). A previous study showed that ICB 

antibodies (anti-CTLA-4 and anti-PD-1) only slightly slow growth of these tumors. 273 In 

contrast, we found that i.t. administration of a combination of P-IL-12, P-IL-15, and ICB 

antibodies starting 10 days after the first application of 4-hydroxytamoxifen (at the doses 

described above for MMTV-PyMT mice; schedules are shown in Figure 3.17A) 

significantly slowed tumor growth and delayed the onset of tumor development; and the 

median survival time was 58-day, as opposed to 43-day for the untreated mice (Figure 

3.17B-C; P = 0.0004 by log-rank test, n = 5 and 7). These results affirmed our finding that 

the combination of particle-anchored cytokines with ICB antibodies exhibits potent anti-

tumor effects in difficult-to-treat genetically engineered mouse models. 
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Figure 3.17 Local administration of the combination of P-IL-12, P-IL-15, and ICB antibodies 

controls tumor growth in BrafV600E/Ptenfl/fl transgenic mice. A Scheme of combination treatment 

schedule in BrafV600E/Ptenfl/fl tumor model. B Overall survival of BrafV600E/Ptenfl/fl mice that received 

the indicated treatments starting at 8 weeks of age (day 0). C Temporal dependence of melanoma 

areas in mice in B. P values in were compared by log-rank test. 

A                                     

B                                                                         C 
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Figure 3.18 Representative images of pigmented melanomas in mice from the groups in 

Figure 3.17. BrafV600E/Ptenfl/fl receiving the combination regimen exhibited the most delayed tumor 

progression compared to other groups.
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3.4 Conclusions 

The potent anti-tumor activities of inflammatory cytokinesðincluding IL-12 and 

IL-15, which were used in this studyðhave motivated various strategies for their delivery 

to and retention in tumors. 274 In this chapter, we demonstrated that non-covalent anchoring 

of Fc-fused cytokines to i.t.-administered particle surfaces not only retained cytokine 

structure and functional integrity, it also produced robust systemic anti-tumor immune 

responses without systemic toxicity. The combination therapy using particle-anchored IL-

12 and ICB antibodies completely cured the highly metastatic triple- negative 4T1 breast 

tumor in balb/c mice, and significantly prolonged the survival in mice bearing poorly 

immunogenic B16F10 melanoma when used both particle-anchored IL-12 and IL-15 plus 

TA99 and ICB antibodies, with 2 of the mice survived over 80 days.  Also, the cured mice 

showed long-term rejection of both s.c. and i.v. rechallenged 4T1 cancer cells, indicating 

enduring immune memory and durable control of disseminated metastases during the fight 

against cancer. Moreover, when tested in genetically engineered mouse models, which 

more closely recapitulate human cancers, the combination therapy had significantly lower 

total tumor burdens of MMTV-PyMT and prolonged survival time of BrafV600E/Ptenfl/fl 

mice. 

 



CHAPTER IV MECHANISTIC STUDY OF THE COMBINATION 

THERAPY USING PARTICLE-ANCHORED CYTOKINES  

4.1 Introduction 

Our particle-anchored cytokine delivery system has been successful in curing 

highly metastatic 4T1 breast tumor and prolonging the survival of poorly immunogenic 

B16F10 melanoma. It also significantly delayed the onset and progressions of spontaneous 

tumors that recapitulate human tumors. To explore how different treatment regimens 

remodeled tumor immune microenvironment, we further performed mechanistic studies 

behind the observed therapeutic outcomes in both 4T1 and B16F10 tumors. Soluble factors, 

such as chemokines and cytokines, play a crucial role in orchestrating the interactions 

between tumor-associated immune cells in the fight against cancer. These factors regulate 

immune cell recruitment, survival, and activation, thereby contributing to anti-tumor 

immunity. In this chapter, a plethora of pro-inflammatory and anti-inflammatory cytokines 

and chemokines that are crucial in anti-tumor immune activation were measured and 

clustered using Luminex assay. The percentage and densities of various tumor associated 

immune cell populations, such as tumor-suppressing and tumor-promoting immune cell 

populations were also examined using flow cytometry techniques.  

 



4.2 Material and methods 

4.2.1 Animal studies 

All animal work was conducted in appliance to the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals under protocols approved by Virginia 

Tech Institutional Animal Care and Use Committee and Institutional Biosafety Committee.   

 

4.2.2 Mice and cell lines 

Balb/c and C57BL/6 female mice (ages 6 to 8 weeks female, from Jackson 

Laboratories or Envigo), were used and maintained following the animal protocol. All mice 

were group-housed (5 mice per cage) and maintained under a regular light-dark cycle 

altered every 12 h with free access to water and food in pathogen-free conditions in a barrier 

facility in Virginia Tech. Murine breast cancer 4T1 and murine melanoma B16F10 cell 

lines were originally purchased from American Type Culture Collection (ATCC, 

Manassas, VA). All cells were maintained at 37 ÁC with 5 % CO2 in the culture medium 

according to the instructions, supplemented with 10 % heat inactivated FBS and 

penicillin/streptomycin (all from Life Technology, Grand Island, NY). All cells were tested 

to be free of mycoplasma. 

 

4.2.3 Subcutaneous tumor inoculation  

For s.c. inoculation of single B16F10 and 4T1 tumors, 5 Ĭ 105 cells in 50 ÕL of 

sterile PBS (1Ĭ) were s.c. injected into the back of neck of C57BL/6 or balb/c female mice 
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under anesthesia using isoflurane after hair was removed.  Treatments were started when 

4T1 tumors reached ~ 50-100 mm3, or 7 days after B16F10 tumor inoculation. The body 

weight and tumor size were measured every 1-2 days after the treatment started. Tumor 

length and width were measured with a digital caliper, and the tumor volume was 

calculated using the following equation: tumor volume = length Ĭ width Ĭ width/2. 258 Mice 

were euthanized when their tumor volumes reached a predetermined end point (1000 mm3) 

or when their body weights dropped over 20 %.   

 

4.2.4 Subcutaneous tumor treatment 

Intratumoral treatments into the subcutaneous tumors were administered in 30 ɛL 

of sterile PBS. For different treatment regimens, 100 Õg of Ŭ-CTLA-4 (clone 9H10, 

BioXCell, Lebanon, NH; catalog # BP0131) and Ŭ-PD-1 (clone RMP1-14, BioXCell; 

catalog #BE0146), 100 Õg of TRP1 (only in B16F10 treatment, clone TA99, BioXCell; 

catalog #BE0151), 2 Õg Fc-IL-12, 2 Õg Fc-IL-15, P-IL-12 (equivalent to 2 ɛg of Fc-IL-12; 

~ 0.02 mg of particles per dose), and P-IL-15 (equivalent to 2 ɛg of Fc-IL-15; ~ 0.02 mg 

of particles per dose) were administered each per dose at designated timepoint. All mice 

were treated under anesthesia.  

For 4T1 tumor model, mice were treated at day 7 after tumor inoculation, different 

treatment combinations were given once, including untreated, Fc-IL-12 i.t., ICB i.t., and 

P-IL-12 + ICB i.t. groups. For B16F10 tumor model, the detailed dose and schedule of the 

cytokines and antibodies are described in the figure legends. Treatment groups include 

untreated, Fc-IL-12 + Fc-IL-15 i.t., ICB + TA99 i.t., Fc-IL-12 + Fc-IL-15 + ICB + TA99 
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i.t, and P-IL-12 + P-IL-15 + ICB + TA99 i.t. Note that for P-IL-12 + P-IL-15 + ICB + 

TA99 i.t. combination treatment group, the tumors and lymph nodes were collected when 

tumor regression was detected (at day 5-7). For other treatment groups, tumors and lymph 

nodes were excised and meshed at designated times. 

 

4.2.5 Multi-color flow cytometry analysis 

Tumors and lymph nodes in different treatment groups were resected from mice, 

weighted, and gently ground to generate single-cell suspensions through a 70-Õm cell 

strainer.  Red blood cells were lysed with RBC Lysis Buffer (Biolegend, San Diego, CA).  

Cell suspension was centrifuged at 300 Ĭ g for 5 minutes and the supernatant was 

discarded. Cells were counted and resuspended in Cell Staining Buffer (Biolegend) and 

used for flow cytometry staining. Fixable live/dead cell discrimination was performed 

using Zombie AquaÊ Fixable Viability Kit (Biolegend) by incubating the plated cells at 

room temperature under dark for 15 min.  Non-specific immunofluorescent staining was 

prevented by incubating cells with TruStain fcXÊ (anti-mouse CD16/32) (clone 93, 

Biolegend) antibody in 100Õl volume for 10 minutes on ice.  Cell-surface staining with 

multiple antibodies was performed according to manufacturerôs instructions (Biolegend) 

with a dilution ratio of 1:100. Fluorescent antibodies (all from Biolegend) used included 

CD45 (clone 30-F11), CD3 (clone 17A2), CTLA-4 (CD152, clone UC10-4B9), CD11c 

(clone N418), CD49b (clone HMŬ2), PD-1 (CD279, clone RMP1-30), F4/80 (clone BM8), 

CD19 (clone 6D5), CD4 (clone GK1.5), Ly-6G (clone 1A8), CD11b (clone M1/70), CD25 

(clone PC61), CD8a (clone 53-6.7), CD44 (clone IM7), CD62L (clone MEL-14), Ly-6C 

(clone HK1.4), NK1.1 (CD161, clone PK136), TIM-3 (CD366, clone RMT3-23 and clone 
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B8.2C12), LAG-3 (CD223, clone C9B7W), Slamf6 (Ly-108, clone 330-AJ), IFN-ɔ (clone 

XMG1.2), TNF-Ŭ (clone MP6-XT22), Granzyme B (clone QA16A02), ki-67 (clone 16A8), 

and FoxP3 (clone MF-14).  

For surface staining, fluorescent antibodies were added according to pre-planned 

panels and incubated at 4 ÁC under dark for 30 min on a shaker. Cells were washed 3 times 

in between and after each staining step and resuspended in cell staining buffer for flow 

cytometric analysis.  

For intracellular staining of CD8+ T cells, single cell suspension was resuspended 

in Mojosort Buffer (Biolegend) and activated by adding Cell Activation Cocktail 

(containing brefeldin A, phorbol 12-myristate 13-acetate, and ionomycin; Biolegend). The 

cells were then incubated at 37 ÁC for 6 h. The activated cells were subsequently plated for 

cell surface multicolor staining. At last wash, cells were fixed and permeabilized in 

Intracellular Staining Perm Wash Buffer (Biolegend) following manufacturerôs instruction 

before being stained with antibodies. Antibodies with fluorophores of interest were added. 

Cells were incubated at room temperature under dark for 1 h. All flow cytometric data 

collection was performed using BD FACSARIAÊ flow cytometer (BD Biosciences, San 

Jose, CA) and analyzed using FlowJoTM software (Ashland, OR). All cell samples were 

run through FACS once and discarded. Representative gating strategies for surface markers 

and intracellular markers on FlowjoTM platform are provided below (Figure 4.1 and 4.2).



 

 

Figure 4.1 Representative flow cytometry gating of TILs in B16F10 tumors. A live CD45+ 

TILs; B CD44hiCD62Llo T effector memory cells in CD8+CD3+ TILs.  

A 

B 
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A                                                                        
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Figure 4.2 Representative flow cytometry gating of activated CD8+ TILs in B16F10 tumors. 

A Live and stimulated CD8+ TILs, and the comparison of proliferative marker ki-67 levels, 

cytotoxic activity markersðincluding IFN-ɔ+, TNF-Ŭ+ and Gzmb+ðand polyfunctional subsets 

having IFN-ɔ+TNF-Ŭ+ cytokines between treated with the combination regimen and untreated 

tumors. B The comparison of immune checkpoints level of CD8+PD-1+ TILs in the group receiving 

the combination regimen compared to that in untreated tumor. 

B                                                                          



4.2.6 Luminex analysis of cytokine/chemokine 

Cytokine/chemokine analysis of tumor lysate was studied in both 4T1 and B16F10 

tumor models. For 4T1 tumor bearing mice, tumors that were untreated or treated by Fc-

IL-12 i.t., ICB i.t., or P-IL-12 + ICB i.t. were collected; For B16F10 tumor bearing mice, 

tumors that were untreated or treated by Fc-IL-12 + Fc-IL-15 i.t., ICB + TA99 i.t., and P-

IL-12 + P-IL-15 + ICB + TA99 i.t. (treatment dose and schedule same as flow cytometry 

study) were collected. All tumor samples were homogenized using Branson SFX150 

Sonifier in tissue protein extraction reagent (T-PER, Thermo Fisher Scientific, cat. no. 

78510) with 1 % Halt protease and phosphatase inhibitors (Thermo Fisher Scientific, cat. 

no. 78442). The lysates were incubated with tissue at 4 ÁC for 30 min with rotation and 

then centrifuged at 16000 Ĭ g to remove debris. Lysates were aliquoted and stored at ī80 

ÁC until analysis. Samples were diluted 1:1 with Assay Buffer and assayed using a 

multiplex magnetic beads-based ELISA using LuminexÈ 200 instrument with xPonent 

software (Thermo Fisher Scientific Cytokine & Chemokine Convenience 36-Plex Mouse 

ProcartaPlexÊ Panel 1A, Catalog number: EPXR360-26092-901 and 

Th1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse ProcartaPlexÊ Panel, Catalog 

number: EPX170-26087-901), following manufacturer's instructions. All original data 

were acquired from LuminexÈ 200 instrument and analyzed on ThermoFisher cloud 

service ProcartaPlexÊ. 
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4.2.7 Statistical analysis 

Statistical analysis was performed using Origin Software (Northampton, MA). 

Comparisons between different groups were assessed using Mann-Whitney U-test (two-

sided). Significance was represented as follows: * P < 0.05, ** P < 0.01, *** P < 0.001, 

and not significant (n.s.). The n values and specific statistical methods are indicated in 

figure legends.  

 



4.3 Results and discussions 

4.3.1 Combination therapy including particle-anchored cytokines remodels TME by 

enriching inflammatory molecules 

To understand the cellular and molecular mechanisms underlying the observed 

therapeutic effect of the combination therapy, we sought to determine the contributions of 

distinct immune cells and soluble factors to therapeutic efficacy in both 4T1 and B16F10 

tumor models. Luminex-based quantification of intratumoral cytokines and chemokines in 

4T1 tumor lysates revealed six clusters of co-regulated proteins 5 days after a single 

administration of various treatments (Figure 4.3, proteins were clustered by the K-means 

method). Clusters 1 and 2 consisted of the proinflammatory effector proteins including 

TNF-Ŭ, IFN-ɔ, C-X-C motif ligand 2 (CXCL2), CXCL5, IL-1Ŭ, IL-6, IL-23, and C-C motif 

ligand 5 (CCL5), the magnitude of changes in the protein levels of which were higher in 

mice that received P-IL-12 plus ICB antibodies than those in mice that received either IL-

12 or ICB antibodies alone; this result indicated a T helper 1 cellïbiased TME 

transformation in the former group (Figure 4.3). The Luminex-based quantification of 

cytokines in B16F10 tumor lysates also revealed the increased level of many pro-

inflammatory cytokines in mice receiving combination therapy. Specifically, 7 days post-

injection of the combination therapy, the fractions of various proinflammatory cytokines 

(i.e., TNF- Ŭ, IFN-ɔ, IL-1ɓ, IL-12p70, IL-18, and GM-CSF; cluster 1 in Figure 4.4) were 

found to be upregulated. 
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Figure 4.3 Intratumoral administration of a combination of particle-anchored IL-12 and 

ICB antibodies upregulates inflammatory cytokines and chemokines in 4T1 tumors. Luminex 

assay of cytokine and chemokine levels in 4T1-tumor-bearing mice treated with the indicated 

therapies. On day 5 following intratumoral treatment, tumors were isolated, and cytokine and 

chemokine levels were assayed (n = 5 or 6). The chemokines and cytokines were clustered by the 

K-means method.






























































