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Annotation 

This dissertation examines the study of intratumoral cancer immunotherapy 
using a combination of phagocytosis-stimulating ligands and Toll-like receptor 
ligands (TLR) in murine pancreatic adenocarcinoma and pheochromocytoma 
murine models. In this study, we show that intratumoral application of the 
phagocytosis-stimulating ligand Mannan-BAM and three TLR ligands, referred to 
as MBT therapy, efficiently suppresses tumor growth in more than 83% of mice 
bearing murine melanoma. However, in aggressive pancreatic adenocarcinoma and 
pheochromocytoma murine models, such a combination is inefficient and must be 
combined with an agonistic anti-CD40 antibody, referred to as MBTA therapy, to 
achieve complete eradication of the tumor. We show that complex intratumoral 
MBTA therapy can systemically increase the recruitment of innate immune cells 
followed by activation of adaptive immune cells not only in treated tumors but also 
in distal non-treated lesions, resulting in the reduction of tumor growth and 
prolonged survival of treated mice. Taken together, these findings highlight the 
effect of MBTA therapy and the potential to optimize this therapeutic approach for 
future use in clinical trials as a treatment for metastatic cancers. 
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Worldwide, immunotherapy has been considered the fourth cancer treatment 
modality, following standard therapeutic options such as surgery, chemotherapy, 
and radiotherapy. Undoubtedly, immunotherapy is currently in the spotlight of 
cancer research and clinical trials. Immunotherapy has revolutionized cancer 
treatment because of its ability to produce durable responses in patients with 
advanced cancers [1].  

The oldest immunotherapeutic concept is found in the late nineteenth century 
and is based on the use of pyogenic bacteria by William Bradley Coley, who is also 
recognized as the “Father of Cancer Immunotherapy.” Coley stimulated the immune 
system using an intratumoral injection of inactivated Streptococcus pyogenes and 
Serratia marcescens bacteria, also known as “Coley’s Toxins”, which resulted in 
tumor regression in his patients [2]. Coley’s published papers on this phenomenon 
encouraged others to explore the underlying mechanisms of tumor eradication. 
Despite his excellent therapeutic results, the later development of well-defined 
radiotherapy and chemotherapy resulted in the gradual disappearance of “Coley’s 
Toxins” from clinical practice.  

In the past few decades, our knowledge of the relationship between tumors and 
the immune system has increased considerably. Previously, people were skeptical 
regarding the ability of the immune system to fight cancer. Currently, we know that 
the immune system can recognize, control, and eliminate tumor cells using the same 
cells and molecules employed for protection against pathogens. This newfound 
knowledge has allowed for major breakthroughs in cancer immunotherapy, 
including the discovery of immune checkpoint inhibitors such as cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), programmed cell death 1 (PD-1), and 
programmed death-ligand 1 (PD-L1). Despite the overall success of checkpoint 
inhibitors, many patients remain resistant to the use of this particular 
immunotherapy treatment [3]. Moreover, other approaches to cancer 
immunotherapy, including use of monoclonal antibodies, cytokines, adoptive T cell 
therapies, and cancer vaccines, are heavily oriented toward the adaptive immune 
system. These one-way oriented approaches could be ineffective against many types 
of solid tumors, especially those with strong escape mechanisms. Additionally, 
these popular immunotherapies often require intravenous application and 
subsequent systemic distribution to the tumors through the circulatory system, 
which may result in decreased penetration of drugs into the tumors or systemic 
toxicity [4, 5]. These limitations can be overcome by prodrugs with selective 
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accumulation in tumors or intratumoral applications that enable the delivery of a 
therapy directly into a tumor lesion [4, 6]. We believe that the best approach for 
effective cancer immunotherapy is intratumoral immunotherapy, which activates 
both the immune system and innate and adaptive immunity. 

In 2016, our team demonstrated a strong synergy between a therapeutic mixture 
containing the ligands of receptors responsible for the recognition of specific 
molecules of pathogens, such as Toll-like receptors (TLRs) and phagocytosis 
ligands artificially anchored to tumor cells. The combination of TLR ligand 
resiquimod (R-848), polyinosinic-polycytidylic acid (poly(I:C)), heat-killed 
Listeria monocytogenes, and mannan (both L. monocytogenes and mannan 
covalently bound to tumor cells through an SMCC anchor) resulted in the 
eradication of advanced murine B16-F10 melanoma [7]. The imidazoquinoline 
compound R-848 is an agonist of TLR7/TLR8 in humans and TLR7 in mice and 
activates innate immune cells, such as monocytes, macrophages, and dendritic cells, 
with the subsequent production of inflammatory cytokines, such as interferon 
gamma and interleukin 12 [8]. Poly(I:C) is a synthetic analog of dsRNA that 
activates immune cells via TLR3 through multiple inflammatory pathways [9]. 
Heat-killed L. monocytogenes is recognized by TLR2. Mannan, a phagocytosis-
stimulating ligand, is a simple polysaccharide derived from Saccharomyces 
cerevisiae. Anchored mannan is recognized by the mannose receptor and mannan-
binding lectin. Their interaction initiates activation of the complement lectin 
pathway [10] resulting in opsonization of tumor cells by inactive form of C3b 
complement protein (iC3b), activation of innate immune cells (e.g., macrophages, 
dendritic cells, and granulocytes), and subsequent phagocytosis of tumor cells [11]. 

However, this combination has two main disadvantages. First, the use of the 
whole L. monocytogenes bacterium is unsuitable for clinical application in humans. 
Second, the SMCC anchor, a heterobifunctional protein crosslinker, requires a two-
step application in mice, and consequently increases required injections. Therefore, 
we have focused on optimizing this therapy by replacing L. monocytogenes with 
another TLR2 agonist, lipoteichoic acid (LTA), and the SMCC anchor with a 
biocompatible cell membrane anchor (BAM) to make this a one-step application.  

In this study, the optimized combination of mannan-BAM + R-848 + poly(I:C) 
+ LTA (MBT therapy) was tested and studied in different tumor models, including 
murine B16-F10 melanoma [12], pancreatic adenocarcinoma (Panc02) [13], and 
pheochromocytoma (PHEO) [14] to confirm its efficacy in other tumor types. 
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Melanoma is a highly aggressive skin tumor that arises from melanocytes that 
produce melanin. At the beginning of the 21st century, the worldwide incidence of 
melanoma rapidly increased. While most patients who are diagnosed with localized 
melanoma can have it surgically removed, a high percentage of these patients 
already have established micrometastases at the time of diagnosis [15]. In our study, 
a mouse B16-F10 melanoma model was selected because of the aggressiveness of 
this melanoma and its ability to spread into the lungs, liver, and spleen [16], 
therefore allowing us to study metastasis during therapy.  

In humans, pancreatic adenocarcinoma is the most common cancer with a lethal 
prognosis. The biggest challenge with this disease is the limited diagnostic options 
in combination with high resistance to conventional therapies. The murine ductal 
adenocarcinoma Panc02 model closely mimics that of human pancreatic cancer. 
Panc02 cells are aggressive and resistant to every known class of clinically active 
anti-tumor agents [17].  

Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are rare 
neuroendocrine tumors that arise from adrenal and extra-adrenal chromaffin tissues, 
respectively. They are characterized by the overproduction of catecholamines such 
as epinephrine and norepinephrine. Most PHEOs/PGLs are benign and can be easily 
surgically removed. However, patients with these benign tumors have relatively 
high morbidity and mortality rates due to increased catecholamine production, 
which can result in hypertension, arrhythmia, and stroke [18]. Up to 25% of 
PHEOs/PGLs are malignant, with distant metastases in nonchromaffin tissues. 
These malignant tumors represent the biggest challenge due to the lack of effective 
therapies. PHEOs/PGLs are characterized by a pseudo-hypoxic signature (i.e., a 
situation in which oxygen is present but cannot be processed because of alterations 
in the oxygen-sensing pathways). Pseudohypoxia has been shown to promote tumor 
progression and resistance to therapy [19]. In this study, we used an aggressive 
mouse tumor tissue derived (MTT) PHEO cell line.  

We found that MBT therapy in the Panc02 and PHEO tumor models resulted in 
lower inhibition of tumor growth compared with that seen in the B16-F10 
melanoma model. Therefore, we focused on improving the therapy and combined 
MBT therapy with an anti-CD40 antibody that mimics CD40 ligands on helper T 
cells, which results in the activation and licensing of antigen-presenting cells and 
the induction of an effective T cell-based antitumor response [20]. We coined the 
term ‘MBTA therapy’ for this. 
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MBTA therapy was used to treat tumors with high tumor burden, such as the 
metastatic PHEO [14], bilateral PHEO [21], and bilateral Panc02 [22] models, 
which also enabled us to study the systemic response to this therapy. We examined 
numerous combinations of MBTA therapy with other therapeutic approaches, such 
as checkpoint inhibitors, chemotherapy, and radiotherapy, to effectively treat these 
aggressive tumor models [22]. Moreover, we describe the composition of innate and 
adaptive immune cells and cytokines in treated and distal non-treated tumors, as 
well as in the spleen to study systemic effect of MBTA therapy [21]. We also 
focused on long-term immune memory after therapy and described which immune 
cells are involved. Finally, to ensure the absence of age-dependent differences in 
MBTA therapy, we compared the efficacy of MBTA therapy in young and aged 
mice.  
  



 

 
  

- 6 - 

  



 

 
  

- 7 - 

 
 
 
 
 

Chapter  I  
Effective Cancer Immunotherapy Based on Combination of TLR Agonists 

With Stimulation of Phagocytosis 
 



 

 
  

- 8 - 



 

 
  

- 9 - 



 

 
  

- 10 - 



 

 
  

- 11 - 



 

 
  

- 12 - 



 

 
  

- 13 - 



 

 
  

- 14 - 



 

 
  

- 15 - 



 

 
  

- 16 - 



 

 
  

- 17 - 



 

 
  

- 18 - 

  



 

 
  

- 19 - 

 
 
 
 
 

Chapter  I I  
 The Significant Reduction or Complete Eradication of Subcutaneous and 

Metastatic Lesions in a Pheochromocytoma Mouse Model After Immunotherapy 
Using Mannan-BAM, TLR Ligands, and Anti-CD40 

 
  



 

 
  

- 20 - 



 

 
  

- 21 - 



 

 
  

- 22 - 



 

 
  

- 23 - 



 

 
  

- 24 - 



 

 
  

- 25 - 



 

 
  

- 26 - 



 

 
  

- 27 - 



 

 
  

- 28 - 



 

 
  

- 29 - 



 

 
  

- 30 - 



 

 
  

- 31 - 



 

 
  

- 32 - 



 

 
  

- 33 - 



 

 
  

- 34 - 



 

 
  

- 35 - 



 

 
  

- 36 - 



 

 
  

- 37 - 



 

 
  

- 38 - 



 

 
  

- 39 - 

  



 

 
  

- 40 -   



 

 
  

- 41 - 

 
 
 
 
 

Chapter  I I I  
Coley's Immunotherapy Revived: Innate Immunity as a Link in Priming Cancer 

Cells for an Attack by Adaptive Immunity 
 

  



 

 
  

- 42 - 



 

 
  

- 43 - 



 

 
  

- 44 - 



 

 
  

- 45 - 



 

 
  

- 46 - 



 

 
  

- 47 - 



 

 
  

- 48 - 



 

 
  

- 49 - 

  



 

 
  

- 50 - 

  



 

 
  

- 51 - 

 
 
 
 
 

Chapter  IV   
Mannan-BAM, TLR ligands, and Anti-CD40 Immunotherapy in Established 

Murine Pancreatic Adenocarcinoma: Understanding Therapeutic Potentials and 
Limitations 

 
 

  



 

 
  

- 52 - 



 

 
  

- 53 - 



 

 
  

- 54 - 



 

 
  

- 55 - 



 

 
  

- 56 - 



 

 
  

- 57 - 



 

 
  

- 58 - 



 

 
  

- 59 - 



 

 
  

- 60 - 



 

 
  

- 61 - 
  



 

 
  

- 62 - 

  



 

 
  

- 63 - 

 
 
 
 
 

Chapter  V  
Identification of Immune Cell Infiltration in Murine Pheochromocytoma 

During Combined Mannan-BAM, TLR Ligand, and Anti-CD40 Antibody-Based 
Immunotherapy 

  



 

 
  

- 64 - 

 



 

 
  

- 65 - 



 

 
  

- 66 - 



 

 
  

- 67 - 



 

 
  

- 68 - 



 

 
  

- 69 - 



 

 
  

- 70 - 



 

 
  

- 71 - 



 

 
  

- 72 - 



 

 
  

- 73 - 



 

 
  

- 74 - 



 

 
  

- 75 - 



 

 
  

- 76 - 



 

 
  

- 77 - 



 

 
  

- 78 - 

  



 

 
  

- 79 - 

 
 

 
 
 

Chapter  VI  
Intratumoral Immunotherapy of Murine Pheochromocytoma Shows No Age-

Dependent Differences in Its Efficacy - manuscript 
  



 

 
  

- 80 - 

Intratumoral Immunotherapy of Murine Pheochromocytoma Shows No Age-
Dependent Differences in Its Efficacy  
 
Ondrej Uher1,2, Katerina Hadrava Vanova1, Herui Wang3, Zhengping Zhuang3, Jan 
Zenka2, and Karel Pacak1 
 
1Section on Medical Neuroendocrinology, Eunice Kennedy Shriver National 
Institute of Child Health and Human Development, NIH, Bethesda, Maryland, USA 
2Department of Medical Biology, Faculty of Science, University of South Bohemia, 
Ceske Budejovice, Czech Republic  
3Neuro-Oncology Branch, National Cancer Institute, NIH, Bethesda, Maryland, 
USA 
 
Corresponding author: Karel Pacak, MD, PhD, DSc, FACE, 

 Senior Investigator 
 Chief, Section on Medical Neuroendocrinology 
 Head, Development Endocrine Oncology and Genetics 
Affinity Group 
 Professor of Medicine 
 Eunice Kennedy Shriver NICHD, NIH  
 Building 10, CRC, Room 1E-3140  
 10 Center Drive MSC-1109  
 Bethesda, Maryland 20892-1109 USA  
 E-mail: karel@mail.nih.gov 
 Phone: (301) 402-4594  
 FAX: (301) 402-4712 

 
Keywords: intratumoral immunotherapy, aging, pheochromocytoma 

Abstract 
Cancer immunotherapy has shown remarkable clinical progress in recent years. 

Although age is one of the biggest leading risk factors for cancer development and 
older adults represent a majority of cancer patients, only a few new cancer 
immunotherapeutic interventions have been preclinically tested in aged animals. 
Thus, the lack of preclinical studies focused on age-dependent effect during cancer 
immunotherapy could led to different therapeutic outcomes in young and aged 
animals and future modifications of human clinical trials. Here, we compare the 
efficacy of previously developed and tested intratumoral immunotherapy, based on 
the combination of polysaccharide mannan, TLR ligands, and anti-CD40 antibody 
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(MBTA immunotherapy), in young (6 weeks) and aged (71 weeks) mice bearing 
pheochromocytoma. The presented results point out that despite faster growth of 
pheochromocytoma in aged mice MBTA intratumoral immunotherapy is effective 
approach without age dependence and could be one of the possible therapeutic 
interventions to enhance immune response to pheochromocytoma and perhaps other 
neuroendocrine tumors also in aged host.  
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The primary aim of this dissertation was to study and describe the mechanisms 
of intratumoral immunotherapy using the combination of phagocytosis ligands and 
Toll-like receptor ligands in murine pancreatic adenocarcinoma (Panc02) and 
pheochromocytoma (PHEO) models.  

 
Chapter I focuses on the optimization of intratumoral immunotherapy based on 

the combination of mannan-BAM, the TLR ligand resiquimod, poly(I:C), and 
inactivated L. monocytogenes in the murine B16-F10 melanoma model.  

L. monocytogenes (TLR2 agonist) was replaced by a well-defined TLR2 agonist 
– lipoteichoic acid (LTA). The combination of mannan-BAM, resiquimod, 
poly(I:C), and LTA (MBT therapy) and its optimized timing resulted in the 
eradication of B16-F10 melanoma in 83% of tested cases.  

When we investigated potential underlying mechanisms, our flow cytometry 
analysis of tumor-infiltrating CD45+ leukocytes and their subpopulations showed 
elevated leukocyte (CD45+) infiltration where granulocytes (Gr1+) were the most 
abundant cells. Increased numbers of NK cells (NK1.1+) were also detected during 
MBT therapy. Furthermore, we found that the activation of innate immunity is 
followed by the activation of adaptive immunity, represented as long-lasting 
resistance to subcutaneous retransplantation of B16-F10 cells in MBT-treated mice 
with previous completely eradicated B16-F10 tumors. The involvement of the 
adaptive immune system was further verified by MBT therapy in SCID mice 
bearing B16-F10 cells, in which the absence of functional T and B cells resulted in 
partial inhibition of melanoma growth without any survival prolongation. MBT 
therapy also showed a potential antimetastatic effect. 

To investigate the effect of MBT therapy in other tumor types, MBT therapy was 
tested in a murine Panc02 model. However, MBT therapy of Panc02 mice resulted 
in lower inhibition of tumor growth than treatment in the B16-F10 melanoma 
model, and none of the mice were successfully treated. Therefore, we decided to 
test whether blocking immune checkpoints (checkpoint inhibitors PD-1 and CTLA-
4, and checkpoint stimulator CD40) could increase the efficacy of MBT therapy in 
the Panc02 model. Our results (80% effectively treated mice) indicated that the 
combination of agonistic anti-CD40 antibody with MBT therapy (MBTA therapy) 
is a better treatment option for Panc02 tumors. 

 



 

 
  

- 84 - 

Chapter II focuses on MBT and MBTA therapies in murine subcutaneous and 
metastatic PHEO models.  

Similar to the Panc02 model discussed in the previous chapter, MBT therapy 
significantly stabilized the growth of subcutaneous MTT PHEO and prolonged the 
survival of MBT-treated mice compared with that observed in the control group. 
Experiments with SCID mice bearing PHEO confirmed the role of both the innate 
and adaptive immune systems during tumor growth stabilization. 
Immunohistochemistry (IHC) staining showed higher levels of CD45+ leukocytes 
in the MBT-treated group than in the control group. These results were also 
confirmed by flow cytometry analysis of tumor-infiltrating CD45+ leukocytes and 
their subpopulations, where these cells were increased compared with the 
corresponding cell populations in the control. T cells (CD3+) are the most common 
leukocytes in MBT-treated tumors. IHC staining localized CD45+ leukocytes, 
CD3+ T cells, and neutrophils (Ly6G/Ly6C) within the tumors and showed that 
immune cells can infiltrate the entire tumor microenvironment. Moreover, in vitro 
analysis of neutrophil cytotoxicity in murine MTT PHEO cells and human 
pheochromocytoma (hPheo1) cells labeled with mannan-BAM showed increased 
cytotoxicity toward labeled cells than toward non-labeled cells. Macroscopic 
evaluation revealed frustrated phagocytosis and neutrophil rosette formation in the 
mannan-BAM group. These results confirmed the important role of neutrophils in 
MBT therapy.  

To increase the therapeutic effect of MBT therapy in the murine PHEO model, 
we tested the combination of agonistic anti-CD40 antibody and MBT therapy 
(MBTA therapy). The results showed that MBTA therapy had the same efficacy in 
tumor stabilization as MBT therapy; however, MBTA therapy increased mouse 
survival when compared with MBT therapy. Five of eight MBTA-treated mice 
manifested complete elimination of subcutaneous PHEO tumors compared to two 
of eight mice from the MBT-treated group. A rechallenge experiment on these mice 
confirmed the involvement of the adaptive immune system and its long-term 
immune memory. Successful therapy presented as the resistance of these mice to 
developing PHEO tumors after subcutaneous retransplantation.  

We also evaluated the systemic effect of MBTA therapy on the metastases 
observed in previous experiments. We established a murine metastatic PHEO model 
through subcutaneous injection of MTT cells into the right flank and an intravenous 
injection of MTT-luciferase cells into the lateral vein. MBTA therapy of 
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subcutaneous tumors confirmed the systemic effect of the therapy on metastatic 
organ lesions, which presented as lower bioluminescence signal intensity of these 
lesions compared with the signal intensity for lesions within the control group. 
Moreover, MBTA therapy significantly prolonged the survival of treated mice. IHC 
staining also showed an increased number of CD3+ cells in metastases. Finally, we 
evaluated the role of CD4+ and CD8+ T cells in the metastatic PHEO mouse model 
by in vivo depleting these cells. The results showed the importance of CD8+ cells 
in the stabilization of metastatic growth. 

 
In Chapter III, we discuss the importance of the initial activation of the innate 

immune system, followed by activation of the adaptive immune system in cancer 
treatment. We briefly describe the role of the immune system in cancer pathogenesis 
and its history, which led our team to use the combination of ligands stimulating 
phagocytosis and TLR ligands for treatment. Subsequently, we discuss the potential 
combination of this therapy with other therapeutic approaches for the treatment of 
metastatic cancer, as well as certain potential future directions for the improvement 
of this therapy. 

 
Chapter IV focuses on some of the potential combinations of MBTA therapy 

with other therapeutic approaches in treating tumors with a high tumor burden, as 
mentioned in Chapter III.  

We evaluated the efficacy of MBTA therapy in larger Panc02 tumors compared 
with smaller tumors from a previous study (Chapter I). We confirmed that complete 
elimination of tumors during MBTA therapy is dependent on the initial tumor size. 
In an experiment focusing on the role of CD4+ and CD8+ cells during MBTA 
therapy in Panc02 tumors using CD4-/- and CD8-/- knockout mice, we observed 
that the presence of CD4+ T cells was not critical for tumor growth reduction, but 
essential for delayed tumor response, prolonged survival, and resistance against 
retransplantation. We also examined whether immune memory after MBTA therapy 
is antigen-specific. We re-challenged mice with MBTA-eradicated Panc02 tumors 
with Panc02 and B16-F10 tumor cells. All mice were tumor-free when re-
challenged with Panc02 cells, but not with B16-F10 cells, suggesting that the 
memory induced by MBTA therapy is antigen-specific for each tumor type. We also 
confirmed the ability of immune memory to cross the blood–brain barrier by 
intracranial retransplantation of Panc02 cells; all MBTA treated mice demonstrated 
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a resistance against tumor cell retransplantation unlike the control group mice, 
which developed tumors. 

To study the potential enhancement of MBTA therapy with other therapeutic 
approaches in animals with high tumor burden and distant large metastases, we 
established a bilateral Panc02 murine model. We first confirmed that the application 
of MBTA to one tumor reduced tumor growth in both the treated and distal non-
treated tumors and prolonged the survival of treated mice identically as it did in 
metastatic PHEO mice (Chapter II). Interestingly, we did not observe any 
completely cured mice after MBTA therapy. Next, we tested the combination of 
MBTA therapy with the following treatments: inhibition of the CTLA-4 checkpoint 
inhibitor, application of heat-killed L. monocytogenes, and chemoablation. 
However, we did not observe any enhancement in the efficacy of MBTA therapy. 
Additionally, we attempted to change the desmoplasia of Panc02 tumors by 
applying anti-CD40 and hyaluronidase to the left tumor with simultaneous 
application of MBTA therapy to the right tumor; however, no improvement was 
observed. Finally, we tested using radiotherapy on the distal tumor and the 
simultaneous application of MBTA therapy to both tumors. However, only the 
simultaneous application of MBTA therapy to both tumors resulted in the reduction 
of both tumors and subsequent survival of 50% of mice.  

 
In Chapter V, we analyzed the tumor microenvironment of the bilateral PHEO 

tumor model during MBTA therapy and determined which cells are important for 
immune memory. We first established a bilateral PHEO model and confirmed the 
decreased efficacy of MBTA therapy in this model with a higher tumor burden. In 
subsequent flow cytometry analyses, we captured detailed immune profiles of 
injected and non-injected (distal) tumors, as well as the profiles of different spleens, 
treating with MBTA therapy or PBS at different time points. The analyses showed 
that both the adaptive and innate immune cells were able to infiltrate non-injected 
(distal) tumors. With only one exception, we found that neutrophils increased in the 
MBTA-injected group but were almost absent in the distal tumors. Innate immune 
cell profiling in the spleen showed an increasing number of cells, such as 
neutrophils, dendritic cells, monocytes, and macrophages, during the entire course 
of therapy. Phenotyping the macrophages present, we identified a high ratio of 
classically activated or immunostimulatory M1-like macrophages and alternatively 
activated or immunosuppressive M2-like macrophages (M1/M2 ratio) in the tumors 
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and spleens of MBTA-treated mice, suggesting that the MBTA therapy can 
systematically activate M-1 macrophages and decrease the induction of 
immunosuppressive M2-like macrophages. Analyses of tumor-infiltrating 
lymphocytes showed strong infiltration of helper CD4+ and cytotoxic CD8+ T cells 
in both MBTA-injected and distal tumors, with CD4+ being the most abundant T 
lymphocyte in the tumors. However, we observed a greater increase in the 
proportion of effector/effector memory CD8+ T cells (CD44+CD62L-) and affected 
effector memory CD4+ T cells. Assessment of the central memory 
(CD44+CD62L+) T cells showed a significant increase only in the spleen and not 
in the tumors. We also observed a decrease in the percentage of naïve T cells in the 
spleen during the entire therapy period, confirming the activation of T cells. Finally, 
the analysis of B cells showed strong infiltration in both tumors and a continuous 
decrease in the spleen. We also measured IFN-γ and IL-10 levels in tumors and 
confirmed the pro-inflammatory response in tumors and plasma of MBTA-treated 
mice.  

The last experiment included in this chapter focused on immune memory 
following MBTA therapy. We performed adoptive transfer of CD4+ and CD8+ 
from previously treated MBTA mice to naïve mice and confirmed that the long-
term immune memory, shown previously as the resistance against PHEO tumor cell 
retransplantation, is executed by CD4+ T cells. 

  
In Chapter VI, we compare the efficacy of MBTA therapy in young (6 weeks) 

and aged (71 weeks) mice. We showed that the growth of PHEO tumors is faster, 
and the incidence of tumors is higher in aged mice than in young mice. MBTA 
therapy of these tumors demonstrated that despite the faster growth of tumors in 
aged mice, the efficacy of the therapy is the same in both young and aged mice.  

 
In summary, this dissertation provides unique insights into the complex 

relationship between various tumors and the immune system. We have shown that 
the intratumoral therapy based on a combination of phagocytosis ligand and Toll-
like ligands and anti-CD40 antibody is a feasible approach for therapy of diverse 
and aggressive murine tumor models, including colon carcinoma [23] and as 
described here, melanoma, pancreatic adenocarcinoma, and pheochromocytoma. 
Our findings demonstrate that this therapy can activate the innate immune system 
with subsequent activation of the adaptive immune system, not only locally in 



 

 
  

- 88 - 

treated tumors but also systematically in non-treated distal tumors. These results are 
promising and have narrowed the questions that must be answered before future 
clinical trials. 
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Our future next step will be to find the right combination of intratumoral MBTA 
therapy with other therapeutic approaches to treat large primary tumors and/or 
numerous (large) metastases with a high tumor burden. As described in the case of 
murine pancreatic adenocarcinoma (Chapter IV), we have tried several approaches, 
such as checkpoint blocking, manipulation of the tumor environment, and 
radiotherapy, but without any further improvements to the MBTA scheme. Our 
preliminary experiments have shown that one promising modality may be targeting 
the metabolism of the tumor cells. In the case of PHEO, we tried combinations of 
MBTA therapy with other approaches, but without any additional effect. Therefore, 
future research should also focus on anticancer agents that inhibit hypoxia-inducible 
factors (HIFs) since most hereditary PHEOs/PGLs are related to the hypoxia 
signaling pathway, mainly through mutations within many genes, which leads to 
increased stability of HIFs [24]. We hypothesized that the use of HIF inhibitors 
combined with MBTA therapy may be a treatment for aggressive and metastatic 
murine pheochromocytoma tumors.  

Additionally, our future studies will use intratumoral MBTA therapy as 
neoadjuvant therapy. Neoadjuvant therapy is usually used as a first step to shrink 
the tumor before the main treatment (surgery). We would like to confirm our 
hypothesis that intratumoral application of MBTA therapy before surgery can 
protect organisms against recurrences and the future development of metastases. 

Next, our future studies will use MBTA therapy as a subcutaneous tumor 
vaccine. Intratumoral application of MBTA therapy could be considered a 
limitation, particularly for metastatic pheochromocytomas and paragangliomas, 
because metastases can be found in deep organs, lymph nodes, and bones. 
Therefore, we tested the subcutaneous application of irradiated whole tumor cells 
pulsed with MBTA therapy in vitro. We have already attempted this vaccination 
approach in mice bearing colon carcinoma (CT26), resulting in the generation of 
antitumor immune responses in distal tumors, improved tumor growth control, and 
prolonged survival of treated mice [23]. Another promising use of this MBTA 
vaccination approach may be the treatment of glioblastomas, as discussed in a 
previous review [25]. This MBTA vaccination approach may also be used as 
adjuvant therapy after intratumoral MBTA neoadjuvant therapy and surgery to 
prolong the systemic antitumor effect of MBTA after surgery.  

Finally, we will focus on optimizing MBTA therapy, particularly in determining 
the optimal injected intratumoral volume, optimal concentration, and the most 
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efficient time schedule for therapy. It is still unclear whether the 
volume/concentration of intratumoral immunotherapies should be fixed or adjusted 
to the size of the injected lesions. A limited number of studies have focused on these 
issues [26]. In the case of pheochromocytoma, our preliminary results indicate that 
MBTA therapy can be given as a reduced number of injections, but the time of 
MBTA therapy must be prolonged to achieve the same efficacy as the “normal” 
scheme – four pulses of 3 injections with a five-day gap (unpublished results). 

We believe that our presented results and proposed future steps will help 
optimize this therapeutic approach for future use in clinical trials. 
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Lis t  o f  abbrev ia t ions  
 
B16-F10   murine melanoma tumor cells 
CTLA-4   cytotoxic T-lymphocyte-associated protein 4 
HIF   hypoxia-inducible factor 
iC3b  inactivated protein fragment of C3b 
LTA  lipoteichoic acid 
MBT therapy R-848 + poly(I:C) + LTA + mannan-BAM 
MBTA therapy R-848 + poly(I:C) + LTA + mannan-BAM + anti-CD40 
MTT  mouse tumor tissue-derived pheochromocytoma cells 
NK cells  natural killer cells 
Panc02  murine pancreatic adenocarcinoma 
PD-1  programmed cell death protein 1 
PD-L1   programmed death-ligand 1 
PGLs  paragangliomas 
PHEOs  pheochromocytomas 
Poly(I:C)  polyinosinic-polycytidylic acid 
R-848  resiquimod  
SCID  severe combined immunodeficiency 
SMCC anchor, succinimidyl-4-(N-maleimidomethyl)cyclohexane-

1-carboxylate 
TLR  Toll-Like receptor 
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