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Figure1- 1: A timeline of vaccine development 

CHAPTER I: BACKGROUND AND RESEARCH OBJECTIVES 

 

CLINICAL LANDSCAPE OF CANCER VACCINES 

The original attempt to generate therapeutic immunity against cancer was with James 

Coley’s heat-inactivated bacteria (Coley’s toxins) against inoperable sarcoma. 

Unfortunately, after this attempt, therapeutic cancer vaccine development has lagged 

drastically behind the success of prophylactic infectious disease vaccines (Fig.1-1). 

Prophylactic cancer vaccines target oncogenic microbes (i.e., human papilloma and 

hepatitis B viruses) before transforming into neoplastic cells. For example, in a seven-

year Human papillomavirus (HPV) study in Scotland, from 8584 genotyped samples, the 

vaccine targeting HPV types 16 and 18 had an effective rate of 89.1% of preventing 

HPV for those vaccinated at age 12-13 (1).  Another HPV vaccine study of over 500,000 

women showed that women vaccinated sixteen and younger led to an incidence of less 

than 1.0% for either vulvar or vaginal high-grade squamous intraepithelial lesions 

(HSIL+) (2). These and many other prophylactic vaccine studies have successfully 

prevented viral-associated cancers.  
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Therapeutic cancer vaccines, in contrast, have yielded limited clinical benefits.  For 

instance, a meta-analysis of 440 patients enrolled between 1995 and 2004 with 

metastatic disease and treated with different vaccines showed a low objective response 

rate of 2.6% (3).  Early strategies on therapeutic cancer vaccines focused on tumor-

associated antigens (TAA), which include overexpressed Ags (e.g., Her2/neu), cancer-

testis (CT) Ags, developmentally regulated Ags (e.g., oncofetal proteins), or mutated 

neoantigens that are not found in normal cells (4, 5).  Failure of these trials has been 

attributed to the generation of tolerance to TAA, low affinity/avidity of tumor-specific T 

cells and the homeostatic response to check hyper-responsive adaptive effectors cells 

(6).  Other hurdles include suboptimal dose, mode of delivery, and improper or limited 

adjuvant selections.  Moreover, this lack of success can partly be attributed to the 

immunosuppressive context of cancer vaccine utilization, i.e., high disease burden 

(metastasis), cancer-induced and cancer-therapy-induced immunosuppression, etc.). 

However, the FDA approval of immune checkpoint inhibitors (ICIs) has renewed 

enthusiasm for therapeutic cancer vaccines. 
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Figure1- 2: Therapeutic Cancer vaccine formulations 

OVERVIEW OF THERAPEUTIC CANCER VACCINE COMPONENTS AND 

PROPOSED MECHANISM OF  ACTION 

 

Therapeutic cancer vaccines manipulate and boost the immune system, the body’s 

natural defense system, to target and kill cancer cells.  The two significant components 

of cancer vaccines are an antigen source and an adjuvant, each having an essential 

role in eliciting cytolytic T-cell responses. The antigen source provides specific tumor 

antigen/s for the immune system to target and can have various formulations, i.e., 

genetic material or full-length proteins (Figure 1-2).  Ideally, tumor antigens should be 

expressed specifically on cancer cells and not normal cells, ubiquitously expressed on 

cancer cells, essential for survival, and highly immunogenic (7).  
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Figure 1-2: The essential components of an effective therapeutic cancer vaccine are 

illustrated here: i) source of tumor antigen- this can be either tumor-associated or 

neoantigens. Antigens can be derived from either whole cell lysate, peptides, overexpressed 

protein, tissue differentiation, cancer-testis (CT), oncofetal proteins and/or DNA or RNA. ii) 

Formulation- vaccines can be cell-based (whole cell or loaded into DC), protein or peptide-

based, nucleic acid-based or microbial organism-based. iii) Adjuvants and/or cytokines 

used- different types of adjuvants and/or cytokines like TLR ligands, STING agonists, Type I 

IFNs, IL-12, and GM-CSF are used to improving vaccine efficacy and adaptive immunity 

activation. iv) Delivery vehicles- vaccines are bioengineered and formulated into emulsions, 

liposomes, virosomes or nanodiscs and other biological scaffolds to improve bioavailability 

and targeting to the desired site. 

 

 

The currently accepted mechanism by which tumor antigens induce an immune 

response is as follows: (a) tumor antigen epitopes are presented on the surface of the 

antigen-presenting cells (APCs) by major histocompatibility complexes (MHCs); (b) 

naïve T-cells recognize those MHC/epitope complexes on APCs in the peripheral 

lymphoid organs leading to the clonal expansion of antigen-specific, tumor-reactive 

effector T-cells; (c) the effector cells infiltrate and eliminate the tumor cells expressing 

those MHC/epitope complexes (Fig.1-3 A) (8).  The importance of CD8+ TILs was 

identified in a meta-analysis of 33 immunotherapeutic studies where it showed a 

significant positive correlation between CD8+ tumor-infiltrating lymphocytes (TILs) and 

clinical response (i.e., overall survival (OS), progression-free survival (PFS), and overall 

response rate (ORR) (9).  Therefore, CD8+ TILs are critical for immunotherapeutic 

responses.  However, in the absence of a suitable adjuvant, tumor antigen sources 

alone fall short of inducing an effective CD8+ antigen-specific immune response, leading 
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to T-cell anergy and exhaustion and increased production of regulatory T cells (Treg) 

that suppress cytotoxic effector cells (6). 

 

Adjuvants represent a diverse range of pathogen-associated molecular patterns 

(PAMPs) or damage-associated molecular patterns (DAMPs) that, when bound to their 

respective pattern recognition receptors (PRRs), enhance the magnitude, breadth, 

quality, and longevity of antigen-specific immune responses (10).  The proposed 

process of adjuvant-induced enhanced immune responses occurs in multiple steps.  

The first step involves the upregulation of MHCs [i.e., MHCI and MHCII]  and 

costimulatory molecules [i.e., CD80, CD86, CD40] on APCs as both classes of 

molecules are necessary and sufficient for the priming of T-cells.  Next, the upregulation 

of those molecules increases the MHC/peptide-T-cell receptor (TCR) [signal one] and 

costimulatory receptor-ligand [signal two] interactions, enhancing the clonal expansion 

of antigen-specific T-cells.  Finally, this boosted T-cell expansion improves antitumor 

immunity (Fig.1-3 B) (11). As a result, adjuvants have been preclinically developed for 

immune-activating PRRs such as the Toll-like receptors (TLRs),  NOD-like receptors 

(NLRs), retinoic acid-inducible gene 1 like receptors (RLRs), AIM-2 like receptors, C-

leptin receptors (CLRs) and Stimulator of Interferon Genes (STING).  With this 30,000 

feet aerial view of the clinical landscape of cancer vaccines from its infancy to the latest 

generation of neoantigen-based platforms, we will survey some of the significant 

classes of vaccines, particularly those that have formidably crossed over the chiasmic 

divide into the clinical phase. Vaccine platforms are vast, and there are many excellent 

reviews that highlight their basic components with their advantages or limitations (27, 
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Figure1- 3: Mechanism of T cell priming and cancer cell killing. 

91, 92). In this introductory thesis section, we will highlight the recent developments, 

challenges and future prospect for some of the major classes of vaccines.  
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Figure 1-3: A) Depending on the vaccine platform and antigen source used, the antigen 

presenting cells are primed and/or activated. This is followed by specific binding of a TCR on 

T cells in the tumor draining lymph nodes to its cognate peptide-major histocompatibility 

(MHC) complex displayed on an antigen-presenting cell (APC), like macrophages or dendritic 

cells. This, in combination with co-stimulatory signals and inflammatory cytokine release from 

activated APC can successfully transform resting naïve T cells (CD4+, CD8+) to activated 

effector cancer cell killing T cells and result in tumor regression. However, without proper co-

stimulation tumor antigens alone generally lead to cold tumors.  B) Co-stimulation may be 

improved by using adjuvants that activate the pattern recognition receptors on APC and 

upregulate the co-stimulatory ligands, leading to a more hot tumor.  

  

 

CANCER VACCINE PLATFORMS 

 

Whole-cell cancer vaccines 

Whole tumor cell vaccines are prepared from whole tumor cells or tumor cell lysates 

generated by irradiation or repeated freeze-thaw cycles, derived from either autologous 

patient tumor tissues or heterologous tumor cell lines.  These are often genetically 

modified to produce different cytokines/chemokines (GM-CSF) that can augment 

adjuvant function (recruit DCs and facilitate antigen uptake, cross-priming, and 

presentation to CD8+ T cells).  In addition, irradiated tumor cells can release danger-

associated molecular patterns (DAMP) molecules such as high mobility group box 1 

(HMGB1), pentraxin-3 (PTX3), heat shock proteins (HSP 70/90), and uric acid that can 

stimulate DC maturation and T cell responses against the tumor (12).  One advantage 
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of using a whole cell vaccine is that the cells would be an unbiased source of a broad 

spectrum of tumor antigens, thereby eliminating the requirement of identifying an 

immunogenic antigen or potential concerns of antigen loss (12-14).  

 

As mentioned earlier, tumor cell vaccines are often genetically modified to express 

different cytokines or chemokines or costimulatory molecules to stimulate a more robust 

immune response to the vaccine.  Of different cytokines tested, a superior response 

was observed with irradiated melanoma cells transduced with GM-CSF.   This vaccine 

(GVAX) showed promising results in early preclinical studies (15-22), which laid the 

groundwork for numerous clinical trials targeting a variety of cancers, including prostate, 

melanoma, NSCLC, and pancreatic cancer (23, 24).  Unfortunately, most clinical trials 

failed to meet expectations (25-29).  Despite these disappointing results, clinicians 

continue to test the efficacy of GVAX in combination with different treatment strategies, 

especially ICB molecules. 

 

There are other whole-cell tumor vaccines: Oncovax (colon cancer; Vaccinogen) (30-

32), and Reniale (renal cancer; Liponova) (33, 34), to name a few.  Of these, Oncovax, 

prepared by irradiating patient tumor cells and administered with BCG bacteria as an 

adjuvant, significantly reduced the chances of recurrence post-surgery in several early 

phase trials in colon cancer patients (30-32).  Based on these promising results, a 

randomized, multicenter Phase IIIb clinical trial (NCT02448173) is ongoing to test if 

Oncovax improves disease-free survival post-surgery.  Unfortunately, the main 

disadvantage of an autologous whole cell vaccine approach is its inherent logistic hurdle 

https://www.clinicaltrials.gov/ct2/show/NCT02448173
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- it is time-consuming, expensive, and variable (15, 19, 35).  Alternatively, allogeneic 

cells derived from different tumors could be used with the likelihood that the patient’s 

tumor will share antigens with the vaccine.  

 

Dendritic Cells 

Dendritic cells (DC) are the most potent antigen-presenting cells (APC), and depending 

on the context, DCs also provides either costimulatory or coinhibitory signals to T cells 

for activation or suppression (36-46).   In the tumor microenvironment, 

immunosuppressive molecules and cytokines like TGF-β, IL-10, VEGF, Arg-1, IDO 

interfere with DC maturation and arrest them in a dysfunctional state.  Furthermore, 

additional factors like the expression of a high level of coinhibitory molecules like TIM3, 

PDL-1, and PD-1 on DCs, metabolic stress, antigen masking, and faulty antigen 

presentation facilitate the switch from inflammatory to tolerogenic phenotype.  Hence, 

over the past decade, much effort was invested in understanding the complex interplay 

and biology of DCs with other immune cells in the tumor microenvironment and 

modulating them to activate T cells against the tumor.  

 

Since DC can activate antigen-specific T cells, the DC vaccine aims to repair the 

immune suppression by administering “trained” DCs and starting the adaptive immune 

responses in the patient.  Typically, monocytes are isolated from patients via 

leukapheresis and then differentiated using GM-CSF and IL-4 in vitro to yield immature 

DC.  These are then loaded with either i) whole tumor preparation, ii) DC-tumor cell 

fusion, iii) virus, iv) defined, shared tumor-associated antigens (peptides, nucleic acid), 
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or v) unique neoantigens from the tumor cells.  The antigen-loaded DCs are then further 

matured using a cytokine mixture that makes them competent for lymph node homing, 

antigen cross-presentation and activation of T cells, and production of pro-inflammatory 

cytokines (47-49).  These ex-vivo matured DCs are then infused into the patient (39, 

50).  

 

DC vaccines have been applied to various malignancies (over 240 completed clinical 

trials), including melanoma, prostate, renal cell carcinoma, glioblastoma, and pancreatic 

cancer (36, 42, 48).  In the earliest trials, the first-generation DC vaccines from blood 

monocytes that were only loaded with synthetic TAA peptides or tumor cell lysates were 

found to be safe and immunogenic.  They were tested in various cancers (51-61), but 

only 3.3% of patients experienced tumor regression (42, 47, 48, 51-53). Many studies 

reported that regulatory T cell (Tregs) mediated immunosuppression hindered the 

efficacy of DC vaccines (52).  Subsequently, the DCs were matured using a defined 

cocktail of cytokines, and these second-generation vaccines performed better with an 

overall objective response rate (ORR) in the range of 8%-15%.  There is also an 

interesting strategy to use DC and tumor cell hybrid, improving immune responses in 

patients (NCT01096602) (54, 55).  

 

Despite some modest clinical efficacy for DC vaccines, the early trials raised questions 

and challenges.  One concern is that the specific details of DC vaccine manufacturing 

vary considerably and cover various aspects like the source and starting cell population, 

culture condition and maturation cocktail used, choice of antigen and antigen loading 
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technique, and time and route of administration.  In addition, the DC subtypes are 

transcriptionally and functionally distinct in their developmental origin and localization 

(56, 57).  A recent single-cell RNA sequencing study identified six different classes of 

circulating DC in peripheral blood (58).  Some researchers argue in favor of using 

peripheral blood-derived DC to retain their physiological functionality after transfusion to 

patients.  Indeed, studies report transcriptional and phenotypic differences in monocyte-

derived (moDC) and conventional DCs (cDC) that translate to a poor migratory capacity 

of moDC to lymph nodes and T cell priming (59, 60).  

 

Heterogeneity of the human DC population is further highlighted by studies showing 

potent antigen presentation by moDC (61, 62), whereas some studies indicated potent 

antigen presentation by BDCA1/CD1c+ moDCs and BDCA3/ CD141+ moDCs (42, 63).  

However, the use of cDC harvested from circulation is limited owing to their poor 

availability in the peripheral blood of cancer patients, the potential need for repeated 

dosing in a therapeutic setting, and their compromised capacity to present antigens and 

secrete pro-inflammatory cytokines (64).  Still in its infancy, cDC vaccines are being 

tested as pilot trials in the European study, “Professional cross-priming for ovarian and 

prostate cancer” (PROCROP).  A recent trial, however, used autologous naturally 

circulating DC and loaded with HLA-A2.1 restricted tumor antigen for stage IV 

melanoma patients (NCT01690377).  Four of fourteen patients showed long-term 

progression-free survival, which correlated with developing cytolytic, multifunctional 

effector T cells (65). Scientists have also attempted to use plasmacytoid DC as 

vaccines (66).  
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Another important variable that dictates DC vaccine efficacy is the combination of 

cytokines that mature the DC.  Scientists have differentiated DC from CD34+ stem cells 

or cord blood by adding molecules like FLT3L, Stem Cell Factor (SCF), GM-CSF, 

Thrombopoietin, IL-7, Notch ligand Delta Like-1 (DL1), and IL-4, at the same time 

attempting to recapitulate physiological DC phenotype ex vivo by culturing the cells for 

different periods (one or three weeks) (60, 67-71).  Unfortunately, there is no consensus 

for optimal DC maturation protocols and the maturation cocktail used. Earlier, the gold 

standard was to use a cocktail containing TNF-α, IL-1β, and IL-6 in combination with 

prostaglandin E2 (PGE2) (72).  However, PGE2 has been shown to induce Tregs, 

increase the expression of indoleamine 2,3-dioxygenase (IDO) and reduce the secretion 

of IL-12 (73, 74).  Therefore, scientists and clinicians have explored alternative 

maturation cocktails.  

 

These include triggering of co-stimulatory pathways (e.g., CD40-CD40L), activation of 

Toll-Like Receptor (TLR) by using agonists like poly IC (TLR3), resiquimod (TLR7/8) 

pathway, and 3-O-deacylated monophosphoryl lipid A (MPLA) either as single agents or 

in combination (75-77).  For instance, DC transfected on the TriMix platform with mRNA 

encoding constitutively active TLR4, CD40L and CD70 have been clinically tested in 

melanoma patients (78, 79).  However, the combination of different agonists in varying 

doses and maturation times may alter the expression of inflammatory genes and 

chemokines that will translate to the efficacy of the DC vaccine in vivo (80).  Recently, a 

novel method of transfecting DC with an mRNA cocktail encoding co-stimulatory 
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molecules (CD40L, CD70, and a constitutively active TLR4) has shown promising 

results in melanoma patients (NCT00074230, NCT01066390) (78, 81).  

 

Another possible reason DC vaccines have shown limited efficacy is because many 

clinical trials were done with patients with late-stage diseases where dominant 

immunosuppressive mechanisms can dampen responses to DC vaccines and T cell 

activation.  This is reflected in earlier studies that noted T cell activation in a higher 

fraction of patients receiving adjuvant DC vaccines than those with metastatic disease. 

This indicates that DC vaccines may perform better in adjuvant settings (54, 55, 82). 

Another potential for improvement is DC mobilization. Intradermal injection allows ≤5% 

of DCs to migrate to lymph nodes, whereas the intravenous route distributes DC to non-

specific locations like the spleen, lungs, liver, and bone marrow. In addition, attempts 

have been made to manipulate DC by viral vectors to overexpress molecules to improve 

their trafficking to the tumor in vivo (83).  

 

Other factors that significantly affect the DC vaccine efficacy are the choice and method 

of antigen loading.  While a broad range of antigens have been explored, including 

defined peptides, whole tumor cell lysate, nucleic acids, irradiated tumor cells, 

neoantigen peptides, and viruses, how to generate the best immunogenic antigen and 

its loading technique to ensure maximum clinical response remains an open question.  

Oxidizing whole tumor lysate with hypochlorous acid or infecting the tumor cell with 

Newcastle Disease significantly improved DC vaccination outcomes in the preclinical 

setting (84-86). Combining chemotherapeutic drugs or oncolytic viruses that induce 
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immunogenic cell death of tumor cells is another way to improve DC vaccine outcomes.  

Lastly, the cost of production and the complexity associated with its manufacture has 

hindered its widespread clinical application.  

 

Despite these challenges, several novels and state-of-the-art DC-based vaccines are 

currently being tested in different phases of clinical trials.  For example, a placebo-

controlled phase III trial is testing an autologous DC vaccine loaded with tumor lysate 

(DCVax-L) in glioblastoma patients in combination with radiation and chemotherapy 

(NCT00045968).  The initial reports show DC vaccination improved overall survival to 

23 months compared to 15-17 months in the case of patients who received standard-of-

care therapy in earlier studies (87).  Other phase III studies include investigating the 

efficacy of autologous RNA-loaded DC vaccine as an adjuvant to the standard of care in 

uveal melanoma (NCT01983748) and that of BDCA3+ naturally circulating DC in stage 3 

melanoma patients (NCT02993315). The patients will be assessed for 2-year 

recurrence-free survival.  

 

Other trials are testing the efficacy of DC vaccines in combination with radiation, 

chemotherapy, targeted therapies, and depletion of myeloid cells and Tregs.  In 

addition, the emergence of neoantigens has initiated the development and use of 

personalized neoantigen DC vaccines (88). For example, a recent meta-analysis 

reported that the objective response rate to DC vaccines in melanoma and glioblastoma 

was 8.5% and 15.6%, respectively (48). Hence, strategies to incorporate neoantigens 

into DC vaccines are ongoing (89) (NCT03300843). Lastly, in the light of current 
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understanding, like many other vaccine platforms, DC vaccines have been combined 

with ICB (90), including in combination with different PD-1 or CTLA-4 inhibitors in 

several cancers, including glioblastoma (and other brain tumors), colorectal cancer, and 

melanoma. In addition, DC vaccines can also be combined with other ICB-like 

antibodies targeting Tim-3, Lag-3, and NKG2A, currently in different stages of clinical 

development. 

 

Proteins/Peptides 

Peptide-based vaccines that initially targeted tumor-enriched antigens (91, 92),   can be 

classified into two distinct categories: tumor-associated antigens (TAA) and neoantigens 

(tumor-specific antigens, TSA).  TAAs are enriched on cancerous cells but also 

expressed on some normal cells and are further subcategorized to a) aberrantly 

overexpressed antigens (e.g., Her2/neu (93) and survivin  (94), b) lineage-restricted 

antigens (e.g., gp100 (95), prostate-specific antigen (96), and tyrosinase (97)  c) 

cancer-testis (CT) antigens (e.g., MAGE family (98) and NY-ESO-1 (99)), and d) 

oncofetal antigens (e.g., Carcinoembryonic antigen (100-102)), and e) oncogenic viral 

antigens (HPV E6/E7). On the other hand, neoantigens are developed from somatic 

mutations (e.g., insertions, deletions, translocations) (103) in the tumor triggered by 

DNA-damage events, resulting in specific expression in the tumor.  

 

Early clinical trials utilized TAA-based vaccines, such as the MAGEA3 vaccine (104), to 

treat established cancers and generally resulted in good safety profiles but lacked 

objective clinical responses (105).  Various forms of adjuvants (Montanide, TLR 
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agonists, incomplete Freund’s adjuvant, etc.) are an essential component of these 

vaccines (106-108), and some early studies showed modest signs of clinical benefits for 

recurrence and disease-free survival compared to non-vaccinated patients (109).  

However, even with the added anti-cancer benefits from immunostimulants or delivery 

vehicles, no peptide-based vaccine has been FDA approved to treat cancer.  One 

biological reason may be the low immunogenicity of the TAAs, which is why it may be 

more beneficial to target neoantigens for peptide vaccines.  An illustrative example is 

the Kras-based neoantigen vaccine that showed no clinical benefit (110-112).   

 

To address immunosuppression from advanced tumor burden, combination strategies 

have been adopted to increase immunogenic cancer cell death, for example, by using 

approved chemotherapeutic agents like gemcitabine, cyclophosphamide, fluorouracil (5-

FU), or folfirinox, among others.  These treatments were also reported to suppress the 

tumor-promoting functions of Tregs and MDSCs (113-122).  For instance, gemcitabine 

was shown to specifically reduce the number of Gr1+ MDSC in spleens of tumor-bearing 

mice.  This decrease in splenic MDSCs was accompanied by the increased antitumor 

activity of CD8+ T cells and NK cells (113).  Similarly, 5-FU significantly contracted the 

number of MDSC in the spleen and tumor bed, concomitantly increased IFN-γ 

production by CD8+ T cells, and promoted T cell-dependent antitumor activity (117).   

 

The effect of chemotherapy on Tregs is also appreciated.  Chemotherapy can 

selectively reduce the number of Tregs in the tumor bed, tumor-draining lymph nodes, 

and peripheral blood (115, 123, 124).  Cyclophosphamide may also reduce the number 
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of Tregs by inducing apoptosis and inhibiting proliferation (115).  Based on these 

encouraging results, multiple trials have employed this combinatorial strategy but have 

failed to show any significant clinical effect.  For example, a phase II clinical study for 

patients with resected pancreatic cancer determined that gemcitabine plus OCV-C02, a 

three peptide cocktail, had no significant effect on disease-free survival (DFS) 

compared to gemcitabine alone (125).   Another strategy explored is the combination of 

peptide vaccines and ICB because of ICB’s ability to intensify immunogenic responses.  

This combination strategy is still in its infancy, and these clinical trials are still ongoing. 

 

Nucleic Acids 

Nucleic acids have been well recognized as potent adjuvants (126, 127) and come in 

multiple flavors (128, 129).  Both RNA and DNA have been used as adjuvants, but 

these also offer the ability to code for TAA. For RNA vaccine, RNA is transcribed in vitro 

(IVT) by a DNA template encoding the antigen and bacteriophage RNA polymerase 

(130). Pertinent biological factors for these platforms have been discussed elsewhere 

(128, 131). While there are examples of naked RNA vaccines that code for 

carcinoembryonic antigen (CEA) exhibiting strong immune responses when challenged 

with CEA overexpressing cancer cells (132), the stability of RNA has been an issue. 

Some of this work has been adopted by bioengineers as a delivery problem, and 

various forms of alternative vaccine delivery methods (“gene gun”, protamine 

condensation, encapsulation) have been used (133-136). 
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An example is CV9103 comprising mRNA encoding four prostate cancer-associated 

antigens condensed with protamine for castration-resistant prostate cancer. The 

vaccine was well tolerated and showed antigen-specific T cell responses in 36 patients 

with metastatic prostate cancer.  The vaccine showed a median overall survival of 30 

months compared to the predicted 16.5 months (EudraCT number: 2011-006314-14) 

(92, 137). A similar approach for lung cancer patients is ongoing (138-140).  To improve 

RNA half-life and delivery in vivo, naked RNA IVT is often encapsulated in nanoparticles 

and cationic lipid complexes for patient delivery (141)(NCT03313778).  Details about 

similar studies can be found on the ClinicalTrials.gov website (NCT03289962) 

(NCT03815058). 

 

The RNA and DC platform can be combined, whereby DCs can be pulsed with either 

total tumor RNA, TAA RNA, or neoantigen RNA. There are currently over 24 ongoing 

clinical trials investigating RNA-loaded DC vaccines. The advantage (or the 

disadvantage) of using whole tumor RNA for DC priming is it presents the entire 

constellation of antigens without the requirement of identification of immunogenic 

epitopes.  Most of these early studies have shown little toxicity and potential to elicit an 

antitumor immune response (142-146).  In a recent Phase II trial withRocapuldencel-T 

or AGS-003, moDC was co-electroporated with whole tumor RNA plus RNA encoding a 

costimulatory gene CD40L and administered to treatment naïve patients with clear cell 

renal cell carcinoma and evaluated in combination with sunitinib.  The mixture was well 

tolerated and yielded supportive immunologic responses and a significant increase in 

OS (147).  Alternatively, DCs can also be loaded with single or multiple TAA encoding 
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IVT mRNAs and infused back into the patients. With this method, the antigen must be 

immunogenic enough to activate the T cells, and these TAA pulsed DCs have been 

tested in multiple clinical trials (148-152).  DCs have also been stimulated with mRNA 

encoding melanoma antigens (MAGEA3, melanoma-associated antigen C2 (MAGEC2), 

tyrosinase and melanocyte lineage-specific antigen GP100, and other mRNAs encoding 

immune co-stimulatory genes like CD40 ligand (CD40L), a constitutively active mutant 

form of TLR4 and CD70 (NCT01066390) (78, 79, 153, 154).  Trimix vaccine is currently 

being tested in a placebo-controlled clinical trial in breast cancer patients 

(NCT03788083).  

 

A DNA-based vaccine is the other flavor of nucleic acid vaccines, and much like RNA, 

their clinical development is focused on delivery and combination with ICB.  The 

biological basis of DNA-based vaccines are reviewed elsewhere (127, 155).  The 

commonly used techniques to deliver the vaccine are electroporation, sonoporation, 

gene gun, or DNA tattooing.  For gene gun mediated intradermal injection, Langerhans 

cells, the antigen-presenting cells (APCs) residing in the skin, directly engulf the 

plasmids and express the antigen, which MHCI then presents to prime naïve T cells in 

the lymphoid tissues.  For the intramuscular route, myocytes take up the plasmids.  

However, they are not potent inducers of immune activation.  Instead, they recruit DCs, 

which phagocytose the infected cells and then mount T cell response and memory.  

These techniques have been comprehensively reviewed elsewhere (156).  

Unfortunately, DNA vaccines as monotherapy have often shown limited clinical success 
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(155).  Several clinical trials are testing the potential of DNA vaccines in combination 

with ICB in various tumors (Clinicaltrials.gov).  

 

Microbial (oncolytic and bacterial) vaccines 

Oncolytic viruses (OV) have recently emerged as one of the most promising treatment 

options in cancer therapy.  In brief, oncolytic viruses infect and replicate within tumor 

cells, causing cell death and releasing antigens and viral debris (156, 157).  Phenotypic 

“hallmarks of cancer,” including the high metabolic activity within tumor cells and driver 

mutations, have been shown to increase the replication of viruses inside the cancer 

cells.  The significant advantage of oncolytic viruses is that they can specifically target 

and lyse neoplastic tissue while sparing healthy cells, thus theoretically limiting systemic 

toxicity.  Also, in contrast to drug pharmacokinetics that decreases with time, the viral 

dose in tumor increases due to in situ replication. Furthermore, viral receptors can be 

overexpressed by tumor cells, and recombinant viruses can be modified to target tumor-

specific receptors and to overexpress cancer-specific genes (for example, apoptosis-

inducing or immune stimulating) to amplify the antitumor effects.  OV can be either DNA 

or RNA virus and either single-stranded or double-stranded.  They establish the lytic 

cycle in cancer cells by either replicating preferentially in cancer cells by using activated 

oncogenic pathways or have been genetically modified to replicate selectively in 

malignant cells.  Oncolytic virus details have been extensively reviewed elsewhere 

(157-162).  
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In brief, immune stimulatory properties of OV stem from their ability to induce 

immunogenic cell death like programmed necrosis or necroptosis (163-167) to activate 

immune cells against the infected malignant cells as well as prime de novo T cell 

response against tumor-associated as well as neoantigens that were not exposed 

earlier.  OV-induced lysis of cancer cells releases endogenous nuclear and cellular 

contents, including pathogen associated molecular patterns (PAMPs), danger 

associated molecular patterns (DAMPs), viral proteins and nucleic acids, tumor-

associated antigens, immunogenic neoepitopes (159, 168, 169) and activate antitumor 

immune response cascades.  PAMPs, DAMPs, and tumor antigens thus released can 

be phagocytosed by macrophages or dendritic cells and fuel the release of inflammatory 

and immune-activating cytokines.  These then can activate immune cells against the 

infected malignant cells and prime de novo T cell response against tumor-associated 

and neoantigens that were not exposed earlier.  Type I Interferons and DAMPs can also 

directly activate NK cells which will now effectively kill cancer cells that have 

downregulated their expression of MHC I, a common occurrence in most cancers.  OV 

can also be genetically modified to express anti-angiogenic molecules to target tumor 

angiogenesis (170).  OVs have also been reported to produce the abscopal effect - the 

regression or delayed progression of metastatic sites distant from the site of injection 

(170). 

 

Currently, numerous OVs are being tested in clinical trials to treat different types of 

cancers (171).  The FDA has approved the HSV-1-based oncolytic virus, talimogene 

laherparepvec, or T-VEC (Imlygic™), for treating surgically metastatic melanoma 
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nonresectable.  TVEC is comprised of genetically modified HSV-1 made to overexpress 

GM-CSF (90, 172-174).  Twenty-eight trials are active and testing TVEC in various 

cancers, including pancreatic cancer, sarcoma, breast cancer, and melanoma, among 

others, either alone or in combination with radiation, chemotherapy, or immune therapy. 

Another example of oncolytic virus therapy showing promising results in early phase 

trials is a genetically modified poliovirus: rhinovirus chimera, PVSRIPO.  The virus 

elicited effective antitumor immune responses in patients with recurrent glioblastoma 

(175, 176). A phase II trial is currently underway testing the efficacy of PVSRIPO with or 

without the chemotherapy drug Iomustine (Gleostine®) in glioblastoma patients.  Based 

on the promising results, the FDA granted PVSRIPO's ‘breakthrough” status.  Other 

examples of OV are the human Orthoreovirus which can cross the blood-brain barrier to 

activate cytotoxic T cell response against brain tumors (177), and the Maraba virus 

isolated from a variety of sandflies in Brazil to treat triple-negative breast cancer (TNBC) 

(178). 

 

With the expansion of OV in clinical trials, there is now an urgent need for biomarker 

discovery, optimal dosing, and combinatorial pathways (179, 180) to identify patients 

that may benefit more from the virus therapy either as a stand-alone drug or in 

combination with other immunomodulating agents.  In addition, with the wealth of well-

characterized microbial agents, several other viral vectors are currently being 

investigated in preclinical phases for translations.  

 

https://www.cancer.gov/about-cancer/treatment/drugs/lomustine
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The other microbial vector is the bacterium, and other reviews are available that discuss 

this platform in detail (181-186). Commonly used strains include Clostridium, 

Salmonella, and Listeria. A modified Salmonella vaccine was tested for dose, safety, 

tolerability, and immune response in patients with refractory solid tumors 

(NCT00006254, NCT00004216). Salmonella modified to express IL-2 has been orally 

administered to patients with refractory hepatic metastases from solid tumors in a phase 

I study (NCT01099631). One ongoing phase I trial will test the safety and dosage of 

orally administered live Salmonella vaccine modified to produce survivin in patients with 

multiple myeloma and induce survivin antigen-specific T cell response (NCT03762291). 

In phase I clinical trial with one patient presenting retroperitoneal leiomyosarcoma, the 

Clostridium vaccine showed extensive tumor necrosis and improved quality of life 

(NCT01924689)(184). The Clostridium vaccine is currently being tested in combination 

with pembrolizumab in solid tumors (NCT03435952).   

 

Lastly, in early phase trials, Listeria strains modified to express the tumor antigen 

mesothelin (CRS207), have also been tested in mesothelioma, lung, pancreatic, or 

ovarian cancers.  Both vaccines were well tolerated in patients and induced tumor-

specific immune T and NK cell responses (187). CRS207 was next investigated in a 

phase II trial in combination with GVAX and cyclophosphamide (NCT02004262) in 

previously treated pancreatic metastatic patients. A phase I clinical trial is ongoing to 

test the safety, dose, and immune response of a live Listeria vaccine (ADU623) 

expressing EGFRvIII and NY-ESO-1 to treat patients with astrocytic tumors 

(NCT01967758).  Ongoing trials focus on combining Listeria vaccines with conventional 
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treatment options or immunotherapies (Clinicaltrials.gov).  For example, the Listeria 

vaccine is currently being tested in combination with anti-PD-1 (NCT03847519) or as an 

adjuvant after chemotherapy (NCT01675765) in non-small cell lung carcinoma and 

malignant mesothelioma, respectively.  Another study by Aduro Biotech Inc aimed to 

test the efficacy of a personalized live attenuated Listeria vaccine in metastatic 

colorectal cancer patients (NCT03189030).  

 

iPSC-based vaccines 

The concept of embryonic tissue being used for vaccination dated back to 1906, when 

Georg Schöne reported that mice immunized with fetal tissue rejected transplanted 

tumors (188, 189).  Published reports indicate that embryonic and tumor cells share 

transcriptome profiles and antigen repertoire (190, 191).  Induced pluripotent cell-

based vaccines circumvent the ethical roadblock and are the newest addition to the 

cancer vaccine family.  Reports show that induced pluripotent stem cells (iPSCs) share 

nearly identical gene expression profiles with embryonic stem cells and cancer cells and 

have immunogenic properties (192-198).  The concept has recently been tested by 

Kooreman et al.  In their elegant study, the authors have developed an autologous 

vaccine from irradiated mouse pluripotent stem cells (to arrest their proliferation in vivo 

and prevent the formation of teratoma).  The vaccine was used prophylactically to 

prevent tumor formation in syngeneic models of breast cancer, mesothelioma, and 

melanoma and showed clear indications of humoral and cellular immune responses.  

The vaccine culminated in mature antigen-presenting cells in the draining lymph nodes 

(dLN) and increased local and systemic helper and cytotoxic T cells.  In an adjuvant 
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setting, it reduced metastatic tumor burden and potentially altered immune responses 

characterized by fewer Th17 cells and increased infiltration of Gr1+CD11b+ myeloid cells 

into the tumors.  Interestingly, when the authors adoptively transferred T cells from 

vaccinated tumor-bearing mice, it elicited an antigen-specific antitumor response in 

unvaccinated recipients (199).  

 

One significant advantage of the autologous iPSC vaccine is that it circumvents the 

challenge of patient-specific tumor antigen selection.  Also, it will be readily available 

from the patient skin or blood.  However, there are a few safety concerns that need to 

be noted. iPSCs are immature progenitor cells that do not have growth restraint and 

may give rise to teratomas once injected.  Genetic modifications with suicide gene ex 

vivo are potentially feasible soon. Another issue is the labor-intensive process of 

reprogramming iPSCs ex vivo, which introduces concerns regarding the cost and time 

required to prepare the vaccine. Although iPSC-based vaccines showed encouraging 

results in preclinical settings, their translation in patients is pending.   

 

Personalized Cancer Vaccine 

As mentioned earlier, tumor-associated antigens are often expressed at low levels in 

normal tissue and hinder immune responses to vaccine therapy through central and 

peripheral tolerance or autoimmunity. Thus, the lack of enough “foreignness” may have 

been the past failure of many vaccine studies. As cancer evolves, it accumulates 

mutations that alter the amino acid sequences in proteins. The most common types of 

mutations are single nucleotide variation (SNV), insertion, deletion, and fusion or 
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duplications. These mutations can either result in a single amino acid mutation or 

change the open reading frame yielding mutated peptides/proteins called neoepitopes. 

These can vary within different regions of the same tumor and are tumor-specific 

antigens. There are reports of shared neoantigens, but most are not shared across 

tumor types and are specific to the patient (200).  Personalized vaccines targeting the 

unique set of neoantigens in an individual’s tumor have been developed; this platform's 

challenges are primarily immunogenicity and heterogeneity.  

 

Early examples in murine Lewis Lung carcinoma models in 1994 of mutated connexin 

37 showed the biological basis of these neoantigen-based platforms.   Still, their 

translational potential was spurred by advancements in next-generation sequencing and 

bioinformatics (201-206).  The typical workflow for developing a personalized 

neoantigen vaccine involves whole exome and RNA sequencing of tumor and matched 

normal tissue, followed by bioinformatics platforms to analyze the clonal ancestry for 

determining the neoantigen clonality in the tumor and intratumor heterogeneity.  

Potential vaccine neoepitopes are next predicted based on their binding affinity to the 

HLA subtype defined in the patient.  NetMHC and IEDB consensus are two such 

platforms.  Finally, the validated epitopes are selected for vaccine formulation and 

administered to the patients. In some settings, immunogenicity can be determined with 

ELISPOT using synthetic peptides. In one such study, three melanoma patients were 

treated with autologous DCs loaded with seven HLA-A2 restricted synthetic 7-mer 

peptides representing the individual antigenic mutations in the patients (89).  In addition 

to the neoepitope vaccine, they also received melanoma gp100-derived peptides G209-
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2M and G280-9V (positive vaccine controls).   The treatment was well tolerated in the 

patients who developed neoantigen-specific T cell responses.  

 

Multiple combinatorial approaches have been exploited to deliver different neoantigen-

based vaccines (205, 207-215).  Examples range from direct injection of unformulated 

antigens to DC pulsed with immunogenic neoantigens (89) or bioengineered neoantigen 

delivery formulations (216-218).  It is noteworthy that based on the recent 

developments, multiple personalized vaccines are now ongoing or in the pipeline, 

awaiting their evaluation in clinical settings.  RNA-based personalized vaccine 

RO7198457 (Genentech) is currently in a Phase Ia/Ib dose-escalation study either as a 

single agent or in combination with Atezolizumab (MPDL3280A, an engineered anti-PD-

L1 antibody).   Neovax (formulated with poly-ICLC) will be combined with Ipilimumab in 

a cohort of 18-20 patients diagnosed with stage III/IV clear cell renal cell carcinoma 

(ccRCC)(NCT02950766). NEO-PV-01, a personalized cancer vaccine containing up to 

20 neoantigens individually selected for each patient diagnosed with advanced 

melanoma, bladder cancer, or non-small cell lung cancer (NSCLC), is also ongoing 

(NCT01970358). A second Phase II study is continuing to evaluate the efficacy, safety, 

pharmacokinetics, and patient-reported outcomes (PROs) of RO7198457 plus 

Pembrolizumab (PD-1 blocking agent) compared with Pembrolizumab alone in patients 

with previously untreated advanced melanoma. 

 

The design and development of neoantigen-based personalized cancer vaccines 

involve the rapid and accurate identification of a patient’s mutanome and thus heavily 

https://clinicaltrials.gov/ct2/show/NCT01970358
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rely on the robustness of in silico modeling and derivation of neoantigens- working with 

the patient sample to sequencing and bioinformatics analysis. This is especially 

imperative for tumors with lower mutation load. There are still significant gaps in HLA 

presentation prediction based solely on Kd vs. actual immunogenicity that is not 

accounted for in the sequencing-based methods to generate these personalized 

vaccines. However, current bioinformatics algorithms face significant challenges in 

accurately assessing MHC binding affinity and specificity partly due to limited 

knowledge about several HLA alleles. Recent studies showed CD8+ T cell response 

against predicted high-affinity binders as low as 29%, warranting improvements to the 

current algorithms (219). In addition, researchers are exploiting other methods, 

including mass spectrometry, to identify actual neoantigens presented on HLA 

molecules.  For example, mass spectrometric analysis of peptide-HLA complexes 

revealed the HLA ligandome derived from human tumors (220-224).  Collectively, this 

entire process of identification of patient tumor neoantigen, validating their presentation 

on HLA molecules, and demonstrating their immunogenicity may take up to several 

weeks or months, which may not be a feasible option if the patient is diagnosed with 

large tumor burden or an advanced stage of cancer.  Lastly, the platform also 

introduces the concern for affordability by most patients. 
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HURDLES FACING SUCCESS OF CANCER VACCINE THERAPY 

 

Development of tumor cell-intrinsic resistance mechanisms 

The heterogeneity of cancer cells in tumors results in developing resistance 

mechanisms, and clinical persistence or disease recurrence to immunotherapy 

manifests this critical mechanism.  For example, epigenetic modifications often trigger 

alternate signaling pathways in cancer cells (225).  Also, genetic mutations in genes 

following therapeutic intervention (“immuno-editing”) can render immune therapy 

ineffective. One study investigated the genetic mutations in patients responsible for 

acquired resistance to Pembrolizumab. Surprisingly, two patients were found to have 

mutations in JAK1 or JAK2 genes that interfered with IFN-γ signaling. A third patient 

had a mutation in β2M gene that was important for the recognition and elimination of 

cancer cells (226).   These tumor intrinsic resistance mechanisms have been 

extensively discussed elsewhere (227). 

 

T cell exclusion from solid tumors 

A common mechanism of immune evasion by tumors is excluding T cells from the TME 

(concept of immunologic ignorance).  Leaky tumor vasculature and hypoxic regions 

resulting in spatial differences in metabolites are essential factors that influence T cell 

extravasation, survival, and function in the TME (227).  Also, tumor blood vessels' 

endothelium often downregulates the expression of leucocyte adhesion molecules like 

intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 

(VCAM-1) or increases the level of Endothelin B receptor in the tumor microvasculature 
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that dampen T cell entry.   TAMs and MDSC also secrete chemokines that support 

Tregs trafficking but prevent cytotoxic T cells.  Tumor cells and TAMs also express Fas 

ligand (FasL) to induce apoptosis in infiltrating T cells (227).  Such molecular 

mechanisms may explain the solid desmoplastic reaction in pancreatic cancer, which 

can trap T cells in the stroma and prevent migration to the tumor cell-rich areas. 

 

Freeing immune cells from coinhibitory checkpoints and exhaustion 

Immune checkpoint molecules are essential for maintaining immune homeostasis and 

autoimmunity.  They regulate the breadth and magnitude of T cell response by 

balancing co-stimulatory and coinhibitory signals for T cell activation.  However, cancer 

cells often hijack these molecules to suppress T cell activation as a mechanism to 

escape immune killing. Further, due to chronic antigen stimulation, tumor-infiltrating T 

cells become exhausted and attain a hyporesponsive state characterized by 

progressive loss of effector functions (228, 229).  In this context, combinatorial ICB 

involving CTLA-4, PD-1, and its ligands PDL-1/PDL-2 and LAG3 have become 

attractive targets in cancer immune therapy.  Immune checkpoint mechanisms have 

been extensively reviewed elsewhere and are beyond the scope of this introductory 

thesis section (230-233).   In brief, CTLA-4 competes with CD28 for binding with CD80 

and CD86 and provides a coinhibitory signal to prevent T cell activation by antigen-

presenting cells (APC).    

 

PD-1 on T cells can bind to PDL-1 or PDL-2 expressed by cancer cells or TAMs, which 

can arrest T cells in a non-activated state.  For example, in a clinical trial using the 
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TG4010 Muc-1 vaccine in lung cancer, patients with lower PDL-1 expression showed 

higher progression-free survival (234).  Antibodies targeting immune checkpoints are 

now widely used in clinical trials as a single agent or combination therapy for boosting 

the immune response (235). The best clinical responses have been demonstrated in 

melanoma, where PD-1 and CTLA4 blocking antibodies (response rates of 45-60%) are 

now standard care. Combining cancer vaccines with checkpoint blockade may yield 

superior immune responses in patients.  This was observed in a phase II clinical trial 

with the DC vaccine and Ipilimumab. Patients who received combination therapy 

responded better than those who received monotherapy (78).  In addition to checkpoint 

blockade, several co-stimulatory agonists like OX40 and 4-1BB have shown synergistic 

effects in preclinical studies (236, 237) and are now being tested in clinics (235). 

 

 

Immunosuppressive cells in the TME 

The solid tumor microenvironment is a highly complex structure. It is often heavily 

infiltrated by endothelial cells, cancer-associated fibroblasts (CAF), TAMs, tolerogenic 

DC, MDSCs, suppressive regulatory B cells, γδ T cells, and Tregs. They engage in a 

complex cross-talk to collectively establish an environment of immune suppression 

(227, 238-244) and aid in cancer cell survival, growth, and metastases. For instance, 

TAMs and MDSC secrete suppressive cytokines like IL-10, TGF-β, and IL-4 to dampen 

T cell function, induce T cell apoptosis, and favor Tregs formation.  Similar suppressive 

activity has been reported for regulatory B and γδ T cells (245-250).  Additionally, TAMs 

upregulate the expression of coinhibitory molecules like PDL-1 to drive T cells to 
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Figure1- 4: New model for discovering and validating immunotherapies 

suppression. They are also crucial for pre-metastatic niche formation.  Each of these 

TME members are well-known contributors to therapy failure (Fig.1-4).  
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Figure 1-4: Tumor cells significantly hinder antitumor immunity by lowering the pH and 

glucose but enhancing the secretion of growth factor VEGF,  metabolites IDO, ROS, RNS, 

NO, or ONOO-, and anti-inflammatory cytokines such as IL-10 and TGF-β.  In addition, the 

tumor can express non-classical HLAs and death ligands FasL and TRAIL.  These 

resistance mechanisms allow tumors to evade effector immune cells, recruit stromal cells, 

and facilitate tumorigenesis.  Cancer-associated stromal cells, such as CAFs, have the 

protumoral function by suppressing the immune responses and inducing other 

immunosuppressive cells.  CAFs also promote blood vessel formation, invasion, and tumor 

progression.  Bregs also contribute to the immunosuppressive microenvironment by 

releasing anti-inflammatory cytokines and expressing coinhibitory molecules.  Tregs can 

block the function of effector T cells, eosinophils, basophils, and mast cells.  Moreover, Tregs 

also stimulate tDC to secrete IL-10 polarizing M1 TAMs to M2 TAMs. When this polarization 

occurs, M2 TAMs eradicate effector cells by secreting immunosuppressive cytokines, 

depriving the microenvironment of nutrients, and expressing coinhibitory molecules.  Also, 

M2 TAMs stimulate angiogenesis and promote metastasis.  MDSC is similar to M2 TAMs as 

it hinders effector function and releases anti-inflammatory cytokines to generate a protumoral 

microenvironment. TANs also play a role in eliminating cytolytic T cells. (Note- Tregs: 

regulatory T cells; TAMs: tumor-associated macrophages; TANs: tumor-associated 

neutrophils; CAF: cancer-associated fibroblast; MDSCs: myeloid-derived suppressor cells; 

NK: natural killer cell; tDC: tolerogenic dendritic cells; Breg: regulatory B cells; VEGF: 

vascular endothelial growth factor; IDO: indoleamine 2,3-dioxygenase; ROS: reactive oxygen 

species; RNS: reactive nitrogen species; NO: nitric oxide; ONOO-: peroxynitrite; IL: 

interleukin; TNF-α: tumor necrosis factor-alpha; TGF-β: transforming growth factor beta; 

FasL: fas ligand; TRAIL: tumor-necrosis factor-related apoptosis-inducing ligand; MMP: 

matrix metalloproteinases). 
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Another emerging mechanism in the human TME is the immunosuppressive process of 

efferocytosis.  It has recently been reported that phagocytosis of apoptotic debris in the 

TME drives macrophages towards an immunosuppressive phenotype (163, 251, 252). 

This is one factor contributing to the relapse of the disease in a more aggressive form. 

In addition, circulating MDSCs often increase in therapy patients (253). Various 

strategies are being tested to target TAMs or MDSCs in clinics and are discussed 

elsewhere (235). For example, STING agonists can reprogram suppressive MDSCs to 

an activated inflammatory type (254). In a clinical trial with the NY-ESO1-ISCOMATRIX 

vaccine in melanoma, poor response to the vaccine correlated with more Tregs in 

metastatic patients compared to early-stage patients (255).  Antibody-mediated Tregs 

depletion or adding low-dose CpG-ODN to the ISCOM formulation restored the 

vaccine's efficacy in preclinical models (256).  However, selective depletion of Tregs in 

patients is challenging. Using cyclophosphamide has shown some success, achieved 

by metronomic scheduling (257). As said in one review, “there is no particular hierarchy 

in immunosuppression in solid tumors, and the dynamic nature and the potential 

redundancy of suppressive mechanisms” (227) continue to remain one of the biggest 

hurdles for vaccine therapy. 

 

Immunosuppressive metabolic barrier 

Another important consideration is the metabolic demands of the tumor immune cells 

and the limited metabolic milieu of the TME that can affect their metabolic requirements 

and, therefore, functional polarization (258-264).  For effective vaccines, naïve T cells 

need to mature into multifunctional effector cells for which they heavily rely on aerobic 
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glycolysis.  However, inside the tumor microenvironment, factors like hypoxia, areas of 

necrosis as well as the rapid proliferation of tumor cells create nutrient constriction. The 

metabolic landscape is generally hostile and does not support effector T cell activation. 

The glycolytic cancer cells outcompete the T cells for glucose consumption (265-267).  

This directly reduces TCR signaling, proliferation, and production of tumor cell-killing 

cytokines (268-273).  Furthermore, lactate produced by glycolysis is detrimental to T cell 

proliferation and IFN-γ release (274).  Glucose restriction, on the other hand, does not 

affect Tregs, which depend on oxidative phosphorylation for their function (275). In 

addition to glucose, glutamine addiction is common for many cancer types.  For 

example, ovarian cancer cells metabolize glutamine to glutamate. This is taken up by 

CAFs, which convert it back to glutamine and thus foster a vicious feed-forward loop 

with cancer cells. Unfortunately, glutamine is also essential for T cell proliferation.  

Hence glutamine deprivation faced by T cells in TME affects their antitumor activity 

(227).  

 

An amino acid-dependent mechanism of immunosuppression in the TME is 

indoleamine-2,3-dioxygenase (IDO). This enzyme converts tryptophan to kynurenines 

and is highly expressed on tumor cells, DC, and suppressive myeloid populations.  

Tryptophan is essential for T cell activation, and its depletion restricts the tumoricidal 

effector function of T cells.  Additionally, IDO can directly recruit myeloid cells and Tregs 

and blunt NK cell function (227).  A high level of Arginase-1 by myeloid cells contributes 

to T cell dysfunction in TME.    Although Arginase-1 inhibitors are in clinical 
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development, we are unaware of any clinical trial using Arginase-1 inhibitors in 

combination with vaccines. 

 

The hypoxic environment of the tumor 

As a tumor grows, large areas within can become hypoxic.  The tumor compensates by 

producing more angiogenic factors like Vascular Endothelial Growth Factor (VEGF), but 

most often, the neoangiogenic and lymphangiogenic blood vessels fail to induce 

normoxia.  Also, in highly desmoplastic tumors like pancreatic adenocarcinoma, blood 

vessels collapse and further contribute to the hypoxic tumor microenvironment.  The 

lack of oxygen within cancer profoundly affects several aspects of tumor growth, 

metastases, metabolism, and associated immune response. Hypoxia induces the 

expression of Hypoxia Inducible Factor 1 α (HIF1α), a key mediator of hypoxia 

signaling, which drives angiogenesis, procurement of epithelial to mesenchymal (EMT) 

phenotype, glycolysis in cancer cells, and immune suppression.  Hypoxia also induces 

the expression of targetable CD47 in tumor cells, relaying the “do not eat me” signal to 

macrophages or DCs.  It can also influence the expression of HLA-G.  This important 

negative immune modulator dampens the functionality of macrophages, NK cells, T 

cells, and B cells by binding to cognate receptors expressed by these cells. 

 

Hypoxia also affects immune cells within the tumor. For example, hypoxia increases the 

expression of PDL-1 in macrophages, MDSCs, and dendritic cells to promote immune 

suppression of T cells. In addition, one of the hallmarks of cancer is aerobic glycolysis, 

where glucose is converted to lactate instead of being shuttled to oxidative 
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phosphorylation.  This way, the intermediates from glycolysis can be used for the 

biosynthesis of other macromolecules. HIF1α upregulates the expression of several 

glucose transporters and glycolytic genes like such as glucose transporters 1 and 3 

(GLUT1 and GLUT3), pyruvate dehydrogenase, lactate dehydrogenase A (LDHA), 

phosphoglycerate kinase 1, and hexokinases 1 (HK1).  This restricts glucose availability 

to effector T cells which rely on glycolysis to mature into multifunctional T cells. Also, the 

lactate produced from glycolysis dampens the activity of T cells and NK cells.  All these 

collectively pose a significant hurdle to rewiring vaccine-mediated antitumor immunity. 

Various metabolic modulators are currently being studied or in the clinical 

developmental stage. Combining them with existing cancer vaccines may improve 

patient responses (227).  

 

Suboptimal Ag selection 

Since the discovery of the first tumor antigen, MAGE-1, in 1911, extensive efforts have 

been undertaken to design and develop efficient vaccines to eradicate the tumor. The 

selection of appropriate immunogenic antigens is essential for the reliable activation of 

immune responses.  TAAs like EGFR or gp100 overexpressed on cancer cells and 

often shared across multiple cancer types have been targeted for vaccine development.  

However, they are also expressed in low levels in non-cancerous tissues resulting in a 

weaker immune response due to central and peripheral tolerance (276).  Thus, more 

recent approaches have focused on antigens that are mutated in individual tumors. 

These neoantigens or tumor-specific antigens are identified through next-generation 

sequencing and are unique to cancer and patient. As discussed above, their expression 
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levels can vary within different tumor clones in the same individual. Also, among the 

identified neoepitopes, not all will be immunogenic enough to stimulate T cell 

responses. Therefore, the current personalized vaccines are designed to target multiple 

neoepitopes, usually up to 20 (276-278).  

 

Selection of patients, vaccine platform, time, dose, and route of delivery   

It is now appreciated that distinct genetic and phenotypic populations co-exist within the 

same tumor or between tumors in the same patient.  Even for cancer of the same 

histological type, patient-specific factors such as germline genetic and somatic mutation 

profile (point mutations, single nucleotide variation, insertion, deletion, copy number 

variation, allelic loss, karyotype aberrations) either present before/at the time of 

treatment or acquired at progression (temporal heterogeneity), epigenetic changes and 

environmental factors contribute to the development of intra-tumor and inter-patient 

heterogeneity. For example, germline genetic polymorphism analysis across multiple 

cancer types has been shown to influence lymphoid and myeloid cell infiltration into the 

tumor, affecting clinical response since inflamed tumors are more likely to respond to 

checkpoint therapies like anti-PD-1 or anti-PDL-1 (279).  Another example comes from 

the loss of heterozygosity at the human leukocyte antigen (HLA-C*08:02) locus in the 

resistant clones during treatment with T cell clones engineered to recognize KRASG12D. 

Since this allele was necessary to present the KRASG12D neoantigen epitope, its loss 

enabled immune escape (280).  
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In a recent study, the rapid autopsy performed on breast cancer patients harboring 

activating PIK3CA mutations (phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic 

subunit alpha, PI(3)Kα) with metastases revealed intertumoral variations where some 

patients lost the original PIK3CA  mutation, whereas some developed bi-allelic loss of 

PTEN (phosphatase and tensin homolog) with disease progression and treatment (281).  

Similarly, analysis of non-small-cell lung cancers (NSCLCs) patients showed a complete 

loss of the Retinoblastoma (RB) gene in the course of treatment in cases where the 

disease transformed to small-cell lung cancer (SCLC) in a subset of patients, also 

acquiring elevated expression of neuroendocrine markers (282).  In addition, an 

extensive genomic characterization in glioblastoma patients identified differences in 

mutations in responders versus non-responders to immune checkpoint inhibitors (283). 

These tumor heterogeneity issues have been extensively discussed elsewhere (284-

292) and highlighted in several recent research articles (279, 293-296) and are beyond 

the scope of this review. Unless carefully detected and characterized, these factors can 

have detrimental effects by misdirecting treatment decisions. Collectively, these form 

the basis for precision medicine targeting specific genetic alterations in a particular 

tumor instead of a “one size fits all” treatment strategy. 

 

The selection of patients who are likely to respond remains a crucial challenge. For 

example, one study assessing GVAX + ipilimumab in pancreatic cancer suggested that 

higher TCR clonality correlated with more long-term survival (297).   Cancers like 

melanoma, NSCLC, bladder cancer, gastric cancer, and squamous cell carcinoma of 

the head and neck (SCCHN) carry a heavier mutational load and more inflamed tumor 
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microenvironment compared to “cold” cancers like pancreatic adenocarcinoma or 

prostate cancer, may also be better targeted for vaccine development (298, 299).  

Another recent study showed that patients with maximal heterozygosity of HLA class I 

locus (HLA-A, B, and C) showed more remarkable survival following treatment with 

either anti-PD-1 or anti-CTLA-4 (296).  Other factors include the type of vaccine 

administered to a kind of cancer, the combination therapy employed, the dose, and the 

timing of treatment.  For many cancers, the standard of care is either radiation or 

chemotherapy.  However, chemotherapeutic agents have a profound effect on non-

malignant cells as well.  Therefore, it is possible when the patient receives a vaccine or 

any immune therapy after radiation or chemotherapy; the immune cells are already in a 

compromised state and too weak to mount a robust response.  

 

Similarly, the timing could play a vital role when using vaccines and checkpoint 

blockade as combinatorial therapy.  For example, CTLA-4 and PD-1 blockade were 

more effective in preclinical models after GVAX or TG4010 (Muc-1-targeted MVA 

vaccine) treatment (300, 301).  In contrast, a PSA-targeted DNA vaccine worked better 

when used concurrently with PD-1 blockade (302).  Another concern is the selection of 

the route of delivery of the drug. Following parenteral administration, vaccines quickly 

spread in circulation and minimal amounts home to lymph nodes for T cell activation.  

Hence, researchers are now focusing on developing other effective vaccine delivery 

methods, like nanoparticles, bioscaffolds, etc.  
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Effect of microbiome  

Recently, there has been a renewed interest in the >100 trillion microbes in each 

person. Emerging evidence suggests host microbiome can increase one’s susceptibility 

to developing a particular type of cancer and affect response to therapy by regulating 

the immune system. Gut microbes have been shown to affect therapeutic efficacy in 

preclinical models and patient cohorts (303).   For example, patients who respond to 

anti-PD-1-based therapy have a higher diversity of gut bacteria and differences in 

composition that correlate with prolonged progression-free survival (304, 305).  The 

mechanism for these correlative findings is still early, and their use as a clinical 

biomarker has yet to be validated. 
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RESEARCH OBJECTIVES 

 

Combine adjuvants to maximize immunogenicity 

Immune checkpoint inhibitors (ICI) are FDA approved to treat various cancer types, but 

their efficacy is low. Since ICI mediates its action through T-cells, therapeutic cancer 

vaccines have been developed, which by themselves are not clinically effective (306). 

Hence, combinatorial immunotherapy that combines ICI and cancer vaccines has been 

advanced.  While cancer vaccines are developed to target tumor antigens, these 

vaccines require adjuvants that activate the antigen-presenting cells (APCs) to prime 

effector T-cells against those antigens.  Approved adjuvants are toll-like receptor (TLR) 

agonists that stimulate the myeloid differentiation factor 88 (MyD88) and TIR Domain 

Containing Adaptor Inducing Interferon-Beta (TRIF) intracellular signaling pathways 

(307) (Fig.1-5). Since MyD88-TRIF stimulating adjuvanted vaccines failed multiple 

phase III trials (306), combining FDA-approved TLR adjuvants with clinically safe 

MyD88-TRIF independent adjuvants may synergistically enhance immune-stimulatory 

capacity.  This combinational approach is a viable strategy for the translational 

development of cancer vaccines. 
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Figure1- 5: TLR signaling pathways and effects 
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Figure 1-5: Toll-like receptors (TLRs) are located on the cell surface and the intracellular 

endosomal compartment of innate immune cells (i.e., DCs and macrophages) and 

nonimmune cells (i.e., fibroblast and epithelial cells).   After binding its respective PAMPs 

and DAMPs, most TLRs signal through MyD88-dependent axes. The only TLR to signal 

through a MyD88-independent pathway is TLR3.  TLR4 can signal through both paths.  In 

the MyD88-dependent signaling cascade, MyD88 binds with IRAK4 and IRAK1.  Next, 

IRAK4 phosphorylates IRAK1 and promotes the recruitment of TRAF6, which serves as a 

protein complex platform to associate and activate the kinase TAK1.  The activation of TAK1 

stimulates the IKK complex, comprised of IKKα, IKKβ, and NEMO (IKKγ),  which catalyzes 

the phosphorylation and subsequent degradation of IκB.  After IκB degradation, it liberates 

transcription factor NF-κB (i.e., p50/p65), allowing NF-κB to translocate from the cytoplasm 

to the nucleus, which binds to DNA and regulates the transcription of multiple genes.  IRF7, 

another transcription factor, is activated downstream of TLR7, 8, and 9 stimulation.  Direct 

phosphorylation of IRF7 by IRAK1 leads to translocation to the nucleus. The binding of IRF7 

to the nucleus induces the transcription of Type I IFN.  In the MyD88-independent (TRIF) 

signaling pathway, TRIF associates with TRAF3 to activate TBK1 and IKKi, resulting in the 

dimerization and activation of transcription factor IRF3. IRF3 translocates to the nucleus and 

induces Type I IFN.  These transcription factors target various genes involved in processes 

such as inflammation and angiogenesis that directly or indirectly affect tumor progression. 

(Note- IFN: interferon; IL: interleukin; TRAF: tumor necrosis factor receptor (TNF-R)-

associated factor; IRF: interferon regulatory factor;  JNK: c-Jun N-terminal kinase; MAPK: 

mitogen-activated protein kinase; MyD88, myeloid differentiation primary response 88; NF-

κB, nuclear factor κB; TRIF: TIR-domain-containing adapter-inducing interferon-β; IRAK: 

Interleukin-1 receptor-associated kinases; TBK1: TANK-binding kinase 1; TIRAP: 

Toll/interleukin-1 receptor domain-containing adapter protein) 
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The Stimulator of Interferon Genes (STING) receptor signals through a MyD88-TRIF 

independent pathway and correlates with increased priming of tumor antigen-specific 

CD8+ cytotoxic T cells (Fig.1-6) (308).  Our lab has advanced synthetic STING 

adjuvants - 2’3’-c-di-AM(PS)2 (Rp, Rp) (ML RR-S2 CDA) – since a) these 

phosphodiesterase resistant molecules had higher efficacy in preclinical settings (309), 

b) were shown to activate all known human STING alleles (309), and c) is found to be 

safe in early phase 1 clinical trials. In this proposal, we aim to assess the TLR and 

STING adjuvant combinations to test the hypothesis that combinatorial STING and TLR 

adjuvanted vaccines synergize to increase antitumor response through T cell priming. 
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Figure1- 6: STING signaling and effects 
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Figure 1-6: The enzyme cyclic GMP-AMP synthase (cGAS) is an innate immune sensor that 

identifies various cytoplasmic double-stranded DNA (dsDNA) sources, including viral, 

bacterial, mitochondrial, and micronuclei.  Upon binding dsDNA in a minimal 2:2 complex, 

cGAS catalyze the production of 2′,3′-cyclic GMP-AMP (cGAMP) in the presence of 

substrates GTP and ATP.  Next, the second messenger, cGAMP, binds and activates 

STING at the endoplasmic reticulum (ER), inducing a higher-order oligomerization to form 

tetramers and translocation to the Golgi complex.  Palmitoylation of cys88 and cys91 on 

STING at the Golgi leads to recruitment of TANK binding kinase 1 (TBK1).  TBK1 

transphosphorylates the C-terminal of STING, which leads to the recruitment and activation 

of the transcription factor IRF3.  STING also activates IKK, which catalyzes the 

phosphorylation and subsequent degradation of IκB.  After IκB degradation, it liberates 

transcription factor NF-κB (i.e., p50/p65).  IRF3 and NF-κB translocate to the nucleus, bind to 

DNA, and regulate the expression of Type I IFN (IFN-α or IFN-β) and NFκB-driven 

inflammatory genes (i.e., CD80, CD86, IL-12), respectively. Type I IFN  can have autocrine 

and paracrine effects by binding the IFNAR1/2 complex, triggering the phosphorylation of 

Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2).  This event leads to recruitment and 

phosphorylation of transcription 1 and 2 (STAT1 and 2) to form a heterodimer.  The STAT1/2 

heterodimer associates with IFN-regulatory factor 9 (IRF9) to form the IFN-stimulated gene 

factor 3 (ISGF3) complex.  ISGF3 translocates to the nucleus to induce genes regulated by 

IFN-stimulated response elements (ISRE), resulting in the expression of several immuno-

regulatory cytokines, cell death factors, and proteins related to antiviral response.  Also, 

Type I IFNs block the generation of angiogenic factors released by cancer cells and 

suppress blood vessel proliferation and secretion, which are responsible for chemotaxis and 

extracellular matrix remodeling. 
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Modification of the tumor antigen source to boost antitumor immunity 

Multiple tumor antigen sources (i.e., peptide, DNA, and RNA) have been utilized in 

clinical trials but generally failed as a monotherapy.  We chose to adopt and modify the 

whole-cell GVAX vaccine platform, which is irradiated cancer cells genetically modified 

to secrete granulocyte-macrophage colony-stimulating factor (GM-CSF).  Clinically, 

GVAX is safe and tolerable in multiple types of cancer patients and some cases, led to 

curable states (310).  Hence the translational potential for the GVAX platform is high.  

Secondly, GVAX presents an unbiased repertoire of tumor antigens that can generate 

its cognate antitumor T-cell repertoire (311).  Multiple studies have shown an increase 

in antitumor response by blocking or deleting the checkpoint/ligand interactions on the 

tumor, allowing more cytolytic effector cells to eliminate the tumor.  In this proposal, we 

block or delete checkpoint protein or its ligand on the GVAX vaccine to test the 

hypothesis that modifying GVAX will enhance immunogenicity and improve the 

antitumor response.  Specifically, we block the recent checkpoint/ligand interaction of 

HLA-E (Qa1b in mouse) and NKG2a (Fig.1-7).  
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Figure 1-7: Without HLA-E (Qa-1b) deleted on whole-cell tumor cell vaccine GVAX, it acts as 

a coinhibitory ligand to NKG2a expressed on NK and CD8 T cells potentially blocking their 

activation at the site of vaccination.  GVAX alone will lead to minimal to modest tumor 

response, eventually leading to tumor growth.  Deletion of HLA-E will negate the NKG2a 

interaction, allowing the NK and CD8 T cells to activate and elicit its effector functions, 

thereby enhancing and prolonging the antitumor response. 

 

Figure1- 7: GVAX vaccine with HLA-E (Qa-1b in mice) deletion preclinical hypothesis 
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CHAPTER II: MUSYC DOSING OF ADJUVANTED CANCER 

VACCINES OPTIMIZES ANTITUMOR RESPONSES 

 

INTRODUCTION 

FDA approval of T cell-dependent immune checkpoint inhibitors (ICI) in multiple tumors 

has re-engaged translational strategies to increase tumor-specific T cells' frequency, 

diversity, and/or function (312-314).  Consensus evidence supports this rationale since 

high T cell infiltration in the tumor microenvironment often correlates with clinical 

response to approved αPD1 and αPDL1 blocking antibodies (315, 316).  Hence, one 

promising approach to promote ICI's clinical efficacy is developing therapeutic cancer 

vaccines that can generate an increased tumor-specific T cell response (309, 317, 318).  

However, previous clinical trials of cancer vaccines as monotherapies have suggested 

these early generations of cancer vaccines cause only a modest tumor infiltration of 

tumor-specific T cells (319-321).  While the limited efficacy of cancer vaccines in cancer 

patients has been attributed to several mechanisms, one limitation of vaccine trials may 

stem from suboptimal antigen-presenting cell (APC) stimulation and potentially toxic 

inflammatory side effects of the adjuvants.  

 

Several signaling pathways sense adjuvants for APC stimulation, namely NOD-like 

receptors (NLRs), RIG-I-like receptors (RLRs), Toll-like receptors (TLRs), and the 

Stimulator of Interferon Genes (STING) receptor.  Adjuvant agonism of these targets 

leads to the upregulation of costimulatory molecules (i.e., CD80, CD86, and CD40) and 

major histocompatibility complexes (i.e., MHCI and MHCII) to promote T cell priming 
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and activation (322-325).  In general, single adjuvanted cancer vaccines have failed to 

produce a sufficient tumor-specific response against cancer, prompting the exploration 

of adjuvant combinations as a strategy to strengthen antitumor T cell responses (326-

329). In addition, preclinical studies from different classes of TLR agonists have shown 

that their combination could increase the antitumor response compared to the single 

agents (330-333).  However, combining a MyD88-dependent adjuvant with another 

MyD88-dependent adjuvant (334, 335), or utilizing more than two adjuvants, has led to 

modest antineoplastic responses (331), making the combinatorial choice imperative for 

optimizing responses.  Altogether, the primary shortcoming of these studies is that they 

are efficacy-focused without consideration of potency (Table 2-1) and toxicity.  

Clinically, combining adjuvants without optimization, for instance, using a high dose of 

both adjuvants, leads to an increase in toxicities (336, 337).  In short, these empirical 

approaches have not adopted a rigorous quantitative definition of the synergy of 

adjuvants. 

 

Optimal dosing of adjuvants importantly addresses the critical concept of "off-target" 

and adverse effects in patients.  For example, MyD88 and NF-kB signaling in the tumor 

through TLR stimulation has been shown to have oncogenic potential (338-342).  

Additionally, adjuvants have been demonstrated to induce the systemic release of TNF, 

IL-6, IL-1, and MIP1-α, which can mediate cytokine storm and limit clinical combination 

strategies (334, 343).  Therefore, the development of adjuvanted cancer vaccines must 

minimize some of these "off-target" consequences through appropriate dosing while 

maximizing T cell tumor infiltration.  Towards this goal, we extended our recently 
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described synergy framework, the Multidimensional Synergy of Combinations (MuSyC), 

for the adjuvant combination (344-346).  MuSyC distinguishes between two types of 

synergy: synergy of efficacy, which quantifies the maximal effect, and synergy of 

potency, which measures potency change due to the combination (344-346).  

Furthermore, the MuSyC framework removes the inherent biases and ambiguities of the 

two most common drug synergy principles, Loewe’s Dose Equivalence Principle (DEP) 

and the Multiplicative Survival Principle introduced by Bliss (346).  The MuSyC 

algorithm unifies these two principles to make a consensus framework for quantifying 

drug combination synergy.  Therefore, we hypothesized that utilizing the MuSyC 

algorithm to guide how we combine adjuvants will maximize therapeutic efficacy and 

minimize the total dose/off-target effects in developing cancer vaccines. 
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Table 2-1.  Key Definitions 

Potency The amount of drug required to produce 

an effect.  Generally, it is quantified by 

measuring the EC50, the concentration or 

dose of drug that causes 50% of 

maximum effect.  The lower the EC50, the 

more potent the drug. 

Efficacy The maximum effect that a drug can 

produce regardless of dose.  Classically, 

efficacy is quantified by the maximal 

effect (emax). 

Synergistic Potency Increase in the potency (decrease in 

EC50), owing to the presence of another 

drug. 

Synergistic Efficacy Increase in emax with the combination 

compared to the most efficacious single 

agent. 



54 
 

RESULTS 

 

The MuSyC algorithm measures the synergy of STING and TLR agonists 

To determine the optimal adjuvant combination for activating antigen-presenting cells 

(APCs), we screened the following major PRR class adjuvants known to activate murine 

bone-marrow-derived dendritic cells (mBMDC): STING agonist cyclic dinucleotides 

(CDN), TLR4 agonist monophosphoryl lipid A (MPL-A), TLR7/8 agonist resiquimod 

(R848), TLR9 agonist CpG oligonucleotide (CpG), NLR agonist tri-DAP (NLL), and RLR 

agonist 5'ppp-dsRNA (RLL) (323, 325, 347, 348).  After identifying saturating doses for 

CD86 for each adjuvant, we identified CDN as the most efficacious single agent for 

inducing MHCI, CD86, and TNF (signal 1, signal 2, and signal 3, respectively) on 

murine bone-marrow-derived dendritic cells (mBMDCs) (Fig.2-1).  With the saturating 

dose of CDN, we combined it with the saturating amount of the other adjuvants, which 

we termed “Max-dose”.  At Max-dose for the combinations, CDN significantly enhances 

all three signals compared to the single agents alone (Fig.2-2).   However, NLL, RLL, 

and CpG Max-dose combinations significantly antagonized MHCI, CD40, and TNF than 

CDN alone (Fig.2-2).  Only Max-dose combinations of R848 or MPL-A significantly 

improved at least one of the signals compared to CDN alone (Fig.2-2).  Therefore, we 

chose MPL-A or R848 as potential choices to combine with CDN.   
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Figure 2-1: A) Gating strategy for murine bone-marrow-derived dendritic cells (BMDCs) B) 

Dose-response to identify saturating dose for CD86 signal (geometric mean fluorescence 

intensity, gMFI) for STING (CDN), TLRs (CpG, MPL-A, and R848), NOD (NLL), and RIG-I 

(RLL).  Saturating doses: CDN (20µg/mL), R848 (2µg/mL), CpG (20µg/mL), MPL-A 

(2µg/mL), NLL (0.02µg/mL) , and RLL (0.02µg/mL). 1µg/mL is the dose used for LPS.  C) 

Expression levels of MHCI, CD86, and TNF at the saturating dose for each adjuvant.  All 

data are given in mean ± S.D. of 3 technical replicates. *P< 0.05, **P< 0.01, ***P < 0.001, 

****P < 0.0001, one-way analysis of variance (ANOVA) for multiple comparisons. 

 

Figure 2- 1: STING agonist is the most efficacious adjuvant for stimulating murine dendritic cells 
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Figure 2-2: TNF, CD40, and MHCI expression on mouse bone-marrow-derived dendritic 

cells (mBMDCs) after stimulation with saturating CD86 dose (Fig.2-1) of CDN (STING) plus 

saturating dose of TLRs (CpG, MPL, and R848), NOD (NLL), and RIG-I (RLL) termed the 

Max-dose.   All data are given in mean ± S.D. of 3 technical replicates. *P< 0.05, **P< 0.01, 

***P < 0.001, ****P < 0.0001, one-way analysis of variance (ANOVA) for multiple 

comparisons (bracket) of STING alone versus the combinations and two-way ANOVA 

analysis of variance for comparison (non-bracket) of no CDN vs. the addition of CDN. 

 

Figure 2- 2: Both MPL-A and R848 potentiate the stimulatory effects of CDN on DCs 

 

 

The STING-TLR titrations using geometric mean fluorescence intensity (gMFI) of CD86, 

MHCII, CD80 and CD40 signals were analyzed by the Multidimensional Synergy of 

Combinations (MuSyC) algorithm generates three-dimensional drug synergy diagrams 

to assess synergistic potency and efficacy (Table 2-1 and Fig.2-4 A).  The results show 

no change in the MPL-A and CDN combination for the maximal activation (emax) of 

MHCII, CD40, CD86, and CD80 markers compared to CDN alone, the most efficacious 

single agent (Fig.2-3 B-C).  However, CDN increased its potency (left shift in the EC50) 
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Figure 2- 3: The combination of CDN and MPL-A is synergistically potent 

in the presence of MPL-A for CD40 and CD80, and MPL-A increased its potency in the 

presence of CDN for MHCII (Fig.2-3 B-C).  Therefore, the combination of CDN and 

MPL-A is considered synergistically potent. 
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Figure  2-3: A) Comprehensive checkerboard plate map for combining STING and TLR 

agonists.  B) MuSyC algorithm-generated drug synergy diagrams for STING and TLR4 

agonists to activate mBMDCs.  The y-axis is the log concentration of CDN (STING), the x-

axis is the log concentration of MPL (TLR4), and the z-axis is the geometric mean 

fluorescence intensity (gMFI) of multiple activation markers.  Points are experimentally 

measured conditions.  The surface is the fit to the MuSyC equation, which quantifies the 

synergistic potency and efficacy.  The solid red line is the MPL single-agent dose-response.  

The solid blue line is CDN single-agent dose-response.  The hashed blue line is the max 

dose of MPL plus increasing amounts of CDN.  The hashed red line represents the max 

dose of CDN plus increasing doses of MPL.  C) One-dimensional graphs displaying an open 

circle for the EC50 for the single agents and a solid black circle for the new EC50 in the 

presence of the combinatorial agent.  The vertical hashed lines represent the EC50 of the 

respective curve. 

 

 

 

 

In contrast, the R848 and CDN combination increased the emax compared to CDN alone 

for MHCII, CD40, and CD80 (Fig.2-4 B).  Also, R848 increases its potency in the 

presence of CDN for the same markers (Fig.2-4 B).  Hence, this combination is 

synergistically potent and efficacious for mBMDC activation (Fig.2-4 B).  However, 

R848 plus CDN, as with the MPL-A combination, antagonized the costimulatory 

molecule CD86, revealing an antagonistic effect with the combination that may affect 

the priming of T-cells (Fig.2-3 B and Fig.2-4 B).  To offset this “antagonistic” effect, we 

derived a MuSyC synergy dosing strategy (MuSyC-dose) for the CDN and R848 

combination, where we use the saturating dose from CDN and one-tenth of the 

saturating amount of R848 (Fig.2-4 C).  The MuSyC-dose strategy could potentially 
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Figure 2- 4: The  combination of CDN and R848 is synergistically efficacious and potent 

rescue the antagonistic effect on CD86 activation while maintaining a similar emax for the 

other markers.  Therefore, the MuSyC algorithm can enable the combination dosing 

strategy that simultaneously maximizes multiple costimulatory molecules' expression 

while minimizing the amount of adjuvant necessary. 
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Figure 2-4: A) MuSyC algorithm classification scheme.  B) MuSyC algorithm-generated drug 

synergy diagrams for STING and TLR7/8 agonists activation of bone marrow-derived 

dendritic cells (mBMDCs).  The y-axis is the log concentration of CDN (STING), the x-axis is 

the log concentration of R848 (TLR7/8), and the z-axis is the geometric mean fluorescence 

intensity (gMFI) of multiple activation markers.  Points are experimentally measured 

conditions.  The surface is the fit to the MuSyC equation, which quantifies the synergistic 

potency and efficacy.  The solid red line R848 single-agent dose-response.  The solid blue 

line represents CDN single-agent dose-response.  The hashed blue line is the max dose of 

R848 plus increasing amounts of CDN.  The hashed red line represents the max dose of 

CDN plus increasing doses of R848 C) One-dimensional graphs displaying an open circle 

for the EC50 for the single agents and a solid black circle for the new EC50 in the presence of 

the combinatorial agent.  The vertical hashed lines represent the EC50 of the respective 

curve.  Optimization and derivation of the MuSyC-dose for the combination [1/10 saturating 

dose R848 and saturating dose CDN]. 
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The MuSyC-dose can optimize activation for multiple APCs in vitro 

To test and validate that the MuSyC-dose strategy [saturating CDN plus one-tenth 

saturating R848] maximizes emax and counteracts potential antagonistic effects, we 

utilized the same mBMDC activation model.  We first performed dose-response to 

determine the saturating quantity for CDN and R848 (Fig.2-5 A).  We found that the 

Max-dose group had synergistic efficacy, as demonstrated by enhanced average 

expression of MHCI, MHCII, and CD40 on mBMDCs compared to CDN (STING) alone 

(Fig.2-5 B).  The MuSyC-dose maintained or significantly increased that synergistic 

efficacy at a lower total combinatorial dose, confirming the synergistically efficacious 

and potent effects of the MuSyC-dose strategy for mBMDCs (Fig.2-5 B).  We also saw 

a slight decrease in average expression for Max-dose compared to CDN for CD86 and 

a rescue effect with MuSyC-dose, which we predicted the MuSyC-dose would 

counteract (Fig.2-5 B).  Hence, we can validate the MuSyC-dose without performing the 

checkerboard method with MuSyC analysis (50 samples) and instead utilize single-

agent dose responses with the MuSyC-dose strategy (10 samples).    

 

Next, we wanted to determine if the MuSyC-dose would translate to other types of 

APCs. Therefore, we established a dose-response for R848 and CDN on murine bone-

marrow-derived macrophages (mBMDM) (Fig.2-6 A)  and human monocytic cell line 

(THP-1) (Fig.2-6 B) and identified the saturating dose for each agent per model.  We 

then compared the Max-dose and MuSyC-dose (CDN-max R848 1/10th max) for 

mBMDM (Fig.2-5 C) and human THP-1 cells (Fig.2-5 D).  We showed that MuSyC 

dosing potentially enhanced stimulatory effects compared to CDN alone, and similar or 
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Figure 2- 5: MuSyC-dose can optimize activation for multiple APCs in vitro. 

better activation effects relative to the Max-dose combination in THP-1 cells and 

mBMDMs.  This data suggests that the MuSyC-dose strategy developed using mBMDC 

applies to both mBMDM and human THP-1 cells.  
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Figure 2-5: A) Corresponding dose-response curves for CDN (STING) and R848 (TLR7/8) 

for the activation of mBMDCs with the saturation range for each adjuvant in the red box. 

20µg/mL was chosen for CDN and 0.1µg/mL was chosen for R848. B) mBMDCs activated 

with R848, CDN, Max-dose (20µg/mL CDN + 0.1µg/mL R848), and MuSyC-dose (20µg/mL 

+ 0.01µg/mL R848). The gMFI of the activation markers are shown C) Murine bone marrow-

derived macrophages (mBMDM) activation with the doses selected through the 

corresponding dose-response (Fig.2-6 A). D) Human monocytic cell line (TH-P1) activation 

with appropriate doses (Fig.2-6 B). All data are given in mean ± S.D. of 3 technical 

replicates. *P< 0.05, **P< 0.01, ***P < 0.001 , ****P < 0.0001, one-way analysis of variance 

(ANOVA) for multiple comparisons. 
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Figure 2-6: A) Corresponding dose-response curves for CDN (STING) and R848 (TLR7/8) 

for the activation of mBMDM with saturation range in the red box.  10µg/mL was chosen for 

CDN, and 1µg/mL was chosen for R848.  B) 25µg/mL was chosen for CDN, and 25µg/mL 

was chosen for R848 for the activation of human monocytic cell line THP-1. 

 

Figure 2- 6: Dose responses for murine bone marrow-derived macrophages (mBMDM) and human 
monocytic cell line THP-1 

 

 

CDN-based vaccines induce optimal T- cell priming in vivo 

 

After demonstrating that MuSyC generated combination dose (MuSyC-dose) of CDN 

and R848 is equivalent/comparable to the Max-dose across multiple APC models in 

vitro, we tested whether the MuSyC-dose also leads to synergistic T cell activation in 

vivo (Fig.2-7 A).  First, we established the saturating doses of the adjuvants R848 and 

CDN in vivo using the maturation of CD11c+ MHCII+ dendritic cells in the draining 
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lymph node with CDN and R848 adjuvanted ovalbumin-based peptide vaccines (OVA)  

(Fig.2-7 B). Then, we identified 2µg/mouse for R848 and 20µg/mouse for CDN (Fig.2-7 

B) as the saturating dose based on the expression of MHCII, CD86, MHCI, and CD80 

on draining lymph node DCs. 

 

Comparing MuSyC-dose to Max-dose and CDN resulted in similar DC activation for 

surrogate markers MHCII, CD86, PDL1, and CD40 (Fig.2-7 C).  R848 alone, in general, 

had only a modest impact on the activation of the combinations (Fig.2-7 C).  Thus, the 

activation status for the combinations is primarily CDN-driven.  Finally, we analyzed the 

MuSyC dosing strategy to optimize T-cell priming in vivo.  Adoptive transfer of CFSE-

labeled OVA-specific T cells followed by vaccination and five-day incubation determined 

that CDN and both combinations led to at least 95% of CD45.1 OT-1 T-cells 

proliferating (not shown), essentially saturating that effect.  Furthermore, there was no 

significant difference between CDN and the combinations in the CD45.1+ CD8+ 

percentage of the live splenocytes (Fig.2-7 D).  On the other hand, the R848 adjuvanted 

peptide vaccine did not increase the CD45.1+CD8+ rate compared to OVA alone.  

Again, the response of the combinations seems to be CDN-based.  Next, we tested the 

effect of the proliferative response on the antigen-specific killing by vaccinating the mice 

and intravenously injecting CFSE-high labeled ova-specific splenocytes and CFSE-low 

nonspecific splenocytes.  Sixteen hours post-vaccination, the splenocytes were 

extracted, and antigen-specific killing was calculated.  Yet again, as with the T-cell 

proliferation and APC activation, there was no significant difference between the CDN 

adjuvanted peptide vaccine and the combinations in cytolytic activity (Fig.2-7 E).  
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Figure 2- 7: CDN-based vaccines induce optimal T- cell priming. 

Additionally, the R848-based vaccine did not significantly induce killing compared to the 

vaccine alone.  Collectively, the CDN saturates the T-cell priming effect. 
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Fingure 2-7: A) In vivo T-cell priming schematic B) Female C57BL/6 mice (n = 2) were 

subcutaneously injected with 20μg of full-length ovalbumin protein vaccine with increasing 

doses of R848 (TLR7/8) and CDN (STING).  CD11c + MHCII+ DCs activation status is 

shown. Saturating doses of 2ug was chosen for R848 and 20ug for CDN for all remaining in 

vivo experiments.  C) Female C57BL/6 mice (n = 3) were injected with OVA alone or OVA 

plus R848, CDN, Max-dose (2ug/mouse R848 + 20ug/mouse CDN), and MuSyC-dose 

(0.2ug/mouse R848 + 20ug/mouse CDN). The gMFI for activation/inhibitory receptors 

(CD80, CD86, PDL1, MHCII, and CD40) and the percentage of murine DCs of total live cells 

in the lymph node were measured.  D) 250k CFSE-labeled CD45.1+ OT-1 CD8 T-cells were 

intravenously injected into female C57BL/6 mice (n = 3). Mice were injected with the 

corresponding vaccine.  The percentage of CD45.1+ of the live cells is shown E) C57BL/6 

mice (n = 3-4) were subcutaneously injected with PBS or the appropriate vaccine.  1:1 CFSE 

high ova peptide-pulsed: CFSE low splenocytes were intravenously injected.  The specific 

killing percentage was measured with the equation shown [Ratio= Low Peak (nonspecific) 

High peak (ova-specific). Specific killing = 1- (PBS ratio average) / (Exp. ratio) * 100]. All 

data are given in mean ± S.D. *P< 0.05, **P< 0.01, ***P < 0.001 , ****P < 0.0001, one-way 

analysis of variance (ANOVA) for multiple comparisons. 

  

 

 

MuSyC-dose optimizes the antitumor response in vivo by modifying the tumor 

microenvironment. 

 

Next, we tested the antitumor response of Max-dose and MuSyC-dose in vivo.  We first 

compared Max and MuSyC adjuvant doses using a therapeutic vaccine model with B16 
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melanoma tumor cells expressing the model tumor antigen ovalbumin (B16-mOVA).  

Mice were injected with B16-mOVA tumors on the flank, and five days later, vaccinated 

on the opposite flank (Fig.2-8 A).  The peptide vaccine consisted of endotoxin-free 

ovalbumin as the antigen source with or without the adjuvants.  As expected, 

vaccination with OVA alone did not reduce tumor volume, indicating adjuvants' critical 

role in the antitumor immune response to vaccination.  The addition of R848 to the OVA 

vaccine enhanced the antitumor response, but the effect seems to start to diminish 

twelve days post-treatment.  In contrast, the CDN-based vaccine significantly decreases 

the tumor volume and is more durable than the R848 vaccine (Fig.2-8 B).  The Max-

dose vaccine does not add any additional benefit to the CDN vaccine.  However, 

utilizing one-tenth of R848, the MuSyC-dose, significantly reduced the tumor volume 

than the other groups, including Max-dose and CDN alone vaccines (Fig.2-8 B).  This 

tumor reduction trended with the tumor weights, but the MuSyC-dose tumor weight was 

not significant compared to Max-dose and CDN (Fig.2-8 B).  

 

We also adopted the cell-based GVAX vaccine platform, irradiated cancer cells 

genetically modified to secrete granulocyte-macrophage colony-stimulating factor (GM-

CSF) (15).  We determined the antitumor effects of MuSyC-dose versus Max-dose 

adjuvanted GVAX using two murine tumor models, B16-mOVA melanoma and the head 

and neck tumor MOC1.  In both cases, MuSyC-dose or Max-dose significantly lowers 

the tumor volume compared to PBS or GVAX alone (Fig.2-8 C).  However, there was 

no significant difference in the Max-dose and the MuSyC-dose responses (Fig.2-8 C).  

Therefore, similar to our in vitro findings, utilizing a lower total dose of combinatorial 
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R848 plus CDN (MuSyC-dose) either has better or similar reactions to Max-dose, 

validating the MuSyC algorithm.  

 

Next, we wanted to identify immune cell types involved in the antitumor response.  

Therefore, we utilized the ovalbumin-based peptide vaccine with the B16 m-OVA tumor 

cell melanoma model.  Twenty-one days post tumor inoculation, tumors were extracted 

and immunophenotyped through flow cytometric analysis.  We first examined the 

makeup of the CD45+ immune cell infiltrate, including CD8+ T-cells, CD4+ T-cells, 

natural killer (NK) cells, myeloid-derived suppressors cells (MDSCs), DCs, and 

macrophages (MACs) (Fig.2-9 A).  Results indicate various measured immune cell 

populations induced by vaccine alone, including approximately 30% of total MDSCs 

(Fig.2-8 D).  In addition, the R848 vaccine reduced the MDSC percentage of CD45+ by 

roughly half and doubled the CD8+ T-cells compared to the vaccine alone (Fig.2-8 D).  

CDN vaccine further decreased the rate of MDSCs and increased the CD8+ T-cell, NK 

cell, and CD4+ T-cell percentages compared to the R848 vaccine alone (Fig.2-8 D).  

Interestingly,  the MuSyC-dose and Max-dose groups had over fifty-five percent 

macrophages, potentially meaning that the efficacious antitumor response was myeloid-

derived (Fig.2-8 D).  However, there are no significant differences in the percent of 

CD45+ immune populations between CDN, Max-dose, and MuSyC-dose vaccines 

(Fig.2-8 D).  

 

Finally, we measured the percent of total live for the immune infiltrate.  The vaccine 

alone treatment group led to an average of 2% of CD45+ immune cells in the tumor 
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(Fig.2-8 E).  R848 adjuvanted vaccine had no impact on the infiltration of total CD45+ 

infiltrate (Fig.2-8 E).  However, the R848-based vaccine decreased the average total 

MDSC penetration compared to the vaccine alone, which is a potential mechanism by 

which this treatment induced an antitumor response.  Both CDN and Max-dose 

vaccines increased the average rate of CD45+ in the tumor by more than 2.5 times 

compared to R848 or vaccine alone (Fig.2-8 E).  Moreover, although not significantly, 

both groups enhanced the percentage of NK cells, CD8 T-cells, CD4 T-cells, and 

CD68+ MACs and decreased total MDSCs.  The CD8+ T-cells, specifically, have 

significantly higher CD69 and PD-1 making them more activated in CDN and Max-dose 

groups than the R848 and vaccine-only groups. 

 

Interestingly, the MuSyC-dose treatment group had the highest average percentage of 

CD45+ immune cells in the tumor at approximately 12%, significantly higher than R848 

and vaccine alone and roughly two times higher than CDN and Max-dose treatment 

groups (Fig.2-8 E).  These higher CD45+ immune infiltrates induced by the MuSyC-

dose treatment led to an enhanced percentage of CD8+ T-cells, CD4+ T-cells, NK cells, 

and CD68+ MACs in the tumor compared to the other groups (Fig.2-8 E).  Of those 

CD68+ MACs, the ratio of M1:M2 MACs was approximately 4:1 with the MuSyC-dose 

vaccine, which is significantly higher than the vaccine alone (Fig.2-8 F).  Also, MuSyC-

dose, as with the CDN and Max-dose, had significantly higher activated CD8 T-cells 

and lower total MDSC infiltrate to R848 and vaccine-only treatment groups (Fig.2-8 E).  

Altogether, using MuSyC to guide combination dosing rationally, we achieved a tumor 
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Figure 2- 8: MuSyC dosing optimizes the antitumor response in vivo through modulating the tumor 
microenvironment. 

burden reduction that either outperforms or is similar to naively combining both drugs at 

the saturating dose.  
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Figure 2-8: A) General vaccination strategy for tumor models B) 105 B16 m-OVA tumor cells were 

subcutaneously injected on one flank of C57BL/6 mice (n=10-11).  Mice were then 

subcutaneously injected with 20μg of full-length ovalbumin protein vaccine alone, 20ug vaccine 

administered with 2μg/ mouse R848 (TLR7/8), 20μg/mouse CDN (STING), Max-dose (2μg/mouse 

R848 + 20ug/mouse CDN), or MuSyC-dose (0.2μg/mouse R848 + 20μg/mouse CDN) in the 

opposite flank.  B16 m-OVA tumor curve and final day tumor weights are shown.  C) 105 B16 m-

OVA and 2x106 MOC1 were subcutaneously injected in one flank C57BL/6 mice (n=8-12).  Mice 

were subcutaneously injected with PBS, 106 whole-cell vaccine GVAX (B16 m-OVA or MOC1-

derived GVAX), and GVAX administered with Max-dose and MuSyC-dose. B16 and MOC1 tumor 

curves are shown.  D) Percentage of CD45 for the following cell types are shown for B16-moVA 

peptide vaccination model: NK cells (CD11b-Nkp46+), CD8+ T-cells (CD11b-Nkp46-CD4-CD8+), 

CD4+T-cells (CD11b-Nkp46-CD8-CD4+), gMDSC (CD11b+MHCII-CD68-CD11c-Ly6G+), 

mMDSC(CD11b+MHCII-CD68-CD11c-Ly6C+), DC (CD68-CD11c+MHCII+), and MACs (CD11c- 

CD68+). E) Percentage of total live of different cell types that include CD45+ immune cells, NK 

cells, CD4+ T-cells, CD8+ T-cells, PD-1+ CD8+ T-cells, CD69+ CD8+ T-cells, mMDSC, gMDSC, 

DCs, and MACs. F) M1(CD206-)/M2(CD206+) ratio of CD68+ MACs. MOC1 whole-cell and B16 

m-OVA peptide models are given in mean ± SEM with two independent experiments.  All other 

data are given in mean ± S.D. of biological replicates.  *P< 0.05, **P< 0.01, ***P < 0.001, ****P < 

0.0001,  one-way or two-way analysis of variance (ANOVA) for multiple comparisons. 
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Figure 2- 9: Gating for tumor immunophenotyping 

 

 

The MuSyC-dose vaccine induces no additional weight loss and decreases the 

plasma concentration of IL-6 compared to the CDN vaccine 

 

A vital component of the MuSyC algorithm is to reduce “off-target” effects through 

synergistically potent combinations.  Therefore, we measured mouse weight and 

plasma cytokine levels to test potential adjuvanted vaccine-induced toxicities (Fig.2-10 

A).  To measure vaccine-induced weight changes, mice were weighed for their initial 

weight (100%) and subsequently injected with PBS or the appropriate vaccine.  Twenty-

four hours post-injection, all adjuvanted vaccine mouse groups significantly lost weight 

compared to the vaccine alone (Fig.2-10 B).  Also, the weight loss was the least 
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significant in the MuSyC-dose group compared to the vaccine alone (Fig.2-10 B).  The 

MuSyC-dose vaccinated mice recovered more significantly than CDN and Max-dose 

groups than the R848 vaccine forty-eight hours post-injection.  However, MuSyC-dose 

does not significantly affect weight loss compared to CDN or Max-dose vaccines for the 

twenty-four and forty-eight hour timepoints.  Interestingly, R848 single-agent vaccines 

induced persistent weight loss (Fig.2-10 B).  Moreover, CDN ablates the combinations' 

R848-induced ongoing weight loss effects, showing beneficial CDN-driven results.  

Overall, the combinations have no significant weight changes compared to CDN alone, 

showing no additional potential toxic effects.   

 

Next, we evaluated plasma cytokine levels generated by adjuvanted vaccine treatment 

six hours post-vaccination.  The results show that R848 adjuvanted vaccine does not 

significantly change plasma cytokine levels compared to PBS or vaccine alone (Fig.2-

10 C).  Compared to PBS, vaccine alone and the R848 vaccine, the CDN vaccine 

significantly increased IL-6, IL-27, and MCP-1 (CCL2).  IL-6 is considerably lower in the 

MuSyC-dose treatment group than in the CDN group (Fig.2-10 C).  Strikingly, Max-dose 

or MuSyC-dose vaccines do not significantly affect the remaining cytokines to the CDN 

treatment.  Therefore, the Max-dose or MuSyC-dose does not potentiate weight loss or 

plasma cytokines compared to CDN alone, unlike the common clinical trend where Max-

dose combinations increase toxicities.  
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Figure 2-10: A)  Vaccination schematic for mouse weight and cytokines B) C57BL/6 mice (n 

= 5) were weighed initially and then were subcutaneously injected with PBS, 20μg of full-

length ovalbumin protein vaccine alone, 20µg vaccine administered with 2μg/ mouse R848 

(TLR7/8), 20μg/mouse CDN (STING), Max-dose (2μg/mouse R848 + 20ug/mouse CDN), or 

MuSyC-dose (0.2μg/mouse R848 + 20μg/mouse CDN) in one flank.  Mouse weight was 

measured daily.  C)   C57BL/6 mice (n = 5) were subcutaneously injected with the 

appropriate treatment.  Six hours post-injection, mouse plasma was collected and measured 

for cytokines. *P< 0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001,  one-way or two-way 

analysis of variance (ANOVA) for multiple comparisons. 

 

Figure 2- 10: The MuSyC-dose vaccine induces no additional weight loss and decreases the plasma 
concentration of IL-6 compared to the CDN vaccine 
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DISCUSSION: 

Here we extended the MuSyC algorithm, previously used to classify targeted 

chemotherapeutic drug combinations, to guide dose selection when combining immune-

activating agents.  Our approach optimizes the adjuvant combinations to maximize 

efficacy and minimize total dose for in vitro and in vivo applications.  The MuSyC 

algorithm classified the combination of CDN and R848 as synergistically efficacious and 

potent for APC activation.  We then rationally calculated an optimal dose, termed the 

MuSyC-dose, by multiparametric optimization of immune activation across a matrix of 

dose combinations.  Future work includes defining a Pareto front enabling the 

optimization of dosing selection algorithmically rather than heuristically; for example, by 

combining our approach with system biology models of the immune dynamics.  This 

would allow optimizing combinatorial doses for CDN and TLR mixtures.  Regardless, 

our derivation of the MuSyC-dose for the CDN and R848 induced similar or better APC 

activation effects compared to Max-dose in vitro for multiple models.  

 

To the best of our knowledge, we are the first to utilize an algorithm in vitro to derive a 

synergy dosing strategy for immune-activating agents for in vivo experimentation.  

However, in the present study, our in vitro APC activation data did not recapitulate the 

APC activation effects in vivo for Max-dose or MuSyC-dose because of CDN 

stimulation's overpowering impact leading to the saturating effects on the clonal 

expansion of cytotoxic T-cells.  Strikingly, consistent with previous studies, the “free” 

R848-adjuvanted peptide vaccine did not lead to or provide any additional benefit to T-

cell priming for the combinations (322, 349, 350).  Multiple approaches to improve the 



77 
 

T-cell responses of R848, CDN, or other TLR-based vaccines have been reported, 

which include the following: utilizing higher doses to allow the agent to remain in the 

body longer (351-353), formulating with emulsion agents to generate a slow-release 

“depot effect” (354, 355), and encapsulating with nanoparticles to improve delivery (349, 

350, 356).  Nevertheless, our present work and other studies have shown that R848 

and CDN induce myeloid-based mechanisms, i.e., reduction of MDSCs (357, 358), to 

reduce tumor burden.  Hence, APC activation and T-cell priming should not be the final 

determining factor on which adjuvant combinations will be successful at therapeutically 

curing tumors as CDN, MuSyC-dose, and MAX-dose had similar T-cell priming effects.  

Still, the MuSyC-dose vaccine increased the antitumor responses compared to CDN 

alone.  

 

This disconnect emphasizes the challenges in translating between in vitro and in vivo 

dosing strategies.  As stated earlier, we predicted the synergistic MuSyC-dose for in 

vitro APC activation would be similar for APC activation in vivo and would lead to 

synergistic T-cell priming and antitumor response.  However, the MuSyC-dose only led 

to synergistic effects on the antineoplastic response, similar to when TLR agonist and 

GVAX are combined (359).  Thus, tumor models are the most accurate way to gauge 

how a combination will work.  For that reason, one could argue we should bypass the in 

vitro work, in vivo APC activation, and T-cell priming assays and perform tumor models 

with MuSyC analysis.  The two apparent flaws to this approach are time (tumor 

processing and immunophenotyping) and cost (approximately seventy-five mice per 

tumor model and combination).  Moreover, the MuSyC analysis and optimization 
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strategy would be more complex due to the numerous parameters that would need to 

be included, such as final day tumor volume, T-cell infiltration, and MDSC percentage.  

Therefore, we currently believe utilizing in vitro APC activation with MuSyC 

analysis/optimization and translating that to in vivo is a sufficient and cost-effective 

approach for combining adjuvants, as demonstrated with the in vitro derived MuSyC-

dose leading to a synergistic decrease in tumor volume and modulation of the tumor 

microenvironment.  

 

Clinically, the importance of therapeutic cancer vaccines manipulating the host-tumor 

interaction has increasingly become evident for inducing clinical responses, considering 

that many tumors have immunosuppressive microenvironments (360-362).  Both R848 

and CDN have been used in clinical trials either as a single agent intratumoral/topical 

treatment (363, 364) or as an adjuvant for vaccine formulations (365), but the 

combination has yet to be studied.   Generally, CDN and R848 treatments are well 

tolerated clinically, and we show that the combination possibly will not potentiate the 

side effects.  Clinical trials have utilized combinatorial adjuvants for cancer treatments 

and are identifying methods to optimize the combinations.  Here we utilized the MuSyC 

algorithm to generate a ratio for the CDN + R848 as a strategy to optimize APC 

activation for T cell priming.  Although we have data showing this ratio works for human 

monocytes, dosing strategies will have to be identified in non-human primates for 

clinical trials.  Here, we provide a proof-of-concept by which one can identify logical 

combinations and optimization methods for those future trials. 
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The present study treated tumor-bearing mice with R848 and CDN-based vaccine 

treatments and performed immunophenotyping on the tumors sixteen days post-

treatment.  Specifically, the MuSyC-dose adjuvanted vaccines optimized the antitumor 

response and induced novel changes to the tumor microenvironment.  Moreover, the 

MuSyC-dose vaccine significantly increased cytotoxic T-cells in the tumor, and 

correlations have shown that increased CD8+ infiltrate is associated with a better 

response to anti-PD-1 therapy (316).  The boost in CD8 T-cells and enhanced PD-1 

expression make MuSyC-dose adjuvanted cancer vaccines a good candidate for 

combination with checkpoint blockade.  

 

In addition to the increase in tumor-infiltrating lymphocytes, the MuSyC-dose vaccine 

CD45+ population contained a high percentage of macrophages, suggesting a myeloid-

based mechanism for the antitumor response.  Furthermore, CDN and R848 without 

antigen have been shown to cause an antineoplastic reaction, meaning responses in 

these studies were not due to the priming of antigen-specific T-cells (40-43).  Overall, 

we believe MuSyC-dose-based vaccines modulate the tumor microenvironment to 

optimize tumor response.  In conclusion, our work questions the long-standing 

assumption regarding the superiority of using the maximum permissible concentrations 

when combining immunoadjuvants.  Instead, by measuring multiple markers of immune 

activation, our work detailed a more nuanced view of adjuvant synergy, paving the way 

for a more rigorous approach to deriving dosing strategies for vaccine adjuvants. 
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MATERIALS AND METHODS  

Mice 

Female C57BL/6 [strain #: 000664], female and male C57BL/6-Tg(TcraTcrb)1100Mjb/J 

(OT-1) [strain #: 003831], and female and male B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) 

[strain #: 002014] mice were purchased from The Jackson Laboratory.  OT-1 x CD45.1 

and all other mice were housed according to the Vanderbilt University Medical Center 

Animal Care and Use Committee rules.  All animal experiments were reviewed and 

approved by the Institutional Animal Care and Use Committee at Vanderbilt University 

Medical Center (M1900004-00).  According to NIH guidelines, the Animal Welfare Act, 

and US Federal law, all experiments were performed. 

 

Cell lines  

B16 m-OVA melanoma, Mouse Oral Squamous Cell Carcinoma (MOC1), B78H1-GM-

CSF and human monocytic THP-1 were grown in complete RPMI (cRPMI), which 

consisted of RPMI supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS), 

5% Penicillin-Streptomycin, 5% HEPES, 5% GlutaMAX, and 0.5% β-Mercaptoethanol.  

 

Adjuvants  

All adjuvants were purchased from Invivogen.  These adjuvants include the following:   

TLR4 agonist Lipopolysaccharide from Escherichia coli 055:B5 (LPS)  [catalog #: tlrl-

pb5lps], STING agonist Bisphosphorothioate analog of 2'3'-c-di-AMP (CDN)  [catalog #: 

tlrl-nacda2r], Vaccigrade STING agonist 2’3’-c-diAM(PS)2(Rp,Rp) endotoxin-free (CDN) 

[catalog #: vac-nacda2r], TLR7/8 agonist Resiquimod R848 [catalog #: tlrl-r848-5], 
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Vaccigrade TLR7/8 agonist Resiquimod (R848) [catalog #: vac-r848], TLR4 agonist 

Monophosphoryl Lipid A from Salmonella minnesota R595 (MPL-A)  [catalog #: tlrl-

mpla], TLR9 agonist  Stimulatory CpG ODN, Class C, Human / mouse (CpG) [catalog #: 

tlrl-m362-1], Rig-like agonist 5' triphosphate double stranded RNA (RLL) [catalog #: tlrl-

3prna-100], and NOD1 agonist L-Ala-gamma-D-Glu-mDAP (NLL) [catalog #: tlrl-tdap].  

 

Antigens 

Endofit  Ovalbumin (OVA) [catalog #: vac-pova] was purchased from Invivogen. GVAX 

is a lethally irradiated (100Gy) tumor cell (MOC1 or B16 m-OVA), and B7H8, a GM-CSF 

secreting B16 melanoma cell line.  

 

Vaccine formulations 

GVAX was formulated from irradiated 106 B16 m-OVA or MOC1 tumor lines with 105 

B7H8.  Each peptide vaccine contained 20µg of endotoxin-free ovalbumin (OVA).  

Stimulator of interferon genes (STING) ligand, cyclic dinucleotides (CDN), formulations 

consisted of 0.0012-50µg of ML–RR-S2–CDA.  Resiquimod (R848), a TLR7/8 adjuvant, 

based formulations are composed of 0.0012 to 50µg of R848. 

 

Antibodies and flow cytometry  

The anti-mouse antibodies specific for FITC CD11c (clone HL3) [catalog #: 553801] , 

BV650 CD80 (clone 16-10A1) [catalog #: 564158], APC CD86 (clone GL1) [catalog #: 

558703], BV786 CD8a (clone 53-6.7) [catalog #: 563332], BV421 MHCI (clone AF6-

88.5), BV650 TNF (clone MP6-XT22) [catalog #: 563943], BV786 MHCII (clone 
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M5/114.15.2) [catalog #: 557000], PE-594 F4/80 (clone T45-2342) [catalog #: 565613], 

PE CD40 (clone 3/23) [catalog #: 553791],  PE-594 CD80 (clone 16-10A1) [catalog #: 

562504], BV786 CD11c (clone HL3) [catalog #: 563735], BV786 CD45 (clone 30-F11) 

[catalog #: 564225], PE CD11c (clone HL3) [catalog #: 553802], BV786 CD4 (clone 

GK1.5) [catalog #: 563331], BB515 CD45 (clone 30-F11) [catalog #: 564590],  and PE 

CD8 (clone 53-6.7) [catalog #: 553032] were purchased from BD Bioscience. Anti-

human antibodies specific for BV786 CD80 (clone L307.4) [catalog #: 564159] and APC 

CD86 (clone 2331 (FUN-1) [catalog #: 555660] were purchased from BD Biosciences.  

The anti-mouse antibodies specific for PE-594 CD40 (clone 3/23) [catalog #: 124630], 

FITC MHCI (clone 28-8-6) [catalog #: 114606], BV605 PD-L1 (clone 10F.9G2) [catalog 

#: 124321], BV421 MHCII (clone M5/114.15.2) [catalog #: 107632], Alexa Fluor 700 

CD11b (clone M1/70) [catalog #: 101222], Zombie aqua live/dead BV510 [catalog #: 

423102], BV421 Ly6c (clone HK1.4) [catalog #: 128032], BV605 Ly6g (clone 1A8) 

[catalog: 127639],  Alexa Fluor 488 CD45  (clone FA-11) [catalog #: 137012], APC 

MCHII (clone  M5/114.15.2) [catalog #: 107614], BV421 CD69 (clone H1.2F3) [catalog 

#: 562920], BV605 CD103 (clone 2E7) [catalog #:121433], APC Nkp46 (clone 29A1.4) 

[catalog #: 137608], APC CD45.1 (clone A20) [catalog #: 110714], and PE-594 PD-1 

(clone 29F.1A12) [catalog #: 135228]  were purchased from Biolegend.  Flow cytometry 

was performed using BD FACS Celesta Flow Cytometer.  Analysis was done using 

FlowJo software (FlowJo LLC). 

 



83 
 

Murine bone-marrow-derived dendritic Cell (mBDMC) and macrophage (mBMDM) 

generation  

Briefly, bone marrow from the leg of C57BL/6 mice was plated on day zero into 250mL 

or 500mL tissue culture flasks (Corning, Corning, NY) at 105 cells/mL.  These extracted 

bone marrow cells were plated in DC medium, which consisted of cRPMI supplemented 

with 20ng/mL of GM-CSF (Biolegend) [catalog #: 576308].  On day three, the same 

volume of DC medium was added to the flask.  On day six, half of the nonadherent cells 

were spun down and added back to the flask with an equal amount of DC media.  The 

nonadherent cells were harvested on day eight or nine for mBMDC.  For mBMDM, the 

adherent cells were harvested. 

 

In vitro mBMDC activation  

On day eight, harvested mBMDCs were stimulated and cultured with monesin (for 

cytokines only) [catalog #: 554724], LPS (1µg/ml), CDN (.002µg/mL to 50µg/ml), R848 

(.00128µg/mL to 20µg/ml), MPL-A (.00128µg/mL to 20µg/ml), CPG-ODN (.002µg/mL to 

20µg/ml), RLL (.002µg/mL to 20µg/ml), or NLL (.002µg/mL to 20µg/ml)  for twenty-four 

hours for surface markers and four hours for intracellular cytokines in a ninety-six well 

plate. DCs were stained for anti-mouse CD11c, CD86, CD80, CD40, MHCII, MHCI, and 

TNF.  Gated DC population (CD11c+) was probed for surface markers (MHCI, MHCII, 

CD86, CD80, and CD40) and intracellular cytokine analysis (TNFa) after 

permeabilization by geometric mean fluorescence intensity (gMFI). No data points were 

excluded. 
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In vitro mBMDM and THP-1 activation  

For twenty-four hours, harvested BMDMs were stimulated and cultured on day eight 

with CDN (.0000156µg/mL to 50µg/ml) and R848 (.0000156µg/mL to 50µg/ml) for the 

dose-response in a ninety-six well plate.  10µg/mL was the saturating CDN dose, and 

1µg/mL was the saturating R848 dose.  The Max-dose combines the saturating 

amounts of CDN (10µg/mL) plus R848 (1µg/mL), and the MuSyC-dose is saturating 

dose of CDN (10µg/mL) plus one-tenth saturating dose of R848 (0.1µg/mL).  The 

mBMDMs were stained for anti-mouse F4/80, CD86, CD80, CD40, and MHCII.  Gated 

mBMDM population (F4/80+) was measured for surface markers (MHCII, CD86, CD80, 

and CD40) by gMFI.  The THP-1 cells were stimulated with CDN (0.78125µg/mL to 

50µg/mL) and R848 (0.78125µg/mL to 50µg/mL) for the single-agent dose responses.  

25µg/mL was the saturating CDN dose, and 25µg/mL was the saturating R848 dose.  

The Max-dose was 25ug/mL CDN plus 25ug/mL R848, and the MuSyC-dose was 

25µg/mL CDN plus 2.5µg/mL R848. The THP-1 cells were stained for anti-mouse CD86 

and CD80 and measured by gMFI.  No data points were excluded. 

 

In vivo APC activation 

Six- to twelve-week-old female C57BL/6 were subcutaneously injected with 20µg of 

Endofit ovalbumin (OVA) administered with increasing doses (0.0012µg to 50µg) of 

vaccigrade CDN (STING) or R848 (TLR7/8).  Twenty-four hours later, the draining 

lymph nodes were extracted and stained for activation markers (MHCI, MHCII, CD40, 

CD86, and CD80).  The in vivo doses of 20µg and 2µg were selected for CDN and 

R848, respectively, based on single-agent dose responses.  These doses were used for 
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the remaining in vivo studies.  Next, the same experiment was performed, comparing 

the Max-dose (20µg CDN and 2µg R848) to MuSyC-dose (20µg CDN and 0.2µg R848).  

No data points were excluded. 

 

In vivo cytotoxic T-Cell killing assay 

Six- to twelve-week-old female C57BL/6 mice were vaccinated with PBS alone (n = 3), 

20µg of Endofit ovalbumin (OVA) alone (n = 3), or OVA administered with 20µg of CDN 

(n = 3), 2µg of R848 (n = 3), Max-dose (2µg R848 and 20µg CDN) (n =4), and MuSyC-

dose (0.2µg and 20µg CDN) (n = 4) [n = 20 total].  Seven days post-vaccination, 

splenocytes were extracted from non-vaccinated mice.  Half of the splenocytes were 

given a high dose of 5µM CFSE with 1µg/mL SINFEKL peptide (specific splenocytes), 

and the other half was given a low dose of 0.5µM CFSE with no SINFEKL peptide 

(nonspecific splenocytes).  The splenocytes were mixed 1:1, and then 5x106 cells were 

injected intravenously into the vaccinated mice.  Sixteen hours later, mice were 

euthanized, and spleens were extracted.  Splenocytes were analyzed by flow cytometry 

and specific killing was calculated with the following equation: Ratio= Low Peak (non-

specific) / High peak (ova-specific); Specific killing = (1- (PBS ratio average) / (Exp. 

ratio) ) * 100.  No data points were excluded.  No animals were excluded. 

 

In vivo T-cell proliferation 

CD8+ T-cells were isolated from six- to twelve-week-old female CD45.1 OT-1+ mouse 

spleens.  The CD45.1+ OT-1+ CD8+ T-cells were 5µM CFSE stained. 2.5x105 CFSE 

stained CD8 T-cells were intravenously injected into naïve WT CD45.2 C57BL/6 mice (n 
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= 3 per treatment) [n = 18 total].  Twenty-four hours later, the CD45.2 C57BL/6 mice 

were vaccinated with PBS alone, 20µg of Endofit ovalbumin (OVA) alone, or OVA 

administered with 20µg of vaccigrade CDN (STING), 2µg of vaccigrade R848 (TLR7/8), 

Max-dose (2µg R848 and 20µg CDN), and MuSyC-dose (0.2µg and 20µg CDN).  Five 

days post-vaccination, mice were euthanized, and spleens were extracted.  Spleens 

were stained for CD45.1 and CD8 for flow cytometry.  Percent proliferation and 

percentage of CD45.1+ CD8+ of total live splenocytes were calculated.  No data points 

were excluded.  No animals were excluded. 

 

In vivo tumor studies 

Based on priori power multiple analysis of variance (MANOVA) analysis at a 95% 

confidence interval, power of 80%, with an intermediate (0.50) [B16 m-OVA peptide 

vaccine] or large effect size (.75) [GVAX models],  the total number of mice needed to 

reach significance is the following for each tumor model: 25 for the B16 m-OVA GVAX 

model, 26 for the MOC1 GVAX model, and 34 for the B16 m-OVA peptide model.  For 

all vaccination models, six- to twelve-week-old female C57BL/6 mice were 

subcutaneously injected with the following amount of cells for different tumor models in 

the right flank: 105 B16 m-OVA tumor cells and 2x106 MOC1 tumor cells.  Five days 

after tumor inoculation, mice were randomized and then injected with 100µL of GVAX 

B16 m-OVA [n = 28 total mice] or GVAX MOC1 [n = 43 total mice]  in PBS plus or minus 

vaccigrade 20µg CDN, 2µg R848, Max-dose (20µg CDN + 2µg R848) or MuSyC-dose 

(20µg CDN + 0.2µg R848) on the opposite flank.  In addition, 100uL of PBS alone was 

used as a negative control.  For the peptide vaccine, 20µg of Endofit ovalbumin (OVA) 



87 
 

(n = 11) plus or minus vaccigrade 20µg CDN (n = 11), 2µg R848 (n = 10), Max-dose 

(20µg CDN + 2µg R848) (n = 11) or MuSyC-dose (20µg CDN + 0.2µg R848) (n = 11) [n 

= 54 mice total] on the opposite flank.  Tumor measurements were initiated once 

palpable utilizing calipers.  The following formula calculated tumor volume: Length 

(longer dimension) x Width (shorter dimension)^2/2.  OVA-based vaccine-treated 

tumors were extracted and weighed sixteen days post-treatment.  These tumors were 

processed and stained for immunophenotyping via flow cytometry.  The percent of 

CD45+ and the percent of total live were evaluated utilizing the following gating: NK 

cells (CD11b-Nkp46+), CD8+ T-cells (CD11b-Nkp46-CD4-CD8+), CD4+T-cells (CD11b-

Nkp46-CD8-CD4+), gMDSC (CD11b+MHCII-CD68-CD11c-Ly6G+), mMDSC 

(CD11b+MHCII-CD68-CD11c-Ly6C+), DC (CD68-CD11c+MHCII+), MACs (CD11c- 

CD68+), M1 MACs (CD206- MACs), and M2 MACs (CD206+ MACs). No data points 

were excluded.  Animals were excluded if the negative control had zero tumor growth 

throughout the entire study for a specific model, thereby excluding other zero growth 

from the treatment groups in the same model.  One mouse from the PBS, MuSyC-dose, 

and Max-dose groups from the MOC1 GVAX model fits this exclusion criterion.  

 

In vivo mouse weight analysis  

Six- to twelve-week-old female C57BL/6 mice (n = 5 per group) [n = 30 total] were 

weighed to get their initial weight, considered 100%.  Next, the mice were vaccinated 

with PBS alone, 20µg of Endofit ovalbumin (OVA) alone, or OVA administered with 

20µg of CDN (STING), 2µg of R848 (TLR7/8), Max-dose (2µg R848 and 20µg CDN), 

and MuSyC-dose (0.2µg and 20µg CDN).  Mice were weighed every twenty-four hours 
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for one hundred and twenty hours.  The percent weight change was calculated daily.  

No data points were excluded.  No animals were excluded. 

 

Plasma cytokine analysis 

Six- to twelve-week-old mice female C57BL/6 (n = 5 per group) [n = 30 total] were 

vaccinated with PBS alone, 20µg of Endofit ovalbumin (OVA) alone, or OVA 

administered with 20µg of CDN (STING), 2µg of R848 (TLR7/8), Max-dose (2µg R848 

and 20µg CDN), and MuSyC-dose (0.2µg and 20µg CDN).  Six hours post-vaccination, 

mice were euthanized, and whole blood was drawn via heart puncture.  Plasma was 

separated from the blood.  The following plasma cytokines were analyzed by flow 

cytometry utilizing the Legendplex kit (catalog #: 740150) [lot #: B326302]: IL-1α, IL1β, 

IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, CCL2(MCP-1), IFN-β, IFN-γ, TNF-α, and 

GM-CSF.  The Biolegend Legendplex QOGNIT software quantified the concentration for 

each cytokine.  No data points were excluded.  No animals were excluded. 

 

The Multidimensional Synergy of Combinations (MuSyC) Analysis 

Synergy was calculated using the MuSyC algorithm as previously described using a 

monte carlo non-linear least squares regression [35, 36].  MuSyC distinguishes two 

types of drug synergy, synergistic efficacy (β) and synergistic potency (α), both relating 

to geometric transformations of the dose response surface.  These transformations are 

analogous to the transformations in the 1D Hill equation for potency (horizontal shift in 

the EC50) and efficacy (vertical shift in emax).  Synergy was calculated by fitting a dose-

response surface relating the observed effect (i.e. change in surface marker expression) 
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to the concentrations of CDN and the tested adjuvant (Figures 1, S3).  As the maximal 

effect of the drugs (emax) is larger than the basal effect (E0) when quantifying mBMDC 

activation, synergistic efficacy (beta) is defined as (emax -max(E1,E2) )/(max(E1,E2)-E0) 

where E3 is the effect observed at the maximum of both drugs, E1 is the maximum 

effect for drug 1 alone, and E2 is the maximum effect for drug 2 alone.  No bounds were 

required for the non-linear regression to converge. 

 

Statistical Analysis 

Multiple comparison tests of datasets were achieved with a one-way or two-way 

analysis of variance (ANOVA).  Error bars reflect the standard error of the mean (SEM) 

or the standard deviation (S.D.).  Tests of significance are reported as P values, a two-

tailed distribution, and calculated at 95% confidence.  All data analyses were performed 

using Graphpad prism.  A priori analyses were performed utilizing the G-power 3.1.9.7 

calculator. 
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CHAPTER III: ABROGATION OF HLA-E/QA-1b EXPRESSION 

ON TUMOR CELLS SIGNIFICANTLY INCREASES 

ANTITUMOR IMMUNE RESPONSE ELICITED BY GVAX 

 

INTRODUCTION 

Whole-cell vaccines are an attractive platform for cancer immunotherapy as they 

provide an unbiased set of tumor antigens to stimulate the immune system.  In this 

report, we tested the whole cell vaccine platform GVAX in which irradiated tumor cells 

are mixed with granulocyte monocyte colony-stimulating factor (GM-CSF) producing 

cells.  GVAX has been shown to induce a potent immune response in preclinical models 

and humans (15, 366).  The idea behind GVAX is that GM-CSF produced by the 

bystander cells recruits and activates antigen-presenting cells, which take up tumor 

antigens from the irradiated tumor cells and induce tumor-specific T cells.  However, 

clinically GVAX has had only modest success as a single agent, with multiple clinical 

trials ongoing combing GVAX with various immunotherapy and chemotherapy agents 

(366-369).  One potential problem with GVAX is that the critical component, tumor cells, 

express a wide variety of immune suppressive molecules.  We hypothesize that 

suppressive molecules expressed on the tumor cells used in GVAX potentially limit the 

anti-tumor immune response elicited.  

 

One novel immunosuppressive molecule found on cancer cells is the non-classical HLA 

molecule HLA-E.  HLA-E is expressed by all nucleated cells at deficient levels but can 
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be upregulated by interferon-gamma (IFNγ).  A wide range of cancer types often 

overexpresses HLA-E compared to normal tissue (370, 371).  HLA-E is the ligand for 

the natural killer group 2 A (NKG2A)/CD94 complex, which upon stimulation, induces 

immune suppression through two ITIM domains (372).  NKG2A is constitutively 

expressed by most NK cells and on subsets of CD8 T cells.  The role of the 

NKG2A/HLA-E axis in the immune system is to survey cells for the presence of MHC I, 

which is required for HLA-E to be stably expressed on the surface of cells.  We and 

others have found that NKG2A is significantly upregulated on tumor-infiltrating CD8 T 

cells (373, 374), making NKG2A a good candidate for immunotherapy.  Consequently, 

NKG2A blockade is currently being tested in HNSCC patients with promising early 

results (373).  In addition, we found that blockade of NKG2A is effective when combined 

with peptide vaccine in pre-clinal tumor models (374).  

 

Since we have demonstrated the role of NKG2A/HLA-E blockade in improving peptide-

based vaccines, we wanted to extend these findings to GVAX.  We hypothesized that 

HLA-E ligands expressed on the tumor cells comprising GVAX would inhibit the immune 

response elicited.  Therefore, the anti-tumor immune response to GVAX could be 

improved by disrupting the NKG2A/HLA-E axis.  However, since HLA-E is expressed by 

both the primary tumor and the cells comprising GVAX, it would be difficult to ascertain 

the contributions of NKG2A blockade at the site of vaccination from the primary tumor.  

To get around this, we generated the mouse homolog of HLA-E, Qa-1b, knocked out 

tumor cells, and used them to generate GVAX without HLA-E/Qa-1b (QVAX).  We found 

that QVAX was superior to GVAX at reducing tumor volumes in multiple mouse models. 
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RESULTS 

NKG2A blockade synergizes with GVAX to reduce tumor volume 

We have previously shown that NKG2A blockade synergizes with the E7 peptide 

vaccine to reduce tumor volume (374).  We wanted to extend these findings to the 

whole cell vaccine GVAX, which is comprised of irradiated tumor cells and GM-CSF-

producing B78h1-GM cells.  Mice were inoculated with B16-mOVA or MOC2 on the 

flank and then administered GVAX on day five and NKG2A blockade two days later.  

GVAX plus NKG2A blockade significantly reduced tumor volume in B16-mOVA cells 

(Fig.3-1 A).  Although not significant, we saw a similar trend with the MOC2 tumor 

model (Fig.3-1 B).  We previously demonstrated that with a peptide vaccine, NKG2A 

blockade primarily works by blocking the interaction of CD8 T cells and the primary 

tumor.  However, by using a whole cell vaccine instead of a peptide, NKG2A blockade 

might also work at the vaccination site since the tumor cells in GVAX also express HLA-

E/Qa-1b.    



93 
 

Figure 3-1: Tumor volume of B16-mOVA tumors at endpoint administered GVAX or GVAX + 

anti-NKG2A.  Mice were inoculated with B16-mOVA tumor s.c. in the flank and then 

administered (A) B16-mOVA GVAX or (B) MOC2 GVAXon day 5 on the opposite flank.  Anti-

NKG2A antibody was administered on day 7, 9 and 12.  All data are given in mean ± S.D. 

*P< 0.05, **P< 0.01, ***P < 0.001 , ****P < 0.0001.  

 

Figure 3- 1: Therapeutic treatment of mice with NKG2A blockade and GVAX significantly reduces tumor 
volume 

 

Loss of Qa-1b does not alter expression of MHC I or PD-L1 on murine tumor cells 

To separate the effect of NKG2A blockade on the primary tumor and the vaccination 

site, we generated Qa-1b deficient B16-mOVA and MOC1 tumor cells to use as the 

vaccine source.  We successfully knocked out Qa-1b on B16-mOVA Qa-1b cells (Fig.3-

2 A) and MOC1 cells (Fig.3-2 B), while leaving MHC I, PD-L1, and PD-L2 expression 

unaffected.  In addition, we performed an NK killing assay to determine if there was a 

functional loss of Qa-1b.  NK cells express high levels of NKG2A, and NK cell-mediated 

killing was previously shown to be inhibited by the expression of HLA-E/Qa-1b (375).  

Furthermore, B16-mOVA Qa-1b KO cells were significantly more susceptible to NK cell-

mediated killing than WT B16-mOVA cells (Fig.3-2 C), suggesting a functional loss of 

Qa-1b. 
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Figure 3- 2: MOC1 and B16-mOVA Qa-1b KO cells have a normal expression of MHCI, PD-L1, and 
increased susceptibility to NK cell-mediated killing. 
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Figure 3-2: The phenotype of (A) B16-mOVA and B16-mOVA Qa-1bKO  or (B) MOC1 and 

MOC1 Qa-1b KO shows MHCI, PD-L1, and PD-L2 unaffected by loss of Qa-1b.  Cells were 

incubated with 100 IU/ml IFNy overnight.  Black histogram unstained.  (C)  B16-mOVA-Qa-

1b-KO cells have increased susceptibility to NK cell-mediated cytotoxicity.  B16-mOVA-WT 

and B16-mOVA-Qa-1b-KO cells were co-cultured with IL-2 activated NK cells at an effector 

to target ratio of 25:1.  Cell killing was determined by the cleavage of a caspase-3/7sensitive 

dye and determined every hour by fluorescence microscopy.  All data are given in mean ± 

S.D. *P< 0.05, **P< 0.01, ***P < 0.001 , ****P < 0.0001. 

 

 

 

 

Knocking out HLA-E/Qa-1b on whole-cell vaccine significantly improves anti-

tumor response 

We next determined if GVAX generated with tumor cells lacking Qa-1b (QVAX) is 

superior to GVAX at controlling WT tumor growth.  Mice were inoculated with WT 

tumors on the flank and administered either GVAX or QVAX on the opposite side five 

days later.  In both B16-mOVA and MOC1 tumor models, vaccination with QVAX 

provided significantly better tumor control than vaccination with GVAX (Fig.3-3 A-B).  

One possibility for the enhanced effect of QVAX over GVAX is the activation of NKG2A+ 

NK cells at the vaccination site.  To determine if NK cells contribute to the increased 

tumor control of QVAX, we repeated our QVAX vaccination experiment with the addition 

of NK cell depletion starting one day before QVAX vaccination.  We found no difference 

in tumor growth between QVAX vaccination and QVAX + NK cell depletion, suggesting 

that NK cells are unnecessary for QVAX-mediated tumor control (Fig.3-3 C).  We next 
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Figure 3- 3: Whole-cell vaccine QVAX significantly reduces WT tumor volume 

determined if T cell ingress into the tumor was required using Fingolimod  (FTY720).  

FTY720 is a drug that sequesters immune cells in lymphatic tissue through the 

downregulation of Sphingosine-1-phosphate receptor 1 (SIPR1).  We started FTY720 

treatment one day before QVAX vaccination and continued administering daily.  

Surprisingly, we found that QVAX + FTY720 treatment did not affect tumor growth 

following QVAX treatment (Fig.3-3 D).  However, despite not altering tumor growth, 

FTY720 did significantly reduce immune cell infiltration in the tumor, reducing both CD4 

and CD8 T cells to levels similar as PBS control tumors (not shown).  
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Figure 3-3: A) 1 X 105  WT B16-mOVA cells were implanted s.c. in the flank of B6 mice.  

Five days later, mice were administered 1 X 106 GVAX cells or 1 X 106 GVAX cells made 

with B16-mOVA-Qa-1b-KO cells (QVAX) in the opposite flank.  B) 1 X 106 MOC1 cells were 

implanted s.c.  and administered MOC1 GVAX or QVAX on day 5.  Tumor reduction by 

QVAX was not altered following C) NK cell depletion or the administration of D) FTY720.  

NK cell depletion and FTY720 administration were started 1 day prior to QVAX.  All data are 

given in mean ± S.D. *P< 0.05, **P< 0.01, ***P < 0.001 , ****P < 0.0001.  n=5 mice per 

group; error bars = SD  

 

 

 

QVAX does not increase tumor-specific T cells or cytotoxic function compared to 

GVAX 

We compared GVAX and QVAX's ability to induce tumor-specific T cells using OT-1 

CD8+ T cells.  1e6 CD45.1 CFSE labeled OT-1 CD8 T cells were adoptively transferred 

into B6 mice and then vaccinated with B16-mOVA GVAX or QVAX the next day.  The 

mouse spleens were harvested and analyzed for OT-1 CD8+ T cells five days later.  We 

found no significant difference in the induction of OT-1 CD8+ T cells between GVAX and 

QVAX (Fig.3-4 A) in the spleen.  In addition, there was no difference in proliferation, as 

evidenced by CFSE low staining between the groups (Fig.3-4 B).  Next, we performed 

in vivo CTL assays using SINFEKL pulsed splenocytes as targets.  First, mice were 

vaccinated, and then the CTL assay was performed seven days later.  We found that 

GVAX induced significantly more killing than QVAX (Fig.3-4 C).  Together, these results 

suggest that QVAX does not generate a more robust anti-tumor T cell response than 

GVAX. 
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Figure 3-4: A) 1X106 CFSE labeled CD45.1 OT-1 CD8 T cells were adoptively transferred to 

B6 mice and then administered B16-mOVA GVAX or QVAX the next day.  Five days post-

vaccination, the number of OT-1 cells was enumerated from the spleen, and the percent of 

B) CFSE low OT-1 cells was calculated.  C) In vivo CTL killing assay.  B6 mice were 

vaccinated with B16-mOVA GVAX or QVAX and then administered SINFEKL pulsed target 

splenocytes seven days later.  The specific killing was then determined.   *, p>.05; ***, p< 

.001; one-way ANOVA; n=4-5 mice per group; error bars = SD 

 

Figure 3- 4: QVAX induces similar levels of in vivo CD8 T cell proliferation as GVAX 
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Figure 3-5: A) Human Panc6.03 and B) Panc 10.05 cells were stimulated overnight with 100 

IU/mL IFNy, and flow cytometry was used to determine HLA-E expression and gated on live 

cells.  

 

Figure 3- 5:  HLA-E is upregulated after IFNy stimulation on human Panc cell lines used in clinical GVAX 
treatment.   

Human pancreatic cell lines used for clinical GVAX express HLA-E 

Finally, we determined if the cell lines used in the clinal human GVAX expressed HLA-

E.  Panc6.03 and Panc10.05 cells were incubated overnight with IFNγ and then 

checked for HLA-E.  We found that both Panc6.03 and panc10.05 expressed HLA-E 

after IFNγ stimulation (Fig.3-5).  
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DISCUSSION 

In this study, we demonstrated that the NKG2A ligand HLA-E/Qa-1b inhibits the anti-

tumor immune response elicited by GVAX.  We showed that murine and human tumor 

cells comprising clinical GVAX express HLA-E/Qa-1b following interferon-gamma 

stimulation.  We reasoned that the expression of HLA-E/Qa-1b at the vaccination site 

would likely have the same immune dampening effects as we and others have observed 

in primary tumors  (373, 374).  To determine if HLA-E/Qa-1b was suppressing immune 

activation at the vaccination site, we generated tumor cells lacking Qa-1b, which had 

normal MHC I and PD-L1 expression.  When Qa-1b deficient tumor cells were used in 

GVAX, which we termed QVAX, we observed a striking reduction in tumor volume 

compared to GVAX.  

 

The mechanism by which QVAX but not GVAX reduces tumor volume remains unclear 

and requires further study.  We demonstrated that QVAX did not require NK cells or the 

trafficking of T cells from lymph tissue to the tumor to reduce tumor volume.  

Paradoxically, QVAX does not increase antigen-specific T cells or T cell cytotoxicity 

compared to GVAX.  These are similar to what we observed for TLR4 enhanced GVAX 

(TEGVAX), which also improved tumor control compared to GVAX but had significantly 

worse antigen-specific T cell induction (359).  We also have found that QVAX is 

antigen-specific and that QVAX generated with B16-mOVA does not reduce the tumor 

volume of MOC1 tumors (data not shown).  Together our data suggest that antigen-

specific T cell generation is a requirement for GVAX but insufficient to reduce tumor 
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volume alone.  We, therefore, hypothesize that QVAX is also modulating the tumor 

microenvironment, possibly through alterations in the myeloid compartment.  

 

NK cells have a stable expression of NKG2A.  Therefore, they would be expected to be 

present in the tissue at the vaccination site, making logical mediators of the improved 

immune response to QVAX.  However, the depletion of NK cells did not affect the 

efficacy of QVAX.  This is similar to what we observed in our prior studies with protein 

vaccination and NKG2A blockade, which also showed no role for NK cells in the primary 

tumor (374).  However, one report found that NKG2A blockade worked through 

NKG2A+ CD8 T cells and NKG2A+ NK cells (373).  Therefore, there is a possibility that 

our NK cell depletion was unable to deplete NK cells at the site of vaccination due to 

poor tissue penetration of the antibodies.  Further studies in NK cell-deficient mice will 

need to confirm this finding. 

  

GVAX in the clinical setting has not proven effective as a single agent but has excellent 

potential as an unbiased source of tumor antigens.  GVAX has proven beneficial in 

combination with PD-1 blockade, Cyclophosphamide, and listeria monocytogenes 

vaccines (25, 367, 368).  We believe that our data demonstrates that one of the 

problems with GVAX is that the human tumor cells used to generate it express the 

inhibitory receptor HLA-E.  Our data suggest that deletion of HLA-E from GVAX has the 

potential to increase the anti-tumor immune response cost-effectively and 

straightforwardly significantly.  Future studies must determine if the abrogation of other 

immune suppressive functions leads to further improvements in whole cell vaccines. 
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METHODS 

Mice 

Female C57BL/6 [strain #: 000664], female and male C57BL/6-Tg(TcraTcrb)1100Mjb/J 

(OT-1) [strain #: 003831], and female and male B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) 

[strain #: 002014] mice were purchased from The Jackson Laboratory.  OT-1 x CD45.1 

and all other mice were housed according to the Vanderbilt University Medical Center 

Animal Care and Use Committee rules.  All animal experiments were reviewed and 

approved by the Institutional Animal Care and Use Committee at Vanderbilt University 

Medical Center (M1900004-00).  According to NIH guidelines, the Animal Welfare Act, 

and US Federal law, all experiments were performed. 

 

Cell lines  

B16 m-OVA, Mouse Oral Squamous Cell Carcinoma (MOC1), and B78H1-GM cells 

were grown in complete RPMI (cRPMI) which consist of RPMI supplemented with 10% 

heat inactivated Fetal Bovine Serum (FBS), 5% Penicillin-Streptomycin, 5% HEPES, 

5% GlutaMAX, and 0.5% β-Mercaptoethanol. 

 

GVAX 

GVAX was generated by mixing 1x106 tumor cells (B16-mOVA or MOC1) with 1X105 

B78H1-GM cells.  The cells were irradiated with 10,000 rads using aa Gammacell 1000 

irradiator.  B78H1-GM cells produce GM-CSF at 3µg per 1 X 106 cells per twenty-four 

hours (CITE).  GVAX was resuspended in 100µL  of PBS and injected s.c.  into the flank 

of mice five days after tumor induction. 
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Tumor studies 

Six-week-old female C57BL/6j mice were injected subcutaneously in the flank with 1 

X105 B16-mOVA cells or 1 X106 MOC1 tumor cells in 100µL of PBS.  GVAX or QVAX 

was administered five days post tumor induction on the opposite flank.  10µg of FTY720 

was administered intraperotineally one day before QVAX treatment (day four post tumor 

implantation) and once daily afterwards.  100µg of NK depletion was given day four, five 

and eight post tumor implantation then twice a week afterwards.   Tumor measurements 

were initiated once palpable utilizing calipers.  The following formula calculated tumor 

volume: Length (longer dimension) x Width (shorter dimension)^2/2.  

 

In vivo cytotoxic T-Cell killing assay 

Six- to twelve-week-old female C57BL/6 mice were vaccinated with PBS alone, GVAX, 

or QVAX.  Seven days post-vaccination, splenocytes were extracted from non-

vaccinated mice.  Half of the splenocytes were given a high dose of 5µM CFSE with 

1µg/mL SINFEKL peptide (specific splenocytes), and the other half was given a low 

dose of 0.5µM CFSE with no SINFEKL peptide (nonspecific splenocytes).  The 

splenocytes were mixed 1:1, and then 5x106 cells were injected intravenously into the 

vaccinated mice.  Sixteen hours later, mice were euthanized, and spleens were 

extracted.  Splenocytes were analyzed by flow cytometry and specific killing was 

calculated with the following equation: Ratio= Low Peak (non-specific) / High peak (ova-

specific); Specific killing = (1- (PBS ratio average) / (Exp. ratio) ) * 100.  No data points 

were excluded.  No animals were excluded. 
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In vivo T-cell proliferation 

CD8+ T-cells were isolated from six- to twelve-week-old female CD45.1 OT-1+ mouse 

spleens.  The CD45.1+ OT-1+ CD8+ T-cells were 5µM CFSE stained. 2.5x105 CFSE 

stained CD8+ T-cells were intravenously injected into naïve WT CD45.2 C57BL/6 mice.  

Twenty-four hours later, the CD45.2 C57BL/6 mice were vaccinated with PBS alone, 

GVAX, or QVAX.  Five days post-vaccination, mice were euthanized, and spleens were 

extracted.  Spleens were stained for CD45.1 and CD8 for flow cytometry.  Percent 

proliferation and percentage of CD45.1+ CD8+ of total live splenocytes were calculated.  

No data points were excluded.  No animals were excluded. 
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CHAPTER IV: CONCLUSION AND FUTURE PERSPECTIVES  

CONCLUSION 

Cancer remains the second leading cause of death worldwide.  The host immune 

system's ability to recognize and attack transformed cells and generate durable clinical 

responses to immunotherapy has revolutionized oncology and cancer research.  

However, heterogeneity of the tumor cells and tumor-associated immune suppression 

produce substantial barriers.  Fortunately, extensive research in the last decade has 

dramatically increased our understanding of tumor-immune cell interactions.  These 

findings have resulted in breakthroughs in cancer immune therapy modalities, primarily 

immune checkpoint inhibitors (ICIs), which have shown clinical benefits in a fraction of 

patients.  However, due to the lack of tumor-infiltrating infiltrating lymphocytes (TILs), 

ICIs are ineffective in many cancer patients.  Therefore, cancer therapeutic vaccines 

have emerged as an attractive treatment strategy, mainly because they increase TILs 

and elicit long-lasting memory against cancer antigens (376).  Unfortunately, most 

therapeutic cancer vaccines have yielded unsatisfactory results in a clinical setting.  

This thesis section summarizes chapters II and III approaches to maximize antitumor 

responses for each cancer vaccine component and discusses the future 

recommendations for therapeutic cancer vaccines. 
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FUTURE DIRECTIONS 

Combination of cancer vaccines with checkpoint inhibitors 

Clinically, therapeutic cancer vaccines have failed to induce beneficial responses in 

cancer patients.  Therefore, in chapters II and III, we demonstrated approaches to 

improve antitumor responses of the adjuvant platforms and tumor antigen source by 

combining adjuvants and modifying the antigen source, respectively.  Specifically, in 

chapter II, we utilized the Multidimensional Synergy of Combinations (MuSyC) algorithm 

to optimize the combination of Stimulator of Interferon Gene (STING) agonist cyclic 

dinucleotide (CDN) and TLR7/8 agonist Resiquimod (R848).  In chapter III, GM-CSF-

secreting whole-cell vaccine (GVAX) was modified not to express HLA-E/Qa1b on the 

surface (QVAX).  In both sections, the novel approaches significantly improved 

antitumor immunity.   

Unfortunately, therapeutic cancer vaccines alone fail or have modest results based on 

previous preclinical and clinical datasets, suggesting additional agents are needed.  For 

example, the chapter II  study showed potential failure for the MuSyC-dose vaccine with 

the high expression of PD-1 on cytotoxic T-cells (Fig.2-8 E).  Therefore, the expected 

next step for the MuSyC-dose vaccines is to combine with ICIs to prolong the 

antineoplastic response.  Moreover, MuSyC-dose increased TILs compared to the 

vaccine alone (Fig.2-8 E), which positively correlates to clinical response to ICI 

treatment.  We can do something similar for chapter III, where we further delete PD-L1 

or other checkpoint proteins to improve the immunogenicity of QVAX or other forms of 

whole tumor cell vaccines.  
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Currently, clinical trials are testing the combination of therapeutic cancer vaccines plus 

ICIs and have shown increased benefits with the combination.  For instance, a phase 

Ib/II clinical trial for cancer patients with late-stage melanoma studied the efficacy of 

CTLA-4 ICI Ipilimumab versus the combination oncoviral vaccine TVEC and Ipilimumab.  

The study saw a more than two times decrease in lesion size for the combination 

compared to Ipilimumab alone (173).  In general, therapeutic cancer vaccines plus ICI 

have produced marginal improvements in response rates and some sporadic complete 

responses, but no one combination is effective in all tumor subtypes (377).  Overall, our 

enhanced modifications for the whole cell tumor antigen source and algorithm-based 

optimization of adjuvant combinations can potentially improve the response associated 

with therapeutic cancer vaccines, thereby providing better combinatorial options for ICI 

treatment.  

 

Multi-layered analyses on the effect of cancer vaccines on hematopoiesis and 

immune infiltrate 

Chapters II and III clearly showed that the generation and function of antigen-specific 

CD8+ T cells is not the determining factor for antitumor immunity.  For example, chapter 

II demonstrated that the MuSyC-dose adjuvanted peptide vaccine did not improve CD8+ 

T cell proliferation and the killing of antigen-pulsed splenocytes (Fig.2-7 D-E) but 

significantly decreased the tumor volume compared to CDN alone and Max-dose 

(Fig.2-8 B).  This paradox is more pronounced in Chapter III, where GVAX significantly 

increased antigen-specific CD8+ T cell killing but had substantially less antitumor 

response than QVAX (Fig.3-3 A-B).  Moreover, another study showed a similar finding: 
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Figure 4- 1: QVAX-induced antitumor response is mediated by CD8+ 
T cells. 

GVAX caused more proliferation in the lymph node but had a less significant tumor size 

reduction than GVAX plus TLR4 agonist glucopyranosyl lipid adjuvant–stable emulsion 

(GLA-SE) (359).  In chapter II, in addition to not causing further peripheral CD8+ T-cell 

activation and killing but drastically enhancing the antitumor response,  the MuSyC-

dose peptide vaccine did not significantly boost the TILs compared to CDN alone and 

Max-dose (Fig.2-8 E).  However, we have new data showing that QVAX is CD8+ T cell-

dependent (Fig. 4-1) and not natural killer (NK) cell-dependent (Fig.3-3 C).  Therefore, 

other factors besides the number of TILs may be the key to identifying the proper TILs 

that induce or reduce antineoplastic effects.  
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Figure 4-1: 105 B16 m-OVA tumor cells were subcutaneously injected on one flank of 

C57BL/6 mice (n=10).  Four days post tumor implantation, the anti-CD8 group was depleted 

of CD8+ T cells.  Mice in this group were given depletion on days five, eight, and then two 

times a week afterward. QVAX was administered five days post tumor inoculation. Tumor 

volume was measured until day twenty utilizing the following equation: Length (longer 

dimension) x Width (shorter dimension)^2/2.  All data are given in mean ± S.D. of biological 

replicates.  *P< 0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001,  two-way analysis of variance 

for multiple comparisons. 

  

One recent concept that addresses the reduction in the CD8+ TILs' ability to enact their 

antitumor function in the tumor microenvironment is naïve versus progenitor exhausted 

(early dysfunctional) versus terminally exhausted (late dysfunctional) populations.  

These functionally heterogeneous cells occupy unique peripheral and intratumoral 

niches and are characterized by the transcriptional process that controls the transitional 

states of the cells.  CD8+ TILs' chronic exposure to antigen stimulation leads to a 

dysfunctional, hyporesponsive state called exhaustion (378).  Naïve CD8+ T cells 

develop in the bone marrow, mature in the thymus, and then home to secondary 

lymphoid organs, i.e., spleen and lymph node, by expressing the lymphoid homing 

receptors CC-chemokine receptor 7 (CCR7) and the cluster of differentiation 62 ligand 

(CD62L) (379).  These naïve T cells have yet to be stimulated by antigen (antigen 

inexperienced) and are therefore not considered exhausted.  Upon stimulation by major 

histocompatibility complex one (MHCI) bound to the processed peptide with the 

appropriate costimulation on cells in the periphery, naïve CD8+ T cells become 
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activated, proliferate, and differentiate into cytolytic effector cells expressing the T cell 

receptor (TCR) specific for that MHC-antigen complex (380).   When naïve CD8+ T cells 

differentiate to the effector, memory, or other subtypes, distinct metabolic, epigenetic, 

and transcriptional programs are induced, which generates unique phenotypical and 

functional states for each cell type (381).  

 

Since it is an arduous task to identify previous antigen recognition of T cells in vivo,  

surrogate markers are primarily used to classify different subtypes of CD8+ T cells.  For 

instance, in humans, naïve T cells express CD45RA and lack expression of memory-

associated marker CD45RO (382).  As stated earlier, naïve T cells express CCR7 and 

CD62L (379), which are more markers to distinguish between memory T cells that can 

start to reexpress CD45RA (383).  Upon antigen stimulation, naïve T cells activate and 

differentiate into effector T cells when an acute infection occurs (384).  At the peak of 

the acute infection T cell responses,  these effector cells differentiate into short-lived 

effector T cells (SLECs) and memory precursor effector cells (MPECs) (384).  SLECs 

express killer cell lectin-like receptor G1 (KLRG1), produce high amounts of 

inflammatory cytokines and cytolytic molecules and then undergo apoptosis (384).  In 

contrast,  MPECs further differentiate into central memory (Tcm) or effector memory T 

cells (Tem) and highly expresses Interleukin-7 receptor subunit alpha (IL-7Rα) for long-

term protective immunity.  However, these CD8 T cell subsets (SLECs and MPECs) are 

more prominent in acute infections.  This thesis is cancer-focused which is more similar 

to chronic infections because T cells in late-stage, progressing tumors become 

hyporesponsive owing to continuous encounters with tumor antigens and share many 
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key features with T cells in chronic infection.  Therefore, the section will focus only on 

these two disease models from this point.  

 

The two critical subsets of exhausted CD8+ T cells associated with these two disease 

models are stem-like progenitor exhausted (Tpex) and terminally exhausted (Tex) T cells, 

representing early dysfunctional and late dysfunctional programs, respectively.  The first 

subset, Tpex, has a high expression T cell factor one (TCF1), a transcription factor that 

promotes self-renewal and persistence in mouse and human tumor models.  In chronic 

infection and tumor disease models, various adoptive transfer experiments 

demonstrated that Tpex cells could repopulate and sustain T cell responses (385-388).  

In addition to expressing TCF1, Tpex has a high expression of PD1 and has been shown 

to improve T cell expansion, T cell sustainability, and response to anti-PD1/PDL1 

checkpoint inhibitors, meaning these cells are still reprogrammable (387, 389, 390).  For 

instance, in forty-eight tumor biopsies taken from thirty-two metastatic melanoma 

patients, Tpex, regardless of PD1 expression, positively correlated to the duration and 

efficacy of response to ICI (387, 391).  Moreover, the combined expression of TCF1 and 

PD1 is significantly associated with overall survival in patients with melanoma (389).  

Therefore, Tpex may serve as a favorable biomarker for ICI treatment.  

 

However, although Tpex initially is TCF1+, they subsequently downregulate that marker 

and differentiate into the second major subset of late dysfunctional terminally exhausted 

T cells (Tex).  As a result, Tex has a more direct cytolytic function (Tpex does not), 
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secretes low amounts of effector cytokines such as IFNy and TNFa, persists poorly, and 

does not proliferate or respond well to ICI (387, 389).  Furthermore, Tex has a high 

expression of CD39, CD38, PD1, CTLA4, TIM3, and thymocyte selection-associated 

HMG BOX (TOX).  Of these upregulated proteins, TOX plays an integral role in the 

function of Tex as it induces epigenetic changes and activates the transcription of genes 

that encode for both transcription factors (i.e., TCF1 and TOX) and checkpoint 

molecules (i.e., LAG3, PD1, and TIM3) (231).  In addition, a recent study showed that 

knocking out TOX1 and TOX2 in CAR TILs enhanced the effector cytokine (IFNy and 

TNFa) production and boosted the antitumor response (392).  Another preclinical study 

demonstrated a similar finding where heterozygous deletion of TOX improved the T cell 

responses in the tumor (393).  For these reasons, TOX is potentially necessary and 

sufficient for Tex; therefore, Tex needs to be minimized for maximum therapeutic 

response to ICI. 

 

As stated earlier in the section, both QVAX and MuSyC vaccines did not significantly 

increase peripheral T cell proliferation, killing, and infiltration but increased the antitumor 

response substantially compared to other treatment groups in their respective study.  

Since the abundance of TILs was not boosted, did these modified vaccines (or 

therapeutic vaccines in general) have more Tpex than Tex in the tumor 

microenvironment?  There are monoclonal antibodies for TOX, TCF1, and other 

markers for Tex and Tpex, so experiments can be conducted to test what T cell 

dysfunctional programs therapeutic vaccines induce.  Thus, future studies of therapeutic 

cancer vaccines should include this distinction in their immunophenotyping because it 
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may better indicate how well the vaccine will work with ICI.  After all, Tpex has a 

significant positive correlation to ICI response.  

 

Another hypothesis is that therapeutic vaccines generate T cells that are less 

susceptible to becoming Tex by reprogramming cells in the bone marrow, modifying 

hematopoiesis.  Hematopoiesis is the process by which a small quantity (about one in 

ten thousand bone marrow cells) of self-renewing pluripotent hematopoietic stem cells 

that produce red blood cells, platelets, and all leukocytes (394, 395) (Fig.4-2).  Multiple 

studies have demonstrated that established solid tumors secrete soluble factors (i.e., 

GM-CSF, G-CSF, IL-6, and IL-1) and exosomes to stimulate HSCs mobilization and 

alter normal hematopoiesis (396, 397).  For example, myeloid-derived suppressor cells 

(MDSCs) in the bone marrow are generated from the chronic secretion of GM-CSF, G-

CSF, VEGF, IL-6, IL-1β, adenosine, HIF1α produced by the TME (398, 399).  This 

reprogramming of immature myeloid cells into MDSCs in the bone marrow by the TME 

is accompanied by metabolic and epigenetic modifications that lead to the remodeling of 

MDSC characteristics.   Activation of AMP-activated protein kinase (AMPK), an energy 

receptor, connects metabolism with epigenetics in MDSCs by increasing metabolite 

Acetyl-COA, a substrate for epigenetic modifying enzymes such as histone 

acetyltransferases (HATs) or lysine acetyltransferase (KATs) (400).  The change in 

function of MDSC from modifications of epigenetics and metabolism was demonstrated 

in a study where NAD-dependent deacetylase sirtuin-1 (SIRT1) reduction decreased the 

inhibitory capabilities of MDSC, switching it to a more M1-like macrophage (401).  More 

evidence of this functional switch was shown in multiple publications in which cancer 
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vaccine adjuvant Resiqumod (R848) significantly hindered MDSC function by 

differentiating them into dendritic cells and macrophages (358, 402).  Moreover, chapter 

II clearly shows that the addition of adjuvants to full-length protein ovalbumin had 

significantly lower percentages of MDSCs twenty-one post tumor implantation than 

vaccine alone, demonstrating the potential durable effects (Fig.2-8E).  These 

cumulative data set a precedent that the TME can reprogram cells in the bone marrow 

and induce epigenetic and metabolic changes leading to functional variations but can be 

re-reprogrammed by therapeutic cancer vaccines.  This phenomenon has been shown 

primarily in the myeloid department, but can something similar happen to T cell 

precursors in the bone marrow? 
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Figure 4- 2: The hierarchy of hematopoiesis 
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Figure 4-2: In the classical “stepwise” model of hematopoiesis, long-term hematopoietic stem 

cells (LT-HSCs) are at the top of the hierarchy.  LT-HSCs can self-renew or differentiate into 

short-term HSCs (ST-HSCs), with the less self-renewing capability. ST-HSC subsequently 

differentiates into multi-potent progenitors (MPPs), which have an inferior self-renewing 

capacity to ST-HSC.  These three groups of HSCs can generate all blood cells.  The initial 

stage of lineage commitment occurs downstream of MMP, where there is a stringent division 

between common lymphoid progenitor (CLP) and common myeloid progenitor (CMPs) 

branches.  CLPs differentiate into dendritic cells (DCs), natural killer cells (NK cells), T cells, 

and B cells.  CMPs can give rise to granulocyte-macrophage progenitor (GMP) or 

megakaryocyte erythrocyte progenitor (MEP).  GMP generates granulocytes, macrophages, 

and DCs.   MEP produces platelets/megakaryocytes and red blood cells (RBCs).  The 

stepwise hierarchy differentiation processes are controlled by various extrinsic cytokines and 

inherent transcription, metabolic, and epigenetic factors.   

 
 

Our lab performed preliminary experiments on the therapeutic vaccine effect on the 

bone marrow in non-tumor-bearing mice.  Mice were intraperitoneally vaccinated with 

PBS, β-glucan, GVAX, CDN, or CDN plus GVAX (STINGVAX).  The bone marrow was 

extracted and analyzed twenty-four hours post-injection (Fig.4-3).  Results showed that 

the LSK hematopoietic stem cell percentage (Lin-Sca-1+ckit+) of total live bone marrow 

cells was significantly higher with STINGVAX compared to PBS, β-glucan, GVAX, and 

CDN alone (Fig.4-4 A-B).  This trend was similar to the absolute count for LSK (Fig.4-4 

B).  Next, we measured lymphopoiesis, CD48+CD150-Flt3+LSK lymphoid-biased cells, 

and demonstrated that STINGVAX substantially enhanced lymphopoiesis compared to 

all the other treatment groups (Fig.4-5).  Interestingly, this boost in the generation of 
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Figure 4- 3: Mouse hematopoietic stem cell (HSC) gating 

lymphoid committed cells requires both an antigen source and an adjuvant, as the 

individual components, GVAX or CDN alone) failed to induce lymphopoiesis. This 

substantial increase in the generation of lymphoid cells clearly indicates that STINGVAX 

caused significant changes to the bone marrow.  Are these new lymphoid cells 

generated metabolically and epigenetically different from those produced in normal 

hematopoiesis?  Are they functionally unique?  Are they less susceptible to becoming 

terminally exhausted?  Further studies have to be executed to answer these pertinent 

questions.  
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Figure 4-3: Bone marrow cells were gated on live cells. Next, we gated on Lineage negative 

(Lin-) cells, excluding T cells, B cells, monocytes/macrophages, granulocytes, NK cells, and 

erythrocytes.  Lin- cells were further gated on Sca1+ckit+ (LSK) which are considered HSCs. 

The LSK HSCs were categorized into the following three groups: LT-HSC (CD48-

CD150+LSK), ST-HSC (CD48-CD150-LSK), and MPP (CD48-CD150+LSK). The MPP was 

further divided into two groups Flt3+MPP (Lymphoid-biased) and Flt3-MPP (Myeloid-biased). 

Note- LT: long-term; ST: short-term; MPP: multi-potent progenitor.  
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Figure 4- 4: STINGVAX significantly boosts LSK HSCs in the bone marrow 
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Figure 4-4: Non-tumor-bearing mice were intraperitoneally injected with PBS, β-glucan, 

GVAX, CDN (STING), and GVAX plus CDN (STINGVAX). Twenty-four hours post-injection, 

mice were euthanized, and the bone marrow was analyzed.  A) Flow plots displaying the live 

Lin-Sca1+ckit+ (LSK) HSCs populations. B) Cumulative LSK absolute percentage and count 

of total live.  All data are given in mean ± S.D. of biological replicates.  *P< 0.05, **P< 0.01, 

***P < 0.001, ****P < 0.0001,  one-way analysis of variance for multiple comparisons. 

 

Figure 4- 5: STINGVAX significantly enhances lymphopoiesis 

 

 

 



121 
 

Figure 4-5: Non-tumor-bearing mice were intraperitoneally injected with PBS, β-glucan, 

GVAX, CDN (STING), and GVAX plus CDN (STINGVAX).  Twenty-four hours post-injection, 

mice were euthanized, and the bone marrow was analyzed.  Bone marrow cells were gate 

on lymphoid-biased cells (Lin-Sca-1+ckit+CD48-CD150+Flt3+).  The absolute percentage and 

count of total live are shown.  All data are given in mean ± S.D. of biological replicates.  *P< 

0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001,  one-way analysis of variance for multiple 

comparisons. 

 

 

STINGVAX also significantly induces myelopoiesis (Fig.4-6) in the bone marrow, which 

has been demonstrated in multiple published articles to be an integral component in the 

process of trained immunity (403-405).  Trained immunity refers to the the long-term 

functional reprogramming of innate immune cells (406) where pathogen-stimulated 

innate immune cells (i.e., macrophages and monocytes) have an augmented secondary 

challenge to the same or unrelated immunological stimuli (407, 408).  This enhanced 

immune response, primarily boosted cytokine secretion, is associated with extensive 

intracellular epigenetic and metabolic reprogramming (409, 410).  In contrast, some 

immunological stimuli, such as TLR4 agonist Lipopolysaccharide (LPS), have the 

opposite effect, where it leads tolerant innate immune cells (411). Therefore, more in-

depth system biology analyses must be performed on the bone marrow and tumor 

microenvironment to identify epigenetic and metabolic programs that induce tolerance 

or superior functioning immune cells.  In the future, we can discover therapeutics to 

counteract those resistant mechanisms and biomarkers for improved functioning of 

immune cells.  
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Figure 4-6: Non-tumor-bearing mice were intraperitoneally injected with PBS, β-glucan, 

GVAX, CDN (STING), and GVAX plus CDN (STINGVAX).  Twenty-four hours post-injection, 

mice were euthanized and the bone marrow was analyzed.  Bone marrow cells were gate on 

myeloid-biased cells (Lin-Sca-1+ckit+CD48-CD150+Flt3-).  The absolute percentage and count 

of total live are shown.  All  data are given in mean ± S.D. of biological replicates.  *P< 0.05, 

**P< 0.01, ***P < 0.001, ****P < 0.0001,  one-way analysis of variance for multiple 

comparisons. 

 

Figure 4- 6: STINGVAX significantly enhances myelopoiesis 

 

 

Combination with epigenetic modulators, metabolic modulators, and 

cytokine/chemokine blockers to improve antitumor responses 

In chapters II and III, we introduced two novel immunotherapies, MuSyC-dose 

CDN(STING) plus R848 (TLR7/8).  As stated earlier in this section, it is vital to discover 
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new epigenetic and metabolic targets to enhance the immunogenicity and anticancer 

effects of these novel and current immunotherapies.  For instance, various tumor 

microenvironments are riddled with MDSCs that secrete immunosuppressive cytokines 

and express checkpoint proteins, inhibiting NK and effector T cell functions, thereby 

promoting tumor growth.  Earlier, we stated that MDSCs are generated in the bone 

marrow through chronic secretion of proinflammatory cytokines derived from the TME or 

chronic infections causing emergency myelopoiesis (398, 399).  One potential 

combinatorial strategy is blocking the cytokines generating MDSCs, such as GM-CSF 

and G-CSF.  Multiple mouse pancreatic tumor models demonstrated that anti-GM-CSF 

or GM-CSF knockdown reduced the accumulation of tumor-infiltrating MDSCs in a CD8 

T cell-dependent manner (412, 413).  A phase I clinical trial for chronic myelomonocytic 

leukemia (CMML) testing an anti-GM-CSF monoclonal antibody (Lenzilumab) 

determined that the treatment was well tolerated without any grade 3-4 adverse events 

(NCT02546284) (414).  However, this cytokine is involved in developing and recruiting 

other myeloid cells.  It has yet to be determined if it’s efficacious or a viable long-term 

treatment option.   

 

Another strategy is to block MDSC trafficking to the tumor.  Cancer cells recruit CCR2+ 

MDSCs through a chemokine gradient cascade (415, 416).  Therefore, blocking CCR2 

can stop MDSC trafficking to the tumor, thereby not allowing it to induce its protumoral 

effects in the TME.  Recent articles demonstrated that CCR2 deficient mice or CCR2 

antagonism reduced MDSC tumor infiltration (417) and enhanced the response to anti-

PD-1 therapy (417, 418).  Based on these and other similar preclinical findings, two 
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prominent universities, Mount Sinai and John Hopkins, are conducting clinical trials of 

interest to this thesis because the trials are combining anti-CCR2 with anti-PD-1 

(Nivolumab) (NCT04123379) or Nivolumab plus GVAX (NCT03767582). Unfortunately, 

these trials are ongoing, and no results or correlatives have been posted.   

 

Previously in this thesis chapter, we specified that the functional characteristics of 

MDSCs can be modulated through fluctuations in epigenetics and metabolism (400).  

Epigenetically, the differentiation of immature myeloid cells to MDSCs required a 

decreased expression of histone deacetylase 11 (HDAC11), which indicates that it may 

be vital for MDSC development (419).  Hence, therapies to enhance the production of 

HDAC11 may be a potent strategy for reducing MDSC expansion.  Conversely, most 

epigenetic modulation of MDSCs focuses on inhibiting HDACs (HDACi).  For instance, 

multiple preclinical mouse tumor studies have shown that the HDAC inhibitor, 

Entinostat,  significantly reduces the MDSC expression of ARG-1, iNOS, and COX2, 

enhancing the effects of anti-PD-1 checkpoint blockade (420, 421).   Clinically, the 

combination of anti-PD-1  (pembrolizumab) and Entinostat did not meet the primary 

endpoint but had an objective response rate of 9% with no new toxicities in anti-PD-L1-

experienced metastatic non-small cell lung cancer (NSCLC) patients (NCT02437136) 

(422). Future correlative must be performed in this study to evaluate the association of 

the response to specific immune infiltrates.  Although HDAC inhibitors have seen some 

clinical success, not all immune cells have the same beneficial effects depending on the 

particular HDACi (423).  Further analyses are required to identify rational mechanisms 

for specific immunotherapy combinations.   
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Researchers have targeted the metabolism of MDSCs to alter their function.  They’ve 

targeted fatty acids, glycolysis mediators, amino acid catabolism, and nucleic acids.  In 

particular, enzymes involved in glycolysis are highly expressed in MDSCs, allowing the 

MDSCs to have a high rate of glycolysis, avoid ROS-mediated apoptosis, and expand in 

cancer patients (424).   Moreover, HIF-1α  regulates glycolysis but can be inhibited by 

AMPK.  Therefore, utilizing an agonist of AMPK can potentially reverse the beneficial 

glycolytic effects in MDSCs.   In multiple preclinical mouse tumor models, Metformin, an 

AMPK agonist commonly used to treat diabetes, hindered the expansion and 

immunosuppressive effects of MDSCs (425, 426).  

 

Interestingly, there is anecdotal evidence that AMPK activation can improve the 

metabolic fitness of other immune cells, including cytolytic CD8+ T cells.  For instance, 

in several published articles, anti-PD-1 therapy enhanced cytotoxic T cell fatty acid 

oxidation and mitochondrial biogenesis through the induction of peroxisome proliferator-

activated receptors (PPAR) (427, 428).  The mechanism by which this may occur is 

AMPK post-translationally regulates PPARG coactivator 1 alpha (PGC1α), which, when 

PGC1α/PPAR is activated, can increase fatty acid oxidation and mitochondrial 

respiratory capacity.  However, future studies have to be performed to determine the 

validity of this hypothesis.  A more prominent example of improving the metabolic 

fitness of T cells is the use of glutaminase inhibitors. Unfortunately, glutaminase 

metabolizes glutamine, an amino acid required for T cell function, and depleting 
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glutamine can’t be rescued by glutamine precursors (429).  Multiple drugs have been 

developed to block glutamine and restore T cell function.  For instance, various studies 

using pharmacological drugs (i.e. CB-839 or JHU083) demonstrated that inhibiting 

glutamine metabolism improved CTL killing activity by enhancing its metabolic fitness 

(i.e., up-regulating oxidative metabolism) (430, 431).  Multiple ongoing trials are testing 

the clinical efficacy of these agents. Overall, this chapter indicates the importance of in-

depth systems biology approaches to improve our understanding of immune activation 

and protumoral mechanisms and identify therapeutics to counteract those protumoral 

mechanisms (Fig.4-7).  



127 
 

 

Figure 4- 7: New model for discovering and validating immunotherapies 
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Figure 4-7: A) Current model of developing novel immunotherapies, where standard 

experiments are used as the primary assays for determining immunogenicity in mice.  This 

process leads to a linear progression ending in the clinic. B) The new model uses systems 

biology approaches at every process step.  Also, the bone marrow is examined instead of the 

tumor alone being analyzed in the mouse models. This process leads to a cyclic cycle where 

clinical results produce new therapeutic ideas. 
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