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ABSTRACT 

 The development of new prophylactic and therapeutic vaccines is challenging due to a 

lack of strong, clinically approved adjuvants. To address this challenge, we have created a 

modular vaccine platform, consisting of a mannosylated TLR7-agonizing polymer, p(Man-

TLR7), conjugated to a protein, which can have different functionalities depending on the 

context. Here, we investigate the efficacy of this vaccine platform both as a therapeutic cancer 

vaccine and as a prophylactic COVID-19 vaccine. In the context of cancer, we observe a 

therapeutic benefit in multiple cold tumor models when p(Man-TLR7) is targeted to the tumor 

extracellular matrix via conjugation to various targeting proteins. This therapeutic benefit is 

accompanied by an increase in the proportion of CD8+ effector cells in the tumor, as well as an 

increase in the proportion of activated cross-presenting CD103+ DCs in the tumor. In the context 

of COVID-19, p(Man-TLR7), when conjugated to SARS-CoV-2 antigens, induces high titers of 

neutralizing antibodies, as well as robust antigen-specific T cell responses. Overall, our results 

demonstrate the adaptability and broad clinical translational potential of our engineered protein-

glyco-adjuvant vaccine platform. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of Vaccines 

 The overall goal of vaccines is to induce a specific immune response that will provide 

protection against a pathogen. Vaccines have been instrumental in reducing the incidence of 

many different diseases and are estimated to save 2-3 million lives per year [1]. 

 Vaccines have been in existence for hundreds of years [1], and while extensive vaccine 

development has occurred since then, the same basic design principles still apply. First, because 

a vaccine aims to induce an immune response against a specific pathogen, it must contain some 

kind of material from the pathogen. In some cases, the pathogen itself is used as the target 

antigen, such as in attenuated vaccines. In other cases, the antigen is just a portion of the antigen, 

such as a protein or a peptide. Recent advances, particularly driven by the COVID-19 pandemic, 

have also been made in using genetic material encoding a protein from the pathogen of interest 

as the antigen source as well [2,3]. 

 In some cases, vaccination with this antigen source alone is sufficient to drive a potent 

immune response. However, in other cases, the addition of an adjuvant is necessary (or 

beneficial) for driving the desired immune response [1]. An adjuvant usually activates a portion 

of the innate immune system, such as a pattern-recognition receptor, and thus helps to kickstart a 

potent immune response. One major challenge in the clinic for vaccines requiring an adjuvant, 

though, is that there are only a few clinically-approved adjuvants [4]. Alum (an aluminum 

hydroxide wet gel suspension) is one of these adjuvants, but its mechanism of action is not fully 
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understood. As a result, there is a large amount of ongoing work to develop novel potent 

adjuvants [4]. 

 Traditionally, vaccines are thought of as tools for the prevention of infection or disease. 

Prophylactic vaccines are administered prior to exposure to the pathogen in question, and the 

goal is to prevent future infection or disease. Prophylactic vaccines are particularly prevalent 

against various infectious diseases. Vaccines can also be used when an infection or disease is 

already ongoing. Therapeutic vaccines are administered during an active infection or disease, and 

the goal is to bolster the immune response in order to clear the injection or cure the disease. 

Therapeutic vaccines have been investigated as potential treatments for chronic viral infection, as 

well as cancer. 

 Despite having slightly different goals, both vaccine approaches have a similar desired 

immune response: an antibody-generating humoral response (generally considered to be the most 

important response), as well as a T cell response (the importance of which is less well 

understood in vaccines, though) [1]. As a result, similar approaches can be taken to develop both 

prophylactic and therapeutic vaccines, with modifications to both based on the therapeutic 

context. Along these lines, here we seek to develop two vaccines for two different contexts while 

using the same platform: a therapeutic cancer vaccine and a prophylactic antiviral vaccine. In the 

following sections, we will describe the relationship between the immune system and cancer or 

viruses, which is helpful for learning how to harness this relationship for vaccine development, 

as well as understanding the results presented here.  
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1.2 Cancer and the Immune System 

1.2.1 Overview 

 It is estimated that more than 1.9 million new cases of cancer will be diagnosed and over 

600,000 people will die from cancer in the United States in 2021 [5]. Unfortunately, though, 

there are limited effective treatments for cancer. In response, cancer immunotherapy has 

emerged as a prevalent therapeutic strategy for cancer treatment, and it has shown promising 

clinical results [6–9]. The goal of cancer immunotherapy is to create an immune response against 

a tumor, but this is not an easy task. There are multiple steps required to mount an anti-cancer 

immune response. First, dendritic cells (DCs) must sample tumor-associated antigens (TAAs) 

from the tumor microenvironment. At the same time, upon TAA encounter, a DC must also 

receive an activation signal, which allows it to promote immunity rather than tolerance. Next, 

TAA-loaded DCs must present these antigens to T cells in lymphoid organs in order to generate 

a protective T cell response. Lastly, the cancer-specific T cells have to enter the tumor 

microenvironment to perform their function. However, the battle is not over here. Tumors are 

able to escape immune attack using various mechanisms of immunosuppression, so these 

immunosuppressive mechanisms must also be overcome. Thus, successful cancer 

immunotherapy is not easily achieved, as evidenced by the fact that cancer immunotherapy has 

only worked in a subset of patients [10–13]. Novel immunotherapeutic strategies are needed for 

the treatment of cancer. 
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1.2.2 Tumor microenvironment 

 Cancer cells are not the only component of the tumor microenvironment. The 

components can be classified into three main groups: cells of hematopoietic origin, cells of 

mesenchymal origin, and non-cellular components [14]. 

 Cells of hematopoietic origin include cells of the lymphoid lineage, cells of the myeloid 

lineage, DCs, and platelets. Cells of the lymphoid lineage include T cells, B cells, and natural 

killer (NK) cells. Cells of the myeloid lineage include macrophages (such as tumor associated 

macrophages (TAMs)), neutrophils, and myeloid-derived suppressor cells (MDSCs). Depending 

on the specific subtypes of each of these cells, they can either promote tumor survival or tumor 

elimination [15–17]. Interactions among the different cell types can also either promote tumor 

survival or elimination [14,18].  

 Cells of mesenchymal origin include fibroblasts, myofibroblasts, mesenchymal stem cells 

(MSCs), adipocytes, and endothelial cells. Myofibroblasts and MSCs have been shown to 

support cancer stem cells (CSCs) by creating a favorable niche and facilitating tumor progression 

[19]. Adipocytes secrete factors that aid in tumor progression [20]. Endothelial cells and 

pericytes constitute the walls of blood vessels and thus play a role in angiogenesis, vascular 

functionality, and regulation of cancer cell dissemination [14,21]. 

 The main non-cellular component in the tumor microenvironment is the extracellular 

matrix (ECM), which contains many distinct components that contribute to the its structure and 

function. These components include proteins, glycoproteins, and proteoglycans [22]. The ECM 

can be subdivided into the basement membrane and the interstitial matrix. The basement 

membrane is rich in type IV collagen, laminin, and fibronectin [22]. The interstitial matrix 
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consists of fibrillar collagens, proteoglycans, and glycoproteins that contribute to the tensile 

strength of the tissue [22]. The ECM can help maintain tissue architecture and prevent cancer 

cell invasion. However, an abnormal ECM has been shown to promote tumor progression and 

angiogenesis [14,22]. 

1.2.3 Immune response to cancer 

 The immune system can exhibit antitumor effects. These antitumor effects rely on many 

different innate and adaptive immune effector mechanisms. When normal cells transform into 

cancer cells, they undergo epigenetic and genetic modifications. This is often accompanied by 

the emission of “danger signals” and the expression of ectopic or mutated proteins. This allows 

the innate and adaptive immune systems to detect cancer cells [23]. NK cells can detect 

transformed cancer cells when they encounter specific ligands on tumor cells [24]. This can 

directly lead to the destruction of some cancer cells and to the uptake and processing of the 

cancer cell fragments by macrophages and DCs. These macrophages and DCs can then secrete 

inflammatory cytokines and present TAAs to T and B cells. Activation of the T and B cells leads 

to the production of additional cytokines that can further promote activation of innate immunity 

and support the expansion and production of tumor-specific T cells and antibodies.  

 More specifically, tumor-infiltrating lymphocytes (TILs) have been shown to be capable 

of killing tumors. When TILs are removed from a tumor, expanded ex vivo, and then transferred 

back into a lymphodepleted host, complete eradication of tumors has been observed in the case 

of human metastatic melanoma [25]. Additionally, in general, T cells infiltrating a tumor have 

been associated with an improved prognosis in cancer [26,27]. For instance, a major subset of 

colorectal cancer patients has been found to have a spontaneous infiltration of activated CD8+ T 

cells in the tumor, and this has been shown to be a superior prognostic factor to conventional 
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clinical staging [28]. Furthermore, CD4+ type 1 helper T (Th1) cells have been found to be a 

positive prognostic factor in melanoma patients [29]. 

 Professional antigen-presenting cells (APCs), such as DCs, present exogenous antigens to 

T cells in the context of major histocompatibility complex (MHC) class II molecules or in the 

context of MHC class I molecules, a process known as cross-presentation [16]. Thus, APCs can 

lead to both CD8+ and CD4+ T cells that can contribute to antitumor effects. CD8+ T cells have 

been established as having a cytotoxic function in antitumor immunity [30]. CD4+ T cells can 

activate and regulate different aspects of the innate and adaptive immune response to cancer. 

They are most traditionally thought of as providing regulatory signals required for the priming of 

CD8+ CTLs, which then can mediate tumor killing. However, they also play other roles in the 

host response to a tumor. They can activate innate immune cells, such as eosinophils and 

macrophages, which help to destroy the tumor. They can also engage and ‘license’ APCs, which 

then recruit additional T cells and can further activate the innate immune system against the 

tumor [31,32]. 

 This antitumor immunity naturally exists in the body, but it is in the context of 

immunosuppression. As a result, this natural antitumor immune response is often not enough to 

completely eradicate cancer, and therapeutic strategies must be employed. The therapeutic 

strategies of adoptive T cell transfer and vaccination seek to enhance this existing antitumor 

immunity. 

1.2.4 Immunosuppression and immunotherapy in cancer 

 Tumors are able to evade the immune system using a variety of mechanisms. This 

immunosuppression can be achieved by cells infiltrating tumors. Regulatory T (Treg) cells, 
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natural killer T (NKT) cells, NK cells, gd T cells, interleukin (IL)-10 producing B cells, and B 

regulatory cells are all suppressive lymphocytes that have been reported in cancer [13,33–35]. 

Myeloid lineage cells can also promote immune suppression, including MDSCs and TAMs 

[36,37]. Additionally, tumor stroma cells can promote the recruitment and function of 

immunosuppressive cells [13]. Immunosuppression can also be achieved by paracrine mediators 

[38]. They can suppress DCs, which indirectly inhibits T cell penetration into the tumor. They 

can also directly suppress effector T cell activation and enhance the function of Treg cells [13]. 

Furthermore, immunosuppression can be achieved by changes in expression of different proteins. 

Tumor cells can downregulate MHC class I to avoid detection by APCs or disable other 

components of the antigen processing machinery in order to escape T cell recognition [39]. They 

can also upregulate inhibitory surface receptors and ligands to evade the immune system [13,40].  

 In particular, these inhibitory surface receptors and ligands have been studied extensively 

and have become of interest in immunotherapy. Normally, these immune checkpoint pathways 

maintain self-tolerance and limit collateral tissue damage during anti-microbial immune 

responses. However, cancer can co-opt these pathways. The first checkpoint receptors to be 

discovered were cytotoxic T-lymphocyte antigen 4 (CTLA4) and programmed cell death protein 

1 (PD-1), and they have been extensively studied in the context of cancer. CTLA4 is a 

transmembrane protein expressed on regulatory T cells and activated CD8+ T cells [41]. It 

induces immunosuppressive signals by binding CD80 or CD86 on APCs. It inhibits co-

stimulation of T cells by CD28, as CD28 also binds CD80 and CD86 [40,42]. PD-1 is expressed 

on activated T cells, and its ligand, programmed death-ligand 1 (PD-L1), is expressed on some 

tumor cells [43–45]. The interaction of PD-1 with PD-L1 results in decreased cytokine 
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production, inhibition of proliferation, and apoptosis of T cells, thus allowing tumors to evade 

the immune response.  

 Clinical approaches to overcoming the immunosuppressive environment of the tumor 

have largely focused on blockade of these immune checkpoint pathways. For instance, CTLA4 

blocking antibodies have been developed that inhibit the inactivation of T cells. In particular, 

ipilimumab is an anti-CTLA4 antibody that has been approved by the US Food and Drug 

Administration (FDA). In the clinic, ipilimumab treatment has led to improved survival of 

melanoma patients [9]. Additionally, anti-PD-1 and anti-PD-L1 antibodies have been developed. 

These antibodies have inhibited tumor growth in mouse models and in clinical trials with 

nivolumab (anti-PD-1) and atezolizumab (anti-PD-L1), which are now approved by the US FDA 

[6–8]. Nonetheless, despite promising results of using checkpoint blockade monotherapies, most 

tumor regressions are not complete, and the majority of patients do not achieve objective 

responses [7,40,46]. Based on these results, another clinical strategy has been to combine anti-

PD-L1 and anti-CTLA4 antibody treatment, since their pathways are non-redundant, and this has 

been shown to strengthen the anti-tumor effects of these antibodies [47]. In hopes of achieving 

synergistic effects, it is also possible to combine checkpoint blockade therapy with other cancer 

therapies, such as chemotherapy, tyrosine kinase inhibitors, focal irradiation, cancer vaccines, 

adoptive T cell transfer, or immune agonist monoclonal antibodies [40]. 

1.2.5 Approach for reduced toxicity of immunotherapeutics 

 In addition to the fact that checkpoint blockade therapy only induces lasting responses in 

a subset of patients, another major downfall of many cancer immunotherapies is their toxicity. 

The long-lasting antitumor immune responses that can be induced by these therapies is 

oftentimes is accompanied by the incidence of immune-related adverse events (irAEs). These 
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irAEs can be severe enough to cause patients to be taken off of the immunotherapy in question 

[48,49].  

 As a result, a future direction in the development of immunotherapies is to create 

therapies that are not only more effective but also less toxic for the patients. One approach to this 

is creating targeted immunotherapies, where immunotherapies are somehow preferentially 

localized to and retained within the tumor. There are numerous potential targets within the 

tumor, but only one will be discussed in detail due to the relevance to the studies presented here. 

 As mentioned above, the ECM is composed of many different proteins, glycoproteins, 

proteoglycans, and polysaccharides that all work together to maintain tissue homeostasis. 

However, this network can become deregulated in disease states, such as cancer. In the case of 

cancer, ECM remodeling occurs, where there is abnormal ECM buildup and deregulated 

expression of ECM remodeling enzymes, such as matrix metalloproteinases. This ECM 

remodeling affects epithelial, endothelial, and immune cells in the tumor microenvironment, as 

well as other stromal cells [22]. As such, this remodeling creates a unique ECM within the 

tumor, which makes the tumor ECM amenable to targeting of cancer therapeutics. Several 

specific ECM components that are deregulated in cancer and have been used as targets for 

various cancer therapies are described below. 

 Fibronectin has been of interest as a target for cancer therapies because two alternatively 

spliced domains, extra-domain A (EDA) and extra-domain B (EDB), have been shown to be 

over-expressed in some cancers. In particular, EDA is over-expressed in the neo-vasculature or 

stroma structures of some aggressive solid tumors, and EDB is a marker of angiogenesis that is 

strongly expressed in most aggressive solid cancer types [50,51]. Targeting strategies for both 

EDA and EDB have been developed in the form of antibody fragments [50,52], and both of these 
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targeting strategies have been used to deliver various small molecules and proteins, such as 

cytokines and chemokines, to the tumor [53,54]. The anti-EDB antibody L19 has shown 

particularly promising results when fused to the cytokines IL-2 and TNF, as both of these 

antibody-cytokine fusions are being tested in the clinic [54]. Meanwhile, fusion of the anti-EDA 

antibody F8 with those same cytokines, in addition to others, have shown promising anticancer 

effects in preclinical studies [55,56]. These studies indicate that targeting fibronectin is an 

effective way to deliver cancer therapeutics to the tumor in vivo. 

 Tenascin-C is highly expressed in the ECM of many solid tumors, lymphomas, and in the 

bone marrow of acute leukemias but is almost undetectable in normal tissue [57,58], making it a 

potentially promising candidate for delivering cancer vaccines to the tumor. Brack et al. isolated 

novel antibodies against tenascin-C and illustrated tumor-targeting with these antibodies [59]. 

One antibody in particular, F16, has been used further to target different cancer therapeutics to 

the tumor, such as IL-2 [60] and the anthracycline PNU159682 [58]. F16-IL2 (Teleukin) has 

gone on to be tested in clinical trials for several different solid tumors [54]. Other approaches for 

targeting tenascin-C include functionalizing liposomes or nanoparticles with tenascin-C binding 

peptides[61–63] or using sulfatide, a glyosphingolipid that binds tenascin-C [64,65]. 

 Laminins are part of the basement membrane of the ECM, and one particular isoform, 

laminin-332 (previously known as laminin 5), is known to promote tumorigenesis. As such, it is 

expressed in several squamous and epithelial tumors [66], making it a potentially interesting 

candidate for targeting cancer therapeutics. However, laminin-332 is also important for 

epithelial-mesenchymal cohesion in normal tissues, which makes targeting laminin-332 

specifically in cancer more challenging. One strategy to overcome this challenge is to target a 

portion of laminin, G45, that is specific to cancer, as it is proteolytically cleaved in healthy 
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tissues [67]. A polyclonal antibody specific to G45 in laminin-332 [68] has been shown to 

decrease human squamous cell carcinoma tumorigenesis in vivo without any additional therapy 

[67]. As a result, it is possible that using this strategy to target a cancer vaccine to G45 in 

laminin-332 could result in further improved anticancer efficacy. 

 Collagen is another potential ECM component that can be targeted, as it is present at 

higher levels in many types of tumors compared to normal tissue [69,70]. As such, collagen can 

be used to target cancer therapies delivered locally to the tumor. For example, Momin et al. 

intratumorally administered a collagen binding protein, lumican, fused to the cytokines IL-2 and 

IL-12. They observed prolonged local retention and reduced systemic exposure with their 

targeted therapies. Additionally, they observed improved antitumor efficacy when they combined 

local administration of their lumican cytokine-fusions with systemic immunotherapies [71]. 

 Although collagen is expressed in almost all tissues, it is not exposed to the blood stream 

in healthy tissues. However, due to the highly permeable nature of blood vessels in tumors, 

collagen in the tumor can be accessible to molecules in the blood stream, making collagen a 

promising target for cancer therapies that are administered systemically, as well [72]. For 

instance, Liang et al. showed that a collagen binding peptide fused to an anti-EGFR Fab 

delivered intraperitoneally exhibited localization to A431 xenografts and enhanced retention time 

compared to un-targeted anti-EGFR Fab [73]. Furthermore, Ishihara et al. showed tumor 

targeting and suppression of tumor growth in multiple cancer models when they used a collagen 

binding protein from von Willibrand factor to target checkpoint blockade antibodies and IL-2 to 

the tumor [74]. 

 Hyaluronan, a glycosaminoglycan (GAG), is a major component of the ECM in most 

tissues, but the levels of hyaluronan in malignant tumors are usually higher than in normal 
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tissues [75]. Hyaluronan has been shown to be involved in cancer progression, and it is 

associated with both solid tumors and cancers of circulating cells [75,76]. Because of this 

overexpression, Ikemoto et al. investigate the use of a hyaluronan-binding peptide, IP3, to target 

peritoneal tumors. They observed targeting of silver nanoparticles functionalized with the IP3 

peptide to peritoneal tumors, illustrating that this strategy could be used to deliver other cancer 

therapeutics to tumors [77]. This approach could potentially be expanded to use other hyaluronan 

binding molecules, as well. 

 Another GAG component of the ECM that could be targeted for delivery of cancer 

vaccines is chondroitin sulfate. Chondroitin sulfate is expressed at higher levels in many types of 

cancers compared to healthy tissues, and the sulfation pattern of chondroitin sulfate different 

between cancerous and healthy tissues [78]. These differences in cancerous versus healthy 

tissues make chondroitin sulfate amenable to targeting. One method to target chondroitin sulfate 

is to use a protein, VAR2CSA, or a peptide derived from this protein, expressed by the malarial 

parasite Plasmodium falciparum that binds to one specific form of chondroitin sulfate, 

chondroitin sulfate A (CSA), which is normally expressed in the placenta but has also been 

shown to be expressed on malignant cells [79,80]. A recombinant version of VAR2CSA has 

been shown to localize to tumors and inhibit cancer growth when fused to diphtheria toxin or 

conjugated to hemiasterlin compounds [79]. Additionally, the CSA-binding peptide has been 

used to target nanoparticles loaded with doxorubicin to human choriocarcinoma in mice, and 

improved antitumor efficacy was observed compared to an untargeted control nanoparticles [80]. 

Other approaches to target chondroitin sulfate include using antibody fragments [81] and 

liposomes containing a cationic lipid TRX-20 [82]. 
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 Other proteoglycans and GAGs in the tumor microenvironment, such as aggrecan and 

heparan sulfate, are also potential targets for site-specific targeting of cancer vaccines [83]. 

Similar methods to those described above could be used to target these ECM components. 

Another approach for targeting the ECM of cancer is to target multiple ECM components at 

the same time rather than just a single component at a time. One strategy using this approach 

involves the heparin binding domain (HBD) of placenta growth factor-2 (PlGF-2123-144), which 

has been shown to have a high affinity for multiple ECM proteins [84]. In one study, PlGF-2123-

144 was used to retain checkpoint blockade antibodies within the tumor environment, resulting in 

improved antitumor efficacy and decreased side effects [85]. However, this approach is limited 

to local delivery (intra/peritumoral injection) of the cancer therapeutic. Another strategy using 

this approach involves the use of a bispecific peptide (PL1) that binds both fibronectin EDB and 

tenascin-C. Lingasamy et al. used this peptide to target iron oxide nanoworms loaded with 

proapoptotic peptides and saw decreased tumor growth of glioblastoma and prostate carcinoma 

xenografts [86]. Other methods involving targeting of multiple ECM components could offer 

therapeutic benefit, as well, potentially offering enhanced targeting compared to methods 

involving targeting a single ECM component. 

1.3 Viruses and the Immune System 

1.3.1 Overview 

 Viruses are pathogens that infect host cells and rely on this infection in order to 

reproduce. There are a wide variety of viruses that can infect humans and their effects vary 

extensively. In the case of most viral infections, the immune system is able to clear the virus. 

However, in some cases, viral infections become chronic.  
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1.3.2 Anti-inflammatory immune response 

One of our first lines of defense against viral infection is the innate immune system, 

which has pattern recognition receptors (PRRs) capable of recognizing certain pathogen-

associated molecular patterns (PAMPs) found on viruses [87]. One such class of PRRs that 

recognize viral components are the endosomal Toll-like receptors (TLRs), which recognize viral 

DNA and RNA. Activation of these or other PRRs results in the production of pro-inflammatory 

cytokines and chemokines. In particular, type I interferons (IFN) can help prevent viral 

replication and activate natural killer (NK) cells, which can then kill infected cells [88]. 

The innate immune response can also help to start the adaptive immune response, as 

innate responses such as activating the TLRs can result in the activation of APCs and the 

migration of APCs and lymphocytes to infection-draining lymph nodes or the spleen [88]. 

Subsequently, B cells become activated and can produce antibodies for the purpose of 

neutralizing the ability of viruses to infect host cells [88]. Additionally, CD8+ T cells can become 

activated upon encountering their antigen presented on DCs, at which point they act to kill 

infected host cells [88]. CD4+ T cells can also play a role in the antiviral response by acting as 

effector cells, acting as helper cells in the antibody and CD8+ T cell responses, and releasing 

cytokines [88]. After this adaptive response peaks, a contraction phase follows, with the 

remaining B cells and effector T cells becoming memory cells that can help to provide protection 

upon reinfection [88]. However, it should be noted that this immune response can act as a 

double-edged sword. While this inflammatory immune response can help to clear viral infection, 

it can also cause host tissue damage and potentially trigger autoimmunity [89]. This is a 

particular concern with chronic viral infection. 
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1.3.3 Viral immune evasion 

 Viruses, similarly to cancer cells, have evolved ways to evade the immune system. These 

mechanisms allow for viruses that cause chronic infections, such as cytomegalovirus (CMV) and 

Epstein-Barr virus (EBV), to persist long-term in the host. There are multiple mechanisms by 

which this immune evasion can occur. For example, viruses can cause DCs to produce high 

levels of anti-inflammatory cytokines, such as IL-10, in order to dampen the antiviral response 

[90]. Other evasive mechanisms include infecting APCs, preventing apoptosis induced by 

cytotoxic CD8+ T cells, inhibiting antigen processing, downregulating MHC molecules on 

infected cells in order to escape recognition, and rapid evolution of viral antigens [89]. 

1.3.4 Challenges to therapeutic approaches 

There are two approaches for combating viral infection: vaccines that prevent infection 

and therapeutics that can treat ongoing injections. Vaccines against viruses have been quite 

effective in slowing the spread of a number of viral diseases. In September 2019, there were a 

total of 87 clinically approved vaccines against 14 human viruses [91–93]. In the past, 

vaccination has even lead to the eradication of smallpox, which is causes by variola virus 

(VARV), highlighting the promise that vaccines hold [94]. Nevertheless, there are still diseases 

for which vaccines have proven to be elusive, such as with HIV [95]. One of the reasons behind 

this will be discussed below. 

On the other hand, only 10 antiviral drugs that have been clinically approved [91–93]. 

These drugs are primarily antiretroviral medications or monocolonal antibodies. The treatments 

that are available are effective, but there is a need for more of these medications, related to the 

challenges discussed below.  
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 One of these challenges is the fact that, despite the existence of these successful antiviral 

vaccines and treatments, there are still viruses that remain difficult to treat. The fact that a virus 

can evade the natural antiviral immune response means that therapeutic and vaccination 

strategies are also susceptible to this evasion. In particular, rapid evolution of viral antigens, such 

as that seen with HIV and even SARS-CoV-2, makes it challenging to develop therapeutics that 

will still remain effective as the virus mutates [95,96].  

 Additionally, as recently brought to light with the COVID-19 pandemic, emerging 

infectious diseases pose a big public health threat and require the swift development of both 

antiviral medications and vaccines to help reduce spread of the virus. In the case of the COVID-

19 pandemic, vaccine development and distribution was very fast compared to the normal 

amount of time to get a vaccine into the clinic [91]. Nevertheless, there still was a wait for this 

vaccine, as well as for SARS-CoV-2 specific antiviral therapies. In the future, having access to a 

wider range of readily available antiviral medications would allow more patients to be treated at 

the outset of such an outbreak, at which time a virus may spread very rapidly within a population 

without any pre-existing immunity. As a result, there is a continual need for the development of 

novel antiviral therapeutic and vaccination strategies. 

1.4 Polymeric Glyco-Adjuvant Vaccine Platform 

1.4.1 Platform development and in vivo efficacy 

 Based on the ongoing need for new vaccine development and particularly new adjuvant 

development, we recently developed a polymeric glyco-adjuvant vaccine platform that  
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Figure 1.1:   Polymeric glyco-adjuvant structure. 

(A) The polymeric glycol-adjuvant p(Man-TLR7) is a random copolymer composed of 
monomers with pendant mannose and TLR7 agonist moieties. (B) The p(Man-TLR7) polymer is 
conjugated to amine-containing proteins via a two-step conjugation reaction. First, 
heterobifunctional PEG2000-based linker is attached to the antigen, forming an antigen-linker 
conjugate. Then, p(Man-TLR7) is reacted with the antigen-linker conjugate via copper-free 
click-chemistry to form the final antigen-p(Man-TLR7) conjugate. 

incorporates multiple copies of a novel toll-like receptor 7 (TLR7) agonist, as well as multiple 

copies of mannose, on a backbone of poly(hydroxypropylmethacrylamide) (HPMA) (Fig. 1.1A) 

[97]. This polymer, hereby referred to as p(Man-TLR7), is synthesized by copolymerizing the 

TLR7 agonist monomer with HPMA and mannose via reversible addition-fragmentation chain-
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transfer (RAFT) polymerization, which allows for very precise polymerization with narrow 

molecular weight distributions. This results in a terpolymer of the three components mentioned 

above (TLR7 agonist, mannose, and HPMA). HPMA is used here because it has been used in 

many drug nanomaterial drug delivery applications [98]. The other two components are 

described in further detail below. 

 TLR7 is a member of the TLR family of pattern-recognition receptors in the innate 

immune system. It is localized to the endosome within the cell and recognizes single stranded 

RNA. In mice, TLR7 is expressed in DCs (both conventional and plasmacytoid DCs; cDCs and 

pDCs, respectively), monocytes, macrophages, NK cells, neutrophils, B cells, and some T cell 

subsets. In humans, TLR7 expression is a little more restricted, as it is expressed mostly in pDCs 

as opposed to both DC subsets, and the expression level is reduced in monocytes and 

neutrophils, as compared to mice [99–102]. Ligand binding results in the activation of nuclear 

factor (NF)-kB, mitogen-activated protein kinase, and other signaling pathways. This then leads 

to the secretion of cytokines such as interferon (IFN)-a and tumor necrosis factor (TNF)-a [103–

106]. This results in the overall activation and maturation of APCs, such as DCs. Mature DCs 

can then fully activate CD8+ effector T cells and drive a more potent immune response [106–

108].  

 The downstream signaling that occurs upon TLR7 activation results in an immune 

response that is favorable in multiple clinical contexts. As a result, synthetic nucleoside 

analogues that activate TLR7 and or Toll-like receptor 8 (TLR8; a receptor closely related to 

TLR7), especially those from the imidazoquinoline family, have been developed and extensively 

studied for use in the clinic, particularly for use as topical therapies for skin conditions, cancer 

treatments, and antiviral medications for infectious disease. Imiquimod, a TLR7 agonist, is the 
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only TLR7 and/or TLR8 agonist that is currently approved by the US FDA. It is approved for the 

treatment of external genital and perianal warts, actinic keratosis, and basal cell carcinoma 

[99,109]. Nevertheless, there are numerous other TLR7/8 agonists currently in preclinical 

development or clinical trials. For instance, resiquimod (R848) has been shown to reduce tumor 

growth in the B16F10 murine melanoma model when bound to the surface of tumor cells in 

preclinical studies [110] and has shown promising results in treating cutaneous T cell lymphoma 

in a phase I clinical trial [99]. Thus, TLR7 was chosen for incorporation into our polymeric 

glyco-adjuvant vaccine platform due to these promising therapeutic results in multiple clinical 

indications. One important thing to note is that TLR7/8 agonists often have high associated 

toxicities, which have caused the cessation of multiple clinical trials for different indications 

[99].  

 TLR7 is an endosomal receptor, but a polymer, unlike a small molecule drug, cannot 

passively reach the endosome. As a result, we incorporated mannose in the polymer, as well. 

Mannose can bind the mannose receptor or other C-type lectin receptors, which are expressed by 

macrophages, DCs, and some nonvascular endothelial cells [111,112]. These receptors are highly 

endocytic, meaning that targeting these receptors can allow access to the endosome. 

Additionally, based on the expression patterns of these receptors, mannose can also be used to 

target DCs. This targeting has been shown to increase antigen internalization and trafficking into 

intracellular pathways that promote cross-presentation, as well as presentation to CD4+ T cells, 

which are both necessary for driving cellular and humoral immune responses [113–118]. All of 

these characteristics of the receptors for mannose make it a valuable addition to our vaccine 

polymer.   
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Figure 1.2:   Schematic for polymeric glyco-adjuvant. 

The polymeric glyco-adjuvant serves as the adjuvant portion of a vaccine. An antigen is 

needed, though, in order to drive an antigen-specific immune response. As a result, p(Man- 

TLR7) was designed such that it can be chemically conjugated to any primary-amine containing 

moiety, such as a protein or a peptide (Fig. 1.1B) [97]. Importantly, this conjugation involves the 

use of a self-immolative linker that can be reduced within the endosome and release unmodified 

antigen, meaning there is no risk for creating a new immunogenic epitope on an antigen due to 

conjugation to p(Man-TLR7) [97]. This assures that any immune response that is induced will be 

against the desired antigen. 

 All of these components led to the development of an effective vaccine capable of 

eliciting potent immune responses. We observed robust antigen-specific CD8+ T cell responses 

when mice were vaccinated with ovalbumin conjugated to p(Man-TLR7) as a model vaccine or 

with circumsporozoite protein (CSP) conjugated to p(Man-TLR7) as a malaria vaccine [97]. In 

the case of malaria vaccination, the immune responses observed upon vaccination of mice with 

CSP-p(Man-TLR7) were demonstrated to be protective, as well [97]. Figure 1.2 shows a 

schematic for the mechanism of our vaccine platform. 
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1.4.2 Present work: use of p(Man-TLR7) as a therapeutic cancer vaccine and a prophylactic 

COVID-19 vaccine 

 Based on the promising results observed with p(Man-TLR7) vaccination described above 

and the need for vaccine development, we wanted to expand the use of our vaccine to new 

therapeutic contexts in the work described here. The antigen-specific CD8+ T cell responses 

observed upon vaccination with p(Man-TLR7) make this an attractive approach for generating a 

cancer vaccine, as well as an antiviral vaccine. As a result, in the following chapters we report on 

the creation of an extracellular-matrix (ECM) targeted cancer vaccine (Chapter 2) and a COVID-

19 vaccine (Chapter 3).  
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CHAPTER 2 

TARGETING A POLYMERIC GLYCO-ADJUVANT TO THE TUMOR 

EXTRACELLULAR MATRIX FOR THE INDUCTION OF ANTI-TUMOR IMMUNITY 

2.1 Abstract 

 Immunotherapy for cancer treatment has had a tremendous impact in the clinic, but it 

only works in a subset of patients. Immunotherapy relies on endogenous anti-tumor immune 

responses, so one potential way to expand the efficacy is to enhance those endogenous anti-

tumor immune responses. Therapeutic cancer vaccination is one way that has been used to try to 

do this, but cancer vaccination is challenging due to a lack of strong, clinically approved 

adjuvants and difficulty in identifying cancer-specific antigens. Here, in order to address these 

challenges, we report the creation of a cancer vaccine consisting of a tumor-targeted polymeric 

glyco-adjuvant. This polymeric glyco-adjuvant vaccine contains two components: (1) a 

mannosylated, toll-like receptor 7 (TLR7)-agonizing polymer, p(Man-TLR7), and (2) a protein 

targeted to the tumor extracellular matrix. This targeting protein is one of two different proteins: 

(1) an antigen-binding fragment (Fab) of an antibody specific to the extra domain A (EDA) of 

fibronectin or (2) the collagen binding domain of von Willebrand factor fused to serum albumin 

(CBD-SA). By chemically conjugating p(Man-TLR7) to a matrix-targeted protein, our 

engineered vaccine aims to retain this strong adjuvant within the tumor microenvironment, 

promoting the immunogenic processing of endogenous tumor antigens. Upon treatment of both 

EMT6 and B16F10 tumor-bearing mice with intratumorally delivered targeted-p(Man-TLR7), 

we observed a slowing of tumor growth and improved survival when our vaccine is combined 

with checkpoint blockade therapy. In EMT6, vaccination also results in antitumor immunologic 

memory, as complete responders reject a tumor rechallenge. Upon further analysis of B16F10 
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tumors, we observe an increase in the proportion of CD8+ effector T cells in the tumor, an 

increase in the proportion of activated CD103+ DCs in the tumor, and the induction of antigen-

specific cellular responses in both the tumor and tumor-draining lymph nodes when mice are 

vaccinated with CBD-SA-p(Man-TLR7) in combination with checkpoint blockade therapy. At 

the same time, we do not see increased levels of the toxicity markers ALT, BUN, and T. Bili in 

either tumor model. Furthermore, we see promising results upon intravenous administration of 

our vaccines in the B16F10 tumor model, although further optimization of our vaccine is 

required for this administration route. In conclusion, vaccination with our tumor matrix-targeted 

polymeric glyco-adjuvant synergizes with checkpoint antibody therapy to provide therapeutic 

benefit in treatment of two different cold murine tumor models. 

2.2 Introduction 

Generating a robust adaptive immune response against cancer-specific antigens plays a 

major role in tumor eradication. The advent of checkpoint blockade antibodies, which help T 

cells overcome the immunosuppressive tumor environment by reinvigorating the T cells’ 

efficacy, has been a breakthrough cancer treatment for extending survival time for patients with 

metastatic melanoma. Despite its success, immunotherapy provides durable clinical results in 

only a minority of patients, for only a subset of cancers [119]. It is well established that the 

extent of T cell infiltration into the tumor is highly predictive of patient responses to 

immunotherapy [120]. However, many patients have dominantly immunosuppressive tumors or 

lack any pre-existing anti-tumor immunity that could be reinvigorated [121]. For these 

populations, few effective therapies exist for initiating T cell responses, expanding tumor-

reactive cells, or making the tumor microenvironment more inflammatory.  
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Cancer vaccines are one form of immunotherapy by which tumor proteins, or antigens, are 

used to activate cellular and humoral immune responses against cancer. Typically, these vaccines 

are comprised of specific antigens along with immunostimulatory adjuvants. The adjuvant 

activates antigen presenting cells (APCs), licensing them to activate cancer-recognizing T cells.  

To overcome the multiple immune evasion mechanisms cancer cells use to avoid attack, 

cancer vaccines must activate a large enough immune response to multiple tumor antigens. In 

particular, the initiation of CD8+ T cell responses are critically important to tumor control and 

rejection [122,123] with the magnitude of functional CD8+ T cell responses being a highly 

predictive indicator of the overall therapeutic efficacy [124]. However, lack of strong, clinically 

approved adjuvants, combined with the difficulty of identifying cancer-specific antigens, poses a 

major barrier to successful cancer vaccination. Despite the success of various therapeutic cancer 

vaccine approaches in preclinical murine cancer models, few have accomplished the necessary 

breadth and magnitude of cellular and humoral responses required for tumor control [125]. In 

translation to the clinical treatment of cancer, many vaccines ultimately fail to activate the 

sufficient magnitude and functionality of cytotoxic CD8+ T cell responses required for 

therapeutic efficacy [126–128]. There remains a critical need for additional methods to induce 

the cellular immune responses against cancer cells required for tumor control.  

In previous work, we have shown that vaccination with a polymeric glyco-adjuvant, 

termed p(Man-TLR7), is capable of priming strong CD8+ T cell responses in traditional model 

antigen, or malaria vaccination models [97]. The design of this mannosylated, toll-like receptor 7 

(TLR7)-agonizing polymer endows the adjuvant with its unique CD8+ T cell priming ability. The 

mannose and TLR7 agonist composition work synergistically to promote APC targeting, uptake, 

and cross-presentation of co-delivered antigen. The mannose component enhances uptake by  
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Figure 2.1:   Schematic for polymeric glyco-adjuvant for use as a cancer vaccine. 

various mannose-recognizing C-type lectin receptors, such as the mannose receptor [129], which 

have been shown to route antigen for cross-presentation to CD8+ T cells [116]. C-type lectin 

receptor endocytosis then shuttles the adjuvant polymer to the endosome where it can activate 

the recipient cell via binding to TLR7. TLR7 signaling is important for the production and 

release of cytokines and other soluble immune activating molecules that promote cross-

presentation to, and priming of CD8+ T cell responses[130]. Studies done with 

imidizaoquinoline-based TLR7 agonists, similar to that used in p(Man-TLR7), show TLR7 

activation stimulates interferon production in plasmacytoid DC subsets, and IL-12 production 

from the CD11b+ DC subset, both of which have been shown to promote antigen cross 

presentation in other DC subsets such as CD8a+ DCs, Langerhans cells, and dermal DCs [131]. 

Together, p(Man-TLR7) provides the appropriate APC activation and cytokine environment for 

adaptation to use in a cancer vaccine, for which the generation of cellular responses is vital. 

Therefore, here we report the creation of a therapeutic cancer vaccine using the p(Man-

TLR7) polymeric glyco-adjuvant. Our vaccine material is composed of p(Man-TLR7) 
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conjugated to one of two matrix-targeting proteins: (1) an antigen-binding fragment (Fab) of an 

antibody specific to the extra domain A (EDA) of fibronectin or (2) the collagen binding A3 

domain of von Willebrand factor fused to serum albumin (CBD-SA) (Fig. 2.1). EDA is an 

alternatively spliced domain of fibronectin that has been shown to be over-expressed in the neo-

vasculature or stroma of many aggressive solid tumors but is absent in most normal tissues, 

making this a promising candidate for targeting our vaccine [51,132,133]. We decided to use 

previously isolated anti-EDA antibody fragments that have been shown to selectively bind neo-

vascular structures in a variety of tumor types and to preferentially localize to tumor tissue after 

intravenous injection [50]. CBD-SA combines the active tumor targeting mechanisms of CBD 

binding to collagen I and III within the tumor [74] and the passive targeting mechanisms of SA 

[134]. Thus, these proteins serve as a means to localize our adjuvant to the tumor and then slow 

adjuvant drainage through the tumor as the proteins bind their ligand in the tumor 

microenvironment.  

2.3 Results 

2.3.1 Design and characterization of ECM-binding polymeric glyco-adjuvant conjugates 

 We first produced both murine CBD-SA and a murinized version of the anti-EDA Fab 

(containing murine variable regions and human constant regions) recombinantly and then 

chemically linked p(Man-TLR7) to free amines on either protein using our previously published 

conjugation strategy and bifunctional bicyclononyne (BCN) linker (Fig. 2.2, A-D) [97]. For each 

step of conjugation, we observe consistent shifts in protein mobility via sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) that correspond with increasing overall 

molecular weight of our material following the reaction of protein to linker and protein-linker to  
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Figure 2.2:   Conjugation of CBD-SA anti-EDA Fab to p(Man-TLR7). 

(A) CBD-SA-p(Man-TLR7) is composed of murine CBD-SA (i.) conjugated, via a self-
immolative linker (ii.), to a random copolymer (p(Man-TLR7)) synthesized from monomers that 
either activate TLR7 (red ovals) or target mannose-binding C-type lectins (blue ovals; iii.). (B) 
Anti-EDA Fab-p(Man-TLR7) is composed of murinized anti-EDA Fab (i.) conjugated to p(Man-
TLR7) (ii., iii.). (C and D) SDS-PAGE analysis of CBD-SA (C) or anti-EDA Fab (D) before (i.) 
and after the two step conjugation reaction (ii., iii.). 

p(Man-TLR7) (Fig. 2.2, C and D). Production of these protein-p(Man-TLR7) conjugates is 

reproducible and allows for the consistent generation of vaccine materials with little variability.  
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Figure 2.3:   p(Man-TLR7) conjugates retain binding to their ligands. 

(A-C) Characterization of the binding between (A) CBD-SA, (B) CBD-SA-p(Man-TLR7), or 
(C) DCBD-SA and human collagen I via Surface Plasmon Resonance (SPR). (D-F) 
Characterization of the binding between (D) anti-EDA Fab, (E) anti-EDA Fab-p(Man-TLR7), or 
(F) irrelevant Fab and EDA via SPR. The graphs represent the real-time binding profile for each 
antigen and calculated KD, ka, kd and χ2. 

 Following conjugation, we assessed the ability of the conjugates to bind to their target 

proteins via surface plasmon resonance (SPR; Fig. 2.3, A-F). In the case of CBD-SA-p(Man-

TLR7), we observed a similar KD for binding to human collagen I before and after conjugation to 

p(Man-TLR7) (24.2 nM and 22.9 nM, respectively; Fig. 2.3, A and B). We also assessed the  
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Figure 2.4:   CBD-SA- and anti-EDA Fab-p(Man-TLR7) are potent activators of BMDCs. 

(A-F) Concentration of IL-6 (A and D), IL-12p70 (B and E), and TNFα (C and F) in the 
supernatant of BMDCs stimulated for 18h with either CBD-SA, CBD-SA-p(Man-TLR7), anti-
EDA Fab, or anti-EDA Fab-p(Man-TLR7) at the concentration corresponding to 12.5 µM (A and 
D) or 50 µM (B, C, E, and F) of the adjuvant, as determined by ELISA. Columns and error bars 
indicate mean±SD; statistical comparisons are based on one-way ANOVA with Tukey’s post-
test: **p<0.01,***p<0.001, ****p<0.0001. 

collagen I binding ability of a variant of CBD-SA which contains several point mutations within 

the CBD that have been reported to abrogate binding to collagen (termed DCBD-SA) [135,136]. 

DCBD-SA did not exhibit any detectable affinity for collagen I (Fig. 2.3C). In the case of anti-

EDA Fab-p(Man-TLR7), although we observe about a 100 fold decrease in KD after conjugation 
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(11.8 nM before conjugation, as opposed to 1.2 µM after conjugation), ligand-specific binding is 

still observed (Fig. 2.3, D and E). Additionally, we did not observe any detectable binding to 

EDA for an irrelevant control Fab, which binds the xenoantigen outer surface protein A from 

Borrelia burgdorferi (Fig. 2.3F) [137]. 

  Lastly, we observed that the protein-p(Man-TLR7) conjugates both retained the ability to 

activate bone marrow-derived dendritic cells (BMDCs) in vitro, as seen by the secretion of the 

immunostimulatory cytokines IL-6, IL-12p70, and TNFa by stimulated BMDCs (Fig. 2.4, A-F). 

2.3.2 CBD-SA-p(Man-TLR7), but not anti-EDA Fab-p(Man-TLR7), exhibits prolonged 

intratumoral retention 

 We next asked whether our targeted protein-p(Man-TLR7) conjugates would be retained 

for longer within the tumor after intratumoral (i.t.) administration as compared to non-targeted 

protein-p(Man-TLR7) conjugates. To do this, we injected EMT6 tumor-bearing mice with a 

fluorescently labeled targeted or untargeted p(Man-TLR7) conjugate and used in vivo fluorescent 

imaging (IVIS) to assess retention within the tumor. CBD-SA-p(Man-TLR7) was compared to 

DCBD-SA-p(Man-TLR7), and anti-EDA Fab-p(Man-TLR7) was compared to irrelevant Fab-

p(Man-TLR7), as neither DCBD-SA nor the irrelevant Fab exhibited binding to the ECM 

components of interest (Fig. 2.3, C and F). In the case of CBD-SA-p(Man-TLR7), we observed 

a significant improvement in intratumoral half-life as compared to DCBD-SA-p(Man-TLR7) 

(Fig. 2.5, A and B). However, in the case of anti-EDA Fab-p(Man-TLR7), we did not observe 

any difference in the intratumoral half-life between the anti-EDA and irrelevant Fabs conjugated 

to p(Man-TLR7) (Fig. 2.5, A and B). 
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Figure 2.5:   CBD-SA-p(Man-TLR7) but not anti-EDA Fab-p(Man-TLR7) shows enhanced 
intratumoral retention compared to untargeted conjugates. 

(A and B) EMT6 tumor-bearing mice were injected with fluorescently labeled CBD-SA-p(Man-
TLR7), DCBD-SA-p(Man-TLR7), anti-EDA Fab-p(Man-TLR7), or irrelevant Fab-p(Man-TLR7) 
14 days after tumor inoculation. Mice were then imaged via an IVIS In Vivo imaging system 
starting immediately after injection. (A) Loss of tumor fluorescence was calculated as % of 
initial total radiant efficiency. Error bars indicate mean±SEM. (B) Intratumoral half-life was 
calculated using one phase exponential decay curve fitting. Columns and error bars indicate 
mean±SEM. Statistical comparisons are based on (A) two-way ANOVA (between CBD-SA- and 
DCBD-SA-p(Man-TLR7) or (B) one-way ANOVA with Tukey’s post-test: *p<0.05, **p<0.01. 

2.3.3 Vaccination with p(Man-TLR7) conjugates slows tumor growth and results in improved 

survival in the B16F10 murine melanoma model 

 We next wanted to assess the in vivo efficacy of both of our p(Man-TLR7) conjugates, 

even though we only saw prolonged intratumoral retention with CBD-SA-p(Man-TLR7). We 

decided to first assess efficacy in the B16F10 murine melanoma model, which responds poorly 

to checkpoint blockade therapy alone [74,85,138]. Despite checkpoint blockade being ineffective 

as a monotherapy in treating B16F10 tumors, we hypothesized that our vaccines would achieve 

maximal therapeutic efficacy when combined with checkpoint blockade therapy, as this could 

help overcome T regulatory cell (Treg) or PD-L1-mediated immunosuppression  
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Figure 2.6:   Dose study for CBD-SA-p(Man-TLR7) and anti-EDA Fab-p(Man-TLR7). 

(Continued on next page) 
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Fig. 2.6 Cont: (A) Mice (n = 5-6) were inoculated with 500,000 B16F10 cells on day 0 and 
vaccinated at days 4 and 9 post-tumor inoculation with 10 or 30 µg of TLR7 as CBD-SA-p(Man-
TLR7) or anti-EDA Fab-p(Man-TLR7) in combination with anti-PD-1 + anti-CTLA-4 antibodies 
(CPI, 100 µg of each). p(Man-TLR7) conjugates were administered intratumorally. CPI was 
administered intraperitoneally. Mice that received CPI only, as indicated in the figure, also 
received intratumoral PBS. (B) Tumor volumes over time [mean ± SEM]. (C) Tumor volumes 
over time for all mice individually. (D) Percent survival until endpoint. (E-H) Blood was 
collected 11 days post-tumor inoculation, and levels of IL-6 (E), IL-12p70 (F), TNFa (G), and 
IFNg (H) in the serum were assessed by ELISA. Columns and error bars indicate mean±SD. 
Log-rank (Mantel-Cox) test was performed for survival curves. Statistical analysis on tumor 
growth curves was done using one-way ANOVA followed by Tukey’s multiple comparisons test 
at day 12: *p<0.05, **p<0.01, ****p<0.0001. 

within the tumor, mechanisms by which tumors avoid immune recognition and desctruction. As 

a result, we first performed a dose study, looking at two different doses of each vaccine in 

combination with both anti-PD-1 and anti-CTLA-4 checkpoint inhibitors (CPI) in order to have 

the highest chance at observing a therapeutic benefit in this study (Figure 2.6, A-H). Both 

p(Man-TLR7) conjugates in combination with CPI resulted in a significant slowing of tumor 

growth (Fig. 2.6, B and C) and improved survival (Fig. 2.6D). Both doses tested, 10 µg and 20 

µg TLR7, showed anti-tumor efficacy, and significant differences between the two doses were 

not observed for either conjugate in terms of slowing of tumor growth (Fig. 2.6, B and C), 

improvement in survival (Fig. 2.6D), or expression of systemic inflammatory cytokines, 

included here as a potential indicator of toxicity (Fig. 2.6, E-H). As a result, we decided to 

proceed with the lower dose of 10 µg TLR7. 

 After choosing an optimal dose, we next wanted to further investigate treatment of 

B16F10 tumors with our vaccines in combination with CPI in order to determine if synergy is 

observed between these two treatment approaches. Upon vaccination of B16F10 tumor-bearing 

mice with CBD-SA-p(Man-TLR7) or anti-EDA Fab-p(Man-TLR7) alone via i.t. administration, 

we only observed a modest slowing of tumor growth that was not significant (Fig. 2.7, A-C).  
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Figure 2.7:   Both p(Man-TLR7) vaccine conjugates synergize with checkpoint blockade to 
significantly slow tumor growth and enhance survival of B16F10 tumor-bearing mice. 

(A) Mice (n = 6-11) were inoculated with 500,000 B16F10 cells on day 0 and vaccinated at days 
4 and 9 post-tumor inoculation with 10 µg of TLR7 as CBD-SA-p(Man-TLR7) or anti-EDA 
Fab-p(Man-TLR7), alone or in combination with anti-PD-1 + anti-CTLA-4 antibodies (CPI, 100 
µg of each). p(Man-TLR7) conjugates were administered intratumorally. CPI was administered 
intraperitoneally. Mice that received CPI only, as indicated in the figure, also received 
intratumoral PBS. (B) Tumor volumes over time [mean ± SEM]. (C) Tumor volumes over time 
for all mice individually. (D) Percent survival until endpoint. Data were pooled from two 
independent experiments. Log-rank (Mantel-Cox) test was performed for survival curves. 
Statistical analysis on tumor growth curves was done using one-way ANOVA followed by 
Tukey’s multiple comparisons test at day 11: *p<0.05, ***p<0.001, ****p<0.0001. 
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However, we observed a significant slowing of tumor growth when targeted-p(Man-TLR7) was 

combined with anti-PD-1 and anti-CTLA-4 antibodies (Fig. 2.7, B and C). Likewise, we 

observed the greatest improvement in survival when our vaccines were combined with 

checkpoint blockade therapy (Fig. 2.7D). Based on these results, we concluded that i.t. 

administered CBD-SA-p(Man-TLR7) and anti-EDA Fab-p(ManTLR7) synergize with 

checkpoint blockade therapy, resulting in therapeutic benefit in treating this poorly immunogenic 

tumor model. 

2.3.4 Matrix-targeted p(Man-TLR7) conjugates control and eradicate EMT6 tumors 

 After the promising results in the B16F10 melanoma model, we wanted to test our 

vaccines in an additional tumor model and decided to use the EMT6 breast cancer model, as this 

is an immune-excluded, or cold, tumor model [74,139]. Here, we vaccinated mice twice 

intratumorally with CBD-SA-p(Man-TLR7) or anti-EDA Fab-p(Man-TLR7) alone or in 

combination with anti-PD-1 (Fig. 2.8A). We observed the greatest slowing of tumor growth 

(Fig. 2.8, B and C) and significantly improved survival (Fig. 2.8D) when both of our vaccines 

were combined with checkpoint blockade therapy, as observed previously with the B16F10 

tumor model. Additionally, CBD-SA-p(Man-TLR7) in combination with anti-PD-1 resulted in 8 

out of 11 mice exhibiting a complete response, while 4 out of 11 mice treated with anti-EDA 

Fab-p(Man-TLR7) with anti-PD-1 exhibited a complete response. This result suggests that 

collagen-targeted p(Man-TLR7) plus anti-PD-1 may be more effective than EDA-targeted 

p(Man-TLR7) plus anti-PD-1 (p = 0.21). Lastly, all mice exhibiting a complete response from 

this experiment were rechallenged with a second inoculation of EMT6 cells in the contralateral 

mammary fat pad. Compared with naïve control mice that were inoculated with EMT6 cells, 

which all developed tumors, no mice that had cleared their tumor from the previous experiment  
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Figure 2.8:   Vaccination of EMT6 tumor-bearing mice results in long-lasting anti-tumor 
memory-responses. 

(A) Mice (n = 8-11) were inoculated with 500,000 EMT6 cells on day 0 and vaccinated at days 7 
and 12 post-tumor inoculation with 10 µg of TLR7 as CBD-SA-p(Man-TLR7) or anti-EDA Fab-
p(Man-TLR7). For the groups indicated, mice received an anti-PD-1 antibody (100 µg) starting 
at day 10 and every 7 days thereafter until day 31. Additional groups assessed include a PBS 
group, as well as a group only receiving anti-PD-1. The anti-PD-1 antibody was injected 
intraperitoneally. Other treatments were administered intratumorally. (Continued on next page) 
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Fig. 2.8, continued: Mice that received anti-PD-1 only also received intratumoral PBS. (B) 
Tumor volumes over time [mean ± SEM]. (C) Tumor volumes over time for all mice 
individually. (D) Percent survival until endpoint. (E) Surviving mice were re-challenged with 
500,000 EMT6 cells, injected in the contralateral mammary fat pad (as compared to the initial 
tumor inoculation), at day 127 after the initial tumor injection. Tumor growth was monitored, 
and the number of mice that remained tumor free is listed in the table out of the number that 
were rechallenged (# tumor free/total # rechallenged). Data were pooled from two independent 
experiments. Log-rank (Mantel-Cox) test was performed for survival curves. Statistical analysis 
on tumor growth curves was done using one-way ANOVA followed by Tukey’s multiple 
comparisons test at day 21: *p<0.05, **p<0.01, ***p<0.001. 

developed a tumor after the rechallenge, illustrating that our vaccines are able to induce long-

term immunologic memory (Fig. 2.8E). 

2.3.5 CBD-SA-p(Man-TLR7) vaccination increases the proportion of CD8+ effector T cells in 

the tumor and does not increase exhaustion of T cells 

 We next wanted to begin to understand the immunological mechanisms behind the 

observed anti-tumor efficacy. Because of the importance of T cell responses in treating tumors, 

we first looked at the T cell responses within the tumor, tumor-draining lymph nodes, and 

spleens of vaccinated mice. Here, we decided to return to the B16F10 melanoma model due to 

the efficacy we observed previously (Fig. 2.7), as well as the availability of various tools that 

would allow us to further characterize the T cell response. We further decided to focus here on 

only CBD-SA-p(Man-TLR7) due to the superior tumor retention observed (Fig. 2.5), as well as 

the trend toward improved survival of EMT6 tumor-bearing mice vaccinated with CBD-SA-

p(Man-TLR7) plus anti-PD-1, as compared to anti-EDA Fab-p(Man-TLR7) plus anti-PD-1 (Fig. 

2.8D). Additional control groups consisting of an unconjugated mixture of CBD-SA and p(Man-

TLR7) with or without CPI (anti-PD-1 and anti-CTLA-4) were added here, in order to analyze 

the effect that targeting the p(Man-TLR7) polymer to the ECM has on the cellular responses in 

vaccinated mice. Mice were vaccinated at days 4 and 9 post-B16F10 tumor inoculation and 
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euthanized at day 10, at which time the tumor, tumor-draining lymph nodes, and spleen were 

harvested for flow cyotmetric analysis (Fig. 2.9A; Fig. A.1a). Within the tumor, no significant 

differences were observed in CD4+ T cells, and few differences were observed in the lymph 

nodes and spleen (Fig. 2.9, B-D). However, significant increases in the proportions of CD8+ T 

cells and CD8+ effector T cells were observed in the tumors of mice treated with CBD-SA-

p(Man-TLR7) plus CPI (Fig. 2.9B). In the draining lymph nodes of CBD-SA-p(Man-TLR7) plus 

CPI treated mice, a trend towards a decrease in the percentage of total CD8+ T cells and a 

significant decrease in the percentage of CD8+ effector T cells were observed, potentially 

pointing towards a migration of these cells from the lymph nodes to the tumor (Fig. 2.9C). 

Conversely, no change in the proportion of CD8+ T cells but an increase in the proportion of 

CD8+ effector T cells was observed in the spleen (Fig. 2.9D). 

 We next looked at TOX expression on CD8+ T cells. TOX is a transcription factor that 

drives a transcriptional program that is associated with T cell exhaustion and dysfunctional 

intratumoral T cells (T cells that are unable to produce effector cytokines and express increased 

levels of inhibitory receptors) [140,141]. In mice treated with CPI alone, there was a trend 

toward increased proportions of TOX+ CD8+ T cells in the tumor and draining lymph nodes, as 

compared to saline-treated control mice (Fig. 2.9, B and C). This same increase in proportions 

of TOX+ CD8+ T cells was not observed in the other treated groups (Fig 2.9, B and C). 

Significant differences were not seen in the spleen for any groups (Fig.2.9D). 

2.3.6 Antigen-specific immune responses are observed in the tumor and tumor draining lymph 

nodes following vaccination 

 The next question we wanted to answer was whether the observed T cell responses are 

antigen-specific. To answer this question in the tumor, we stained cells (from Fig. 2.9) with a  
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Figure 2.9:   CBD-SA-p(Man-TLR7) vaccination increases the number of CD8+ effector T 
cells in the tumor and does not increase the exhaustion of CD8+ T cells in the tumor, lymph 
nodes, or spleen. 

(Continued on next page) 
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Fig. 2.9, continued: (A) Mice (n = 5-6) were inoculated with 500,000 B16F10 cells on day 0 and 
vaccinated at days 4 and 9 post-tumor inoculation with 10 µg of TLR7 as CBD-SA-p(Man-
TLR7) or an unconjugated mixture of CBD-SA and p(Man-TLR7). Both of these formulations 
were tested alone or in combination with anti-PD-1 + anti-CTLA-4 antibodies (CPI, 100 µg of 
each). Additional groups included mice injected with PBS only and mice injected with CPI (plus 
intratumoral PBS). CPI was administered intraperitoneally. All other treatments were 
administered intratumorally. Mice were then euthanized at day 10, and the tumor, tumor-draining 
lymph nodes, and spleen were harvested for analysis. (B-D) Flow cytometric analysis on the (B) 
tumor, (C) tumor-draining lymph nodes, and (D) spleen of vaccinated mice. Cell types are 
defined as follows: CD4+ T cells: CD45+ CD3+ CD4+; CD8+ T cells: CD45+ CD3+ CD8+; CD8+ 
effector T cells: CD45+ CD3+ CD8+ CD62L- CD44+; TOX+ CD8+ T cells: CD45+ CD3+ CD8+ 

TOX+; TRP2 pentamer+ CD8+ T cells: CD45+ CD3+ CD8+ TRP2-pentamer+. Columns and error 
bars indicate mean±SD. Statistical comparisons are based on one-way ANOVA with Tukey’s 
post-test: *p<0.05, **p<0.01, ***p<0.001. 

TRP2 pentamer (H-2Kb-SVYDFFVWL) in order to determine the proportions of CD8+ T cells 

that are specific to TRP2, an endogenous B16F10 melanocyte antigen. We indeed observed an 

increase in the percentage of TRP2 pentamer+ CD8+ T cells in the tumors of mice treated with 

CBD-SA-p(Man-TLR7) + CPI (Fig. 2.9B; Fig. A.1b). 

 Next, to answer this question in the tumor draining lymph nodes, we restimulated cells 

from the lymph nodes ex vivo with a pool of two MHC-I-restricted peptides (Trp2180-188 and 

hgp10025-33) from proteins expressed in B16F10 tumors. Cells were restimulated for either 6 

hours or 3 days, and then the expression of cytokines on CD8+ T cells (after 6 hours) or the 

levels of cytokines secreted into the supernatant of cell culture media (after 3 days) were 

analyzed. After the six hour restimulation, a significantly increased percentage of IFNg+ CD8+ T 

cells was observed in mice vaccinated with CBD-SA-p(Man-TLR7) plus CPI via flow 

cytometric analysis (Fig. 2.10A; Fig. A.2). Trends towards an increased proportion of TNFa+ 

CD8+ T cells and polyfunctional IFNg+ TNFa+ CD8+ T cells were also observed in mice 

vaccinated with CBD-SA-p(Man-TLR7) plus CPI (Fig. 2.10A). An increase in polyfunctional T 

cells producing multiple effector cytokines points toward an improved functionality of these T  
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Figure 2.10: CBD-SA-p(Man-TLR7) induces antigen-specific T cell responses in the lymph 
nodes. 

Cells from the tumor-draining lymph nodes of the mice from Fig. 2.9A were restimulated ex vivo 
with a pool of two B16F10 melanoma-associated peptides, mTRP-2180-188 (SVYDFFVWL) and 
hgp10025-33 (KVPRNQDWL), for either (A) 6 hours prior to flow cytometric analysis or (B) 3 
days prior to multiplexed cytokine analysis. (A) Cytokine-producing CD8+ T cell responses were 
detected by intracellular staining for IFNg and TNFa and quantified by flow cytometry. CD8+ T 
cells were defined as described in Fig. 2.9. (B) Production of IFNg, TNFa, and IL-6 in the cell 
culture supernatant after 3 days of ex vivo restimulation, as quantified (in pg/mL) via 
LEGENDplexTM assay. Columns and error bars indicate mean±SD. Statistical comparisons are 
based on one-way ANOVA with Tukey’s post-test: *p<0.05, **p<0.01. 

cells, which is important in predicting therapeutic anti-tumor efficacy [142]. Interestingly, 

vaccination with the unconjugated mixture plus CPI generated a significant increase in the 

percentage of TNFa+ CD8+ T cells but not IFNg+ CD8+ T cells (Fig. 2.10A). Furthermore, the 

three day restimulation resulted in trends toward an increase in the secretion of IFNg, TNFa, and 
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IL-6 from cells isolated from the lymph nodes of mice treated with CBD-SA-p(Man-TLR7) plus 

CPI (Fig 2.10B). These results from both of these assays point towards the induction of antigen-

specific cellular immunity against two known B16F10 epitopes. 

2.3.7 CBD-SA-p(Man-TLR7) vaccination increases the activation of CD103+ DCs in the tumor 

 We also looked into differences in the myeloid cell populations within the tumor and 

tumor draining lymph nodes (Fig. A.3). No significant differences in the proportion of DCs are 

observed in the tumors or lymph nodes of mice vaccinated with CBD-SA-p(Man-TLR7) plus 

CPI as compared to saline or CPI alone (Fig. 2.11, A and B). In the tumor, the percentage of 

CD103+ DCs is decreased relative to saline-treated control mice. However, of the CD103+ DCs 

that are present, a significantly higher fraction of these cells express CD80 and there is a trend 

towards a higher fraction of CD86+ CD103+ DCs in mice vaccinated with CBD-SA-p(Man-

TLR7)+CPI, as compared to PBS treated mice (Fig. 2.11A). Similar results are observed in the 

tumors of CPI-treated mice (Fig. 2.11A). CD103+ DCs are cross-presenting DCs that play a 

critical role in the priming of CD8+ T cell responses in order to mount anti-tumor immune 

responses [143]. This increase in activation observed in these cross-presenting cells within the 

tumor is very promising. This trend, however, is not observed in CD103+ DCs or lymph node-

resident CD8+ DCs (which are also known to prime CD8+ T cell responses [144]) within the 

draining lymph nodes (Fig. 2.11, A and B). Additionally, significant differences were not 

observed in the proportion of CD11b+ DCs in the tumors or lymph nodes of mice vaccinated 

with CBD-SA-p(Man-TLR7) alone or with CPI as compared to saline or CPI alone, although 

there is a trend towards a decrease in these cells in the tumor (Fig. 2.11, A and B). 
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Figure 2.11: Vaccination with CBD-SA-p(Man-TLR7) increases the activation of CD103+ 
DCs in the tumor. 

(A and B) Flow cytometric analysis of DCs from the (A) tumors and (B) tumor-draining lymph 
nodes of mice from Fig. 2.9A. DCs are defined as follows: CD45+ B220- MHCII+ CDllc+. DCs 
were further classified by expression of (A and B) CD103, (A and B) CD11b, and (B) CD8. 
Additionally, expression of the activation markers CD80 and CD86 was assessed on CD103+ 
DCs and CD8+ DCs. Columns and error bars indicate mean±SD. Statistical comparisons are 
based on one-way ANOVA with Tukey’s post-test: *p<0.05, **p<0.01,***p<0.001. 
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Figure 2.12: Few changes are observed in MDSC and macrophage numbers in the tumor 
and lymph nodes after vaccination. 

(A and B) Flow cytometric analysis of MDSCs and macrophages from the (A) tumors and (B) 
tumor-draining lymph nodes of mice from Fig. 2.9A. Cell types are defined as follows: MDSCs: 
CD45+ B220- MHCII-; macrophages: CD45+ B220- MHCII+ CD11c- CD11b+. Columns and error 
bars indicate mean±SD. Statistical comparisons are based on one-way ANOVA with Tukey’s 
post-test: *p<0.05, **p<0.01. 

Furthermore, we also looked at percentages of myeloid-derived suppressor cells (MDSCs) 

and macrophages within the tumor and lymph nodes of vaccinated mice. Significant changes in 

the proportions of these cells were not observed in mice vaccinated with CBD-SA-p(Man-TLR7) 

with or without CPI versus saline- or CPI-treated mice (Figure 2.12, A and B). Interestingly, 

however, in both the tumors and draining lymph nodes of mice vaccinated with CBD-SA-p(Man-

TLR7) alone or in combination with CPI, an increase in PDL1 expression is observed in DCs,  
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Figure 2.13: An increase in PDL1-expressing cells is observed across myeloid cell 
populations in both the tumor and lymph nodes of mice vaccinated with CBD-SA-p(Man-
TLR7).  

(A and B) PDL1 expression on DCs, macrophages, and MDSCs from the the (A) tumors and (B) 
tumor-draining lymph nodes of mice from Fig. 2.9A, as determined via flow cytometry. Cells 
types were defined as described in Fig. 2.11 and 2.12. Columns and error bars indicate 
mean±SD. Statistical comparisons are based on one-way ANOVA with Tukey’s post-test: 
*p<0.05, **p<0.01,***p<0.001, ****p<0.0001. 

macrophages, and MDSCs (Fig. 2.13, A and B). This increase in PDL1 expression could 

potentially point towards a mechanism behind the observed synergy between our vaccine and 

checkpoint blockade therapy that results in a therapeutic benefit. 
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Figure 2.14: Immune cell infiltrates are negatively correlated with tumor growth.  

(A-F) Linear regression analysis comparing the number of tumor-infiltrating cells with tumor 
volume was performed using the results obtained in Fig. 2.9, 2.11, and 2.12. Correlations 
between tumor volume at day 10 (d10) and the number per mg of tumor tissue of (A) CD45+ 
cells, (B) CD8+ T cells, (C) CD8+ effector T cells, (D) natural killer (NK) cells, (E) DCs, or (F) 
CD103+ DCs are shown. Previously mentioned cell types were defined as in Fig. 2.9, 2.11, and 
2.12, and NK cells were defined as CD45+NK1.1+CD3-.  

2.3.8 Numbers of immune cells present within the tumor are negatively correlated with tumor 

volume 

 We next performed a correlation analysis between numbers various immune cells within 

the tumor and the tumor volume the time mice were euthanized. A negative correlation between 

the number of CD45+ cells, CD8+ T cells, CD8+ effector T cells, NK cells, DCs, and CD103+ 

DCs versus tumor volume was observed (Fig. 2.14, A-F). Interestingly, the strongest correlation 

was observed between the number of NK cells and tumor volume (P<0.001; Fig. 2.14B). The 
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next strongest correlation was observed between numbers of CD45+ cells and tumor volume, 

pointing towards immune infiltration alone being important for driving antitumor immunity (P – 

0.0007; Fig. 2.14A). Unsurprisingly, strong correlations between CD8+ T cells or CD8+ effector 

T cells (P = 0.0067 and 0.0081, respectively) and tumor volume were observed, emphasizing the 

importance of these cells in the antitumor immune response (Fig. 2.14, B and C). 

2.3.9 Pro-inflammatory cytokines and chemokines are present within the tumor following 

vaccination 

 In order to further understand the immune response, we then looked into cytokine and 

chemokine expression within tumors after vaccination. The mice were vaccinated as in Fig. 2.9A 

and euthanized at day 10, at which time the tumors were homogenized in order to assess the 

expression levels of various pro-inflammatory cytokines and chemokines. A significant increase 

in IFNg expression was seen following vaccination with CBD-SA-p(Man-TLR7) plus CPI, as 

compared to vaccination with CBD-SA-p(Man-TLR7) alone or saline-treated control animals 

(Fig. 2.15A). Similar trends were observed with TNFa (Fig. 2.15B). Additionally, CBD-SA-

p(Man-TLR7) plus CPI induced an increase in the expression of the pro-inflammatory 

chemokines CCL2, CCL5, CXCL9, CXCL10, CCL3, CCL4, and CXCL13, as compared to PBS 

treatment (Fig. 2.15, C-I). These chemokines are likely helping to drive the observed antitumor 

immunity. For example, CXCL10 is important for recruiting effector T cells [145], and CCL4 

has been shown to recruit CD103+ DCs and enhance the efficacy of checkpoint blockade therapy 

[146]. In the case of CCL22, however, vaccination with CBD-SA-p(Man-TLR7) plus CPI 

resulted in a decrease as compared to CPI-treated mice (Fig. 2.15J). This decrease may be a 

positive indicator for the antitumor efficacy of our vaccine, as CCL22 has been shown to be  
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Figure 2.15: An increase in various proinflammatory cytokines and chemokines is observed 
within the tumor following vaccination. 

B16F10 tumor-bearing mice (n = 13-15) were vaccinated at days 4 and 9 and euthanized at day 
10 as in Figure 2.8, except the unconjugated and unconjugated + CPI groups were not included 
here. (A-J) Tumors were homogenized, and the concentration of (A) IFNg, (B) TNFa, (C) 
CCL2, (D) CCL5, (E) CXCL9, (F) CXCL10, (G) CCL3, (H) CCL4, (I) CXCL13, and (J) CCL22 
in the tumor lysates was determined via LEGENDplexTM assays. Concentrations of these 
cytokines and chemokines was normalized to the total protein content with the tumor. Data were 
compiled from two independent experiments. (Continued on next page) 
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Fig. 2.15, continued: Columns and error bars indicate mean±SD. Statistical comparisons are 
based on one-way ANOVA with Tukey’s post-test: *p<0.05, **p<0.01,***p<0.001, 
****p<0.0001. 

important in the interaction of Treg cells with DCs, helping to promote the immune escape of 

tumors [147]. 

2.3.10 Toxicity markers are not increased following vaccination 

 Next, we wanted to investigate the toxicity of our vaccine. To do this, we collected serum 

from B16F10 and EMT6 tumor-bearing mice two days after their second vaccination (Fig. 2.16, 

A and B). Here, we compared our targeted i.t. vaccinations with and without checkpoint 

blockade (anti-PD-1 only for EMT6 tumors and a combination of anti-PD-1 and anti-CTLA-4 

for B16F10 tumors) to a clinically available TLR9 agonist, CpG, as a benchmark. For both 

B16F10 and EMT6 tumor-bearing mice, CpG resulted in the highest levels of alanine 

transaminase (ALT), a measure of liver toxicity (Fig. 2.16, A and B). Meanwhile, treatment with 

our vaccine alone or in combination with checkpoint blockade did not result in significantly 

increased ALT levels as compared to PBS-treated control mice (Fig. 2.16, A and B). No 

significant changes in blood urea nitrogen (BUN), a measure of kidney and liver toxicity, were 

observed for any of the groups in both B16F10 and EMT6 tumors (Fig. 2.16, A and B). CpG-

treated mice exhibited a decrease in total bilirubin (T. bili) levels, another marker for liver 

toxicity, compared to PBS and anti-PD-1-treated mice in EMT6 tumors, but no significant 

differences were observed in B16F10 tumors (Fig. 2.16, A and B). This lack of significantly 

increased levels of these systemic toxicity markers points toward a promising safety profile for 

our targeted-p(Man-TLR7) vaccines.   
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Figure 2.16: Vaccination with p(Man-TLR7) conjugates does not result in increased 
systemic toxicity. 

(A) Mice (n = 5-7) were inoculated with 500,000 EMT6 cells on day 0 and vaccinated at days 7 
and 12 post-tumor inoculation with 10 µg of TLR7 as murine CBD-SA-p(Man-TLR7) or 
murinized anti-EDA Fab-p(Man-TLR7), 20 µg CpG, or PBS. An anti-PD-1 antibody (100 µg) 
was injected intraperitoneally at day 10 post-tumor inoculation for the groups indicated. All other 
treatments were administered intratumorally, as indicated. Mice that received anti-PD-1 only 
also received intratumoral PBS. Blood was collected at day 11 post-tumor inoculation, and the 
serum was analyzed for the presence of alanine transaminase, total bilirubin, or blood urea 
nitrogen. (B) Mice (n = 5) were inoculated with 500,000 B16F10 cells on day 0 and vaccinated 
at days 4 and 9 post-tumor inoculation with 10 µg of TLR7 as murine CBD-SA-p(Man-TLR7) or 
murinized anti-EDA Fab-p(Man-TLR7) alone or in combination with anti-PD-1 + anti-CTLA-4 
antibodies (CPI, 100 µg of each), 20 µg CpG, CPI alone, or intratumoral PBS. Checkpoint 
antibodies were administered intraperitoneally. Other treatments were administered 
intratumorally, as indicated. Mice that received CPI only also received intratumoral PBS. Blood 
was collected at day 11 post-tumor inoculation, and the serum was analyzed for the presence of 
alanine transaminase, total bilirubin, or blood urea nitrogen. (Continued on next page) 
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Fig. 2.16, continued: Columns and error bars indicate mean±SD. Statistical analysis was done 
using one-way ANOVA followed by Tukey’s multiple comparisons test: *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 

2.3.11 Intravenous administration of p(Man-TLR7) conjugates significantly slows B16F10 

tumor growth 

 Because i.t. administration is limited to tumors that are accessible for injection, we next 

wanted to assess the efficacy of our vaccines upon intravenous administration in the B16F10 

melanoma model (Fig. 2.17A). A significant slowing of tumor growth (Fig. 2.17, B and C) and 

improved survival (Fig. 2.17D) were observed with both intravenous (i.v.) and i.t. administration 

of the two p(Man-TLR7) conjugates in combination with anti-PD-1 and anti-CTLA-4 antibodies. 

However, i.t. administration of the vaccine resulted in trends toward improved slowing of tumor 

growth and significantly improved survival as compared to i.v. administration (Fig. 2.17, B-D). 

With i.t. administration, we saw complete responses in three out of six mice vaccinated with 10 

µg anti-EDA Fab-p(Man-TLR7) in combination with checkpoint blockade (Fig. 2.17D). In order 

to see if we observed any potential differences in toxicity, we looked at systemic levels of 

several proinflammatory cytokines in the serum after vaccination. Systemic levels of the 

cytokines IL-6, IL-12p70, TNFa, and IFNg were not significantly increased in the serum after 

vaccination via either administration route (Fig. 2.17, E-H). This may indicate that intravenous 

injection does not result in increased toxicity of our vaccines versus intratumoral injection. 

However, further work is necessary to fully determine differences in toxicity observed with the 

two different injection routes. 
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Figure 2.17: Both intratumoral and intravenous administration of p(Man-TLR7) 
conjugates results in a significant slowing of tumor growth and improved survival, but 
intratumoral administration is superior. 

(Continued on next page) 
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Fig. 2.17, continued: (A) Mice (n=5-6) were inoculated with 500,000 B16F10 cells on day 0 and 
vaccinated at days 4 and 9 post-tumor inoculation with 10 or 30 µg of TLR7 as murinized anti-
EDA Fab-p(Man-TLR7) in combination with anti-PD-1 + anti-CTLA-4 antibodies (CPI, 100 µg 
of each), murine CBD-SA-p(Man-TLR7) in combination with CPI, CPI alone, or intratumoral 
PBS. CPI was administered intraperitoneally. Other treatments were administered intravenously 
or intratumorally, as indicated in the figure. Mice that received CPI only also received 
intratumoral PBS. (B) Tumor volumes over time until the first mouse died in each group [mean ± 
SEM]. (C) Tumor volumes over time for all mice individually. (D) Percent survival until 
endpoint. (E-H) Blood was collected 11 days post-tumor inoculation, and levels of IL-6 (E), IL-
12p70 (F), TNFa (G), and IFNg (H) in the serum were assessed by ELISA. Columns and error 
bars indicate mean±SD. Log-rank (Mantel-Cox) test was performed for survival curves. 
Statistical analysis on tumor growth curves was done using one-way ANOVA followed by 
Tukey’s multiple comparisons test at day 12: *p<0.05, **p<0.01. 

2.3.12 p(Man-TLR7) conjugated to human targeting proteins synergizes with checkpoint 

blockade therapy, resulting in a slowing of B16F10 tumor growth 

 Based on the translational advantages of intravenous injection, we then decided to further 

investigate this administration route for our vaccines. We additionally used human anti-EDA Fab 

and human CBD-SA in order to further increase the translation potential. After recombinantly 

producing these proteins, conjugating them to p(Man-TLR7), and checking for binding to their 

targets (Fig. 2.18, A-D), we performed a dose study, vaccinating B16F10 tumor-bearing mice 

with varying doses of both vaccines via intravenous injection (Fig. 2.19A). We increased the 

number of doses of our vaccines here to three doses as compared to two doses (used previously 

with the murine protein-p(Man-TLR7) conjugates) to try to further improve our vaccines’ 

therapeutic potential. Overall, we observed a significant slowing of tumor growth upon 

vaccination with human anti-EDA Fab-p(Man-TLR7) compared to untreated tumor-bearing mice 

(Fig. 2.19, B and C). However, there were no differences in efficacy when mice were treated 

with the varying doses, ranging from 10 µg to 100 µg TLR7 for human anti-EDA Fab-p(Man-

TLR7) or from 1 µg to 50 µg for human CBD-SA-p(ManTLR7) (Fig. 2.19, B-E). Based on these 

results and in order to be able to compare between our two vaccines, we decided to move  
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Figure 2.18: Human CBD-SA-p(Man-TLR7) and human anti-EDA Fab-p(Man-TLR7) 
retain binding to their antigens. 

Human CBD-SA-p(Man-TLR7) and human anti-EDA Fab-p(Man-TLR7) conjugates were made 
as described above. (A) SDS-PAGE analysis of human anti-EDA Fab-p(Man-TLR7) before and 
after conjugation. (B) ELISA testing binding of human anti-EDA Fab-p(Man-TLR7) (left) and 
human anti-EDA Fab to EDA. Error bars indicate mean±SD. (C) SDS-PAGE analysis of human 
CBD-SA-p(Man-TLR7) before and after conjugation. (D) ELISA testing binding of human 
CBD-SA and human CBD-SA-p(Man-TLR7) to human collagen I and III. Columns and error 
bars indicate mean±SD. Statistical comparisons are based on one-way ANOVA with Tukey’s 
post-test: **p<0.01, ***p<0.001. 

forward with the 10 µg TLR7 dose for both vaccine conjugates. Additionally, we decided to only 

vaccinate mice twice going forward due to the observation of adverse reactions at the 

administration of the third dose (mice became hunched with ruffled fur). 
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Figure 2.19: Dose study for human CBD-SA-p(Man-TLR7) and human anti-EDA Fab-
p(Man-TLR7). 

(A) Mice were inoculated with 500,000 B16F10 cells on day 0 and vaccinated intravenously at 
days 4, 8, and 12 post-tumor inoculation with (B-C) 10, 25, 50, or 100 µg of TLR7 as human 
anti-EDA Fab-p(Man-TLR7) (n = 8) or (D-E) 1, 5, 10, or 50 µg of TLR7 as human CBD-SA-
p(Man-TLR7) (n = 4-6). (B and D) Tumor volumes over time [mean ± SEM]. (C and E) Percent 
survival until endpoint. Log-rank (Mantel-Cox) test was performed for survival curves. 
Statistical analysis on tumor growth curves was done using one-way ANOVA followed by 
Tukey’s multiple comparisons test calculated at day 14: *p<0.05. 
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Figure 2.20: Intravenous administration of p(Man-TLR7) conjugates synergizes with 
checkpoint blockade therapy to result in trends toward slowing of B16F10 tumor growth 
and improved survival. 

(A) Mice were inoculated with 500,000 B16F10 cells on day 0 and vaccinated at days 4 and 9 
post-tumor inoculation with 10 µg of TLR7 as human anti-EDA Fab-p(Man-TLR7) alone (n = 4) 
or in combination with anti-PD-1 + anti-CTLA-4 antibodies (100 µg of each, administered 
intravenously), equivalent amounts of an unconjugated mix of human anti-EDA Fab and p(Man-
TLR7), or anti-PD-1 + anti-CTLA-4 alone. Alternatively, mice were vaccinated with 10 µg of 
TLR7 as human CBD-SA-p(Man-TLR7) alone (n = 3) or in combination with anti-PD-1 + anti-
CTLA-4 antibodies (n=3), or equivalent amounts of an unconjugated mix of human CBD-SA (n 
=4) and p(Man-TLR7). Additionally, one group of mice was left untreated as a control (n = 3). 
All treatments were administered intravenously via the tail vein. n=5 for all groups, except where 
noted. (B) Tumor volumes over time until the first mouse died [mean ± SD]. (C) Percent survival 
until endpoint. Log-rank (Mantel-Cox) test was performed for survival curves. Statistical 
analysis on tumor growth curves was done using one-way ANOVA followed by Tukey’s 
multiple comparisons test at day 12: **p<0.01 

After deciding on a dose, we decided to assess the anti-tumor efficacy of our vaccinations 

in combination with checkpoint antibody therapy. Treatment of B16F10 tumor-bearing mice 

with i.v.-delivered human anti-EDA Fab-p(Man-TLR7) or human CBD-SA-p(Man-TLR7) 

resulted in slightly reduced tumor size compared to untreated control animals, whereas treatment 

with unconjugated mixtures of these vaccine formulations did not result in slowed tumor growth 
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(Fig. 2.20, A and B). When we then combined our human anti-EDA Fab-p(Man-TLR7) or 

human CBD-SA-p(Man-TLR7) vaccination with anti-PD-1 and anti-CTLA-4 antibodies, we 

observed improved anti-tumor efficacy with both vaccines (p = 0.08 and p = 0.07, respectively) 

and significantly improved overall survival upon vaccination with human anti-EDA Fab-p(Man-

TLR7), as compared to the unvaccinated control group (Fig. 2.20, B and C). This data shows 

that systemically administered targeted-p(Man-TLR7) vaccination synergizes with checkpoint 

blockade therapy to provide a therapeutic benefit in treating B16F10 tumors. 

 In order to begin to assess the immunological mechanisms underlying the anti-tumor 

efficacy observed, we next looked at the cell types present within the tumor after vaccination 

with i.v.-delivered human anti-EDA Fab-p(Man-TLR7) (Fig. 2.21A). We chose to only focus on 

human anti-EDA Fab-p(Man-TLR7) here due to the significant improvement in survival of mice 

treated with human anti-EDA Fab-p(Man-TLR7) plus CPI we observed in Fig. 2.20C. Similar to 

previous results (Fig. 2.20B), vaccination with human anti-EDA Fab-p(Man-TLR7) in 

combination with CPI significantly slowed B16F10 tumor growth (Fig. 2.21B). Upon 

euthanizing the mice, we did not observe any significant differences in the proportions of CD8+ 

T cells in the tumor (Fig. 2.21C). However, we did see a significant decrease in CD4+ T cells 

and CD4+ CD25+ FoxP3+ Treg cells, as well as an increase in the ratio of CD8+ T cells to Treg 

cells, in the tumor (Fig. 2.21, D-F). Additionally, a significant increase in the percentage of NK 

cells in the tumor was observed (Fig. 2.21G), as was a decrease in macrophages within the tumor 

(Fig. 2.21H). Further studies are required to fully elucidate the immunological mechanisms 

behind the observed antitumor efficacy. However, these results still provide an insight into 

cellular responses within the tumor after vaccination.  
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Figure 2.21: Vaccination with human anti-EDA Fab-p(Man-TLR7) results in decreased 
proportions of Treg cells, increased proportions of NK cells, and no change in proportions of 
CD8+ T cells. 

(A) Mice (n=6) were inoculated with 500,000 B16F10 cells on day 0 and vaccinated at days 4 
and 8 post-tumor inoculation with 30 µg of TLR7 as human anti-EDA Fab-p(Man-TLR7) alone 
or in combination with anti-PD-1 + anti-CTLA-4 antibodies (100 µg of each), equivalent 
amounts of an unconjugated mix of human anti-EDA Fab and p(Man-TLR7) with or without the 
checkpoint antibodies, anti-PD-1 + anti-CTLA-4 alone, or PBS. Checkpoint antibodies were 
administered intraperitoneally. All other treatments were administered intravenously. Mice were 
then euthanized at day 10, and the tumors were harvested. (B) Tumor volumes over time [mean ± 
SEM]. (C-H). Flow cytometric analysis on the harvested tumors. Cell types are defined as 
follows: (C) CD8+ T cells: CD45+ CD3+ CD8+; (Continued on next page) 
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Fig. 2.21, continued: (D) CD4+ T cells: CD45+ CD3+ CD4+; (E) Treg cells: CD45+ CD3+ CD4+ 

CD25+ Foxp3+; (G) NK cells: CD45+ CD3- NK1.1+; (H) Macrophages: CD45+ CD19- Gr1- 
F4/80+. Error bars indicate mean±SD All statistical analyses were done using one-way ANOVA 
with Tukey’s test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

2.3.13 Anti-drug antibodies are induced against the protein component of p(Man-TLR7) 

conjugate vaccines 

 Lastly, because we previously had observed adverse reactions after multiple doses of 

both CBD-SA-p(Man-TLR7) and anti EDA Fab-p(Man-TLR7), we wanted to see if anti-drug 

antibodies (ADAs) were being induced upon vaccination. To do this, we collected plasma from 

B16F10 tumor-bearing mice two days after the second administration of each of our p(Man-

TLR7) vaccines (Fig 2.22A). When human targeting proteins are used for intravenous 

vaccination, we observe a dose-dependent ADA response for both the human CBD and human 

anti-EDA Fab (Fig. 2.22, B and C). When murine or murinized (in the case of the anti-EDA 

Fab) proteins are used, there are still detectable levels of antibodies present after intratumoral 

administration in some mice, but the levels are not significant compared to PBS- or CPI-treated 

mice (Fig. 2.22, D and E). We do still observe a dose-dependent ADA response upon 

intravenous injection of our murine or murininized protein-p(Man-TLR7) conjugates, though, 

with antibodies present in all mice treated with 30 µg murinized anti-EDA Fab-p(Man-TLR7) or 

murine CBD-SA-p(Man-TLR7) (Fig. 2.22, D and E). These results point to intratumoral 

administration being more favorable than intravenous administration not only because i.t. 

administration results in improved anti-tumor efficacy (Fig. 2.17), but also because fewer ADAs 

are observed as compared to i.v. administration (Fig. 2.22, D and E). Despite some promising 

results, further optimization is required for intravenous administration of our targeted-p(Man-

TLR7) vaccines. 
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Figure 2.22: Anti-drug antibodies are induced following vaccination with human protein-
p(Man-TLR7) conjugates. 

(A-E) B16F10 tumor-bearing mice (n = 6-13) were vaccinated at days 4 and 9 post-tumor 
inoculation with the indicated doses of (B) human CBD-p(Man-TLR7), (C) human anti-EDA 
Fab-p(Man-TLR7), (D) murine CBD-SA-p(Man-TLR7) plus anti-PD-1 + anti anti-CTLA-4 
antibodies (CPI, 100 µg of each), or (E) murinized anti-EDA Fab-p(Man-TLR7) plus CPI. Doses 
are TLR7 based. Additional groups include (B and C) mice that did not receive any injection, (D 
and E) mice treated with PBS, and (D and E) mice treated with CPI (plus intratumoral PBS). CPI 
was administered intraperitoneally. All other treatments were administered as indicated. (B-E) 
Blood was collected 11 days post-tumor inoculation, and titers of IgGs against the human CBD 
(B), human anti-EDA Fab (C), murine CBD-SA (D), or murinized anti-EDA Fab in the plasma 
were assessed by ELISA. Error bars indicate mean±SD. Statistical analyses were done using 
one-way ANOVA with Tukey’s test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 



 61 

2.4 Discussion 

 Tumor immunotherapy via checkpoint blockade is having a tremendous impact in the 

clinic, yet this therapy works well in only a subset of patients [12,148,149]. In the work 

presented here, we have sought to enhance the endogenous anti-tumor response by 

supplementing checkpoint blockade with our matrix-targeted polymeric glyco-adjuvant vaccine. 

 Our vaccine described here consists of two main components. First, our vaccine contains 

a tumor targeting component. For this, we chose to use a tumor extracellular matrix-targeting 

approach for our vaccine, specifically targeting EDA fibronectin or collagen I and III. Previous 

work has shown that antibody fragments that bind EDA are able to preferentially localize to the 

tumor after intravenous injection [50] and are able to deliver various immunomodulatory agents 

to the tumor for effective cancer treatment [150–155]. This targeting approach is advantageous 

because EDA has been shown to be expressed in many different cancer types [51], which may 

allow our vaccine to be broadly applicable to many tumor types. Collagen targeting is a 

promising approach, as well, as this approach has been shown previously to improve the efficacy 

and decrease the toxicity of multiple cancer therapeutics [74,146,156]. Furthermore, many 

tumors have been shown to express increased amounts of collagen relative to normal tissues 

[157,158]. We hypothesized that incorporating these ECM-binding proteins would increase the 

tumor-retention of our vaccines when injected intratumorally. This may allow the tumor 

extracellular matrix to act as a depot for our vaccine, increasing the time over which it can 

activate APCs. Indeed, we observed an increase in the intratumoral half-life of CBD-SA-p(Man-

TLR7) as compared to an untargeted p(Man-TLR7) conjugate (Fig. 2.5). This same 

improvement was not observed for anti-EDA Fab-p(Man-TLR7) (Fig. 2.5). However, this could 

potentially be an artefact of the assay used, and intratumoral retention may be improved if the 
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Fab were replaced with a full-length antibody, thereby increasing the avidity of the interaction of 

the conjugate with EDA. Lastly, the ECM may be a more stably and consistently expressed 

target within the tumor as compared to tumor cell surface receptors, which are subject to receptor 

endocytosis and potentially down-regulation due to tumor cell mutations.  

 The second component of our vaccine is the p(Man-TLR7) polymer. In previous work, 

we have shown that vaccination with p(Man-TLR7) induces potent CD8+ T cell responses in 

several vaccination models [97]. The mannose portion of the polymer promotes APC targeting 

and uptake [116,129], while the TLR7 agonist portion can activate those APCs and promote the 

priming of CD8+ T cell responses [130,131]. Because of the critical role that CD8+ T cells play 

in anti-tumor immune responses and that fact that many cancer vaccines have failed to elicit a 

sufficient CD8+ T cell response [122,123,126–128], in the work presented here, we extended the 

use of this polymer to cancer vaccination. We observed anti-tumor efficacy with both i.t.-

administered CBD-SA-p(Man-TLR7) and anti-EDA-Fab-p(Man-TLR7) in combination with 

checkpoint blockade therapy in multiple cold tumor models (Fig. 2.7; Fig 2.8). Additionally, we 

observed an increase in the proportion CD8+ effector T cells within B16F10 tumors after 

treatment with CBD-SA-p(Man-TLR7) plus checkpoint blockade, as well as an increase in the 

percentage of cross-presenting CD103+ DCs expressing activation markers and an increase in 

expression of a number of proinflammatory cytokines and chemokines (Fig 2.9B; Fig 2.11A; 

Fig. 2.15). Furthermore, these T cell responses were antigen-specific in both the tumor and 

tumor-draining lymph nodes (Fig. 2.9B; Fig. 2.10). Antitumor efficacy was also observed when 

our vaccines were administered intravenously; however, intratumoral administration appeared to 

be more favorable (Fig. 2.17; Fig. 2.20). Future work is needed to optimize intravenous delivery 

of these vaccines if that approach is desired. 
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 Synergy of our targeted-p(Man-TLR7) vaccines with checkpoint blockade therapy was 

observed in treating established B16F10 and EMT6 tumors. One potential mechanism for this 

was explained by the increase in the proportion of PDL1-expressing myeloid cells (DCs, 

macrophages, and MDSCs) observed after vaccination of B16F10 tumors with CBD-SA-p(Man-

TLR7) alone or in combination with CPI (Fig. 2.13). These results suggest that our p(Man-

TLR7) conjugate vaccines increase the expression of this ligand for the inhibitory receptor, PD-

1. Therefore, when tumor-bearing mice are treated with our vaccine alone, this increase in this 

inhibitory pathway diminishes the antitumor immunity caused by our vaccine, resulting in only 

modest slowing of tumor growth and improvement in survival (Fig. 2.7; Fig. 2.8). However, by 

administering an anti-PD-1 antibody in combination with our vaccine, we are able to block this 

inhibitory axis and overcome the negative effects, resulting in significant slowing of tumor 

growth and improved survival (Fig. 2.7; Fig. 2.8). 

 One potential drawback of our approach is that p(Man-TLR7), as a strong adjuvant, is 

able to drive antibody responses against the protein component of our vaccine (Fig. 2.22). 

However, we were able to decrease the ADAs observed by lowering the dose of our vaccines and 

administering them intratumorally, as compared to intravenously. Additionally, we still observed 

anti-tumor efficacy (Fig. 2.7; Fig. 2.8; Fig. 2.17; Fig. 2.20) and did not see increased levels of 

systemic toxicity markers (Fig. 2.16), despite the presence of ADAs. Another potential limitation 

to our approach here is the fact that we see the best anti-tumor efficacy when our vaccine is 

injected intratumorally. This would limit our vaccine to solid tumors that are accessible for 

injection. However, we did see some promising results with intravenous injections, and we 

hypothesize that the anti-tumor effect could be optimized for this delivery route, perhaps by 

altering the formulation of our vaccine. One final potential limitation of our vaccine is that both 
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collagen and EDA are expressed in other contexts. Collagen is expressed in almost all 

mammalian tissues [159], and EDA is expressed particularly in sites of wound healing and where 

angiogenesis is occurring [160–162]. As such, EDA targeting has been used in targeted-delivery 

of therapeutics to different diseases including, arthritis [163,164], endometriosis [165], chronic 

skin inflammation [166], atherosclerosis [167], and colitis [168,169]. Therefore, our vaccine has 

the potential to target sites other than the tumor. However, since our most promising results have 

come from administration of our vaccine directly into the tumor, we hypothesize that any off-

target effects should be minimal. Furthermore, even if intravenous administration is further 

optimized in the future, anti-EDA antibody fragments and the CBD have both been reported to 

primarily accumulate in the tumor as compared to other sites in tumor-bearing mice [50,74].  

 Unlike traditional cancer vaccines, our approach here relies on endogenous antigens 

already present within the tumor. In general, a significant challenge for cancer vaccines is the 

source of antigen. One approach is to use exogenous antigens in the form of proteins or peptides. 

However, choosing the antigens that will generate a robust immune response is challenging, 

especially when the heterogeneity of even a single patient’s tumor is considered. Another 

approach is to deliver cancer cells themselves as a source of antigens. This presents a number of 

clinical translation challenges, though, from finding non-immunogenic sources of tumor cells to 

manufacturing difficulties associated with working with cells. Therefore, by relying on 

endogenous TAAs, our vaccination approach overcomes these challenges. This means that using 

our vaccination strategy, there is no longer a need to pre-identify antigens to use for vaccination 

or to have to change the vaccination strategy between patients. Instead, our approach utilizes the 

biology of each patient’s tumor without requiring adaptation to each patient. Thus, our approach 
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may hold significant clinical translational potential as a personalized and effective therapeutic 

cancer vaccine. 

 In conclusion, we have shown that vaccination with CBD-SA-p(Man-TLR7) or anti-EDA 

Fab-p(Man-TLR7) synergizes with checkpoint blockade therapy to slow tumor growth and 

improve survival in both the B16F10 and EMT6 murine cold tumor models. Increased 

proportions of CD8+ effector T cells and antigen-specific CD8+ T cells are observed upon 

vaccination of B16F10 tumor-bearing mice with CBD-SA-p(Man-TLR7) in combination with 

checkpoint blockade. These T cell responses are accompanied by an increase in the proportion of 

activated cross-presenting CD103+ DCs, as well as an increase in the expression of 

proinflammatory cytokines and chemokines, in the tumor. Furthermore, this observed anti-tumor 

efficacy occurs without an increase in multiple systemic markers of toxicity. Overall, the 

observed synergy with checkpoint blockade therapy and the efficacy of our vaccine in multiple 

tumor models highlight the potential for clinical translation of our targeted-p(Man-TLR7) 

vaccine. 

2.5 Materials and Methods 

2.5.1 Study design 

This study was designed to test the anti-tumor efficacy of two extracellular matrix-targeted 

vaccines, consisting of targeting proteins conjugated to the polymeric glyco-adjuvant p(Man-

TLR7). In the study, efficacy was assessed in multiple tumor models (B16F10 and EMT6) by 

analyzing changes in tumor growth and survival, as well as differences in important cellular 

readouts. Both CBD-SA-p(Man-TLR7) and anti-EDA Fab-p(Man-TLR7) were tested alone and 

in combination with checkpoint blockade therapy (anti-PD-1 or anti-PD-1 plus anti-CTLA-4). 
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All treatments were performed on the same days, unless stated otherwise. Statistical methods 

were not used to predetermine necessary sample size, but sample sizes were chosen on the basis 

of estimates from pilot experiments and previously published results such that appropriate 

statistical tests could yield statistically significant results. In animal studies, all mice were treated 

in the same manner. Animals were randomized into treatment groups within cages before 

vaccination, and analyses were performed in a blinded fashion. Production of the studied 

conjugates was performed multiple times to ensure reproducibility. Samples were excluded from 

analysis only when an animal developed a health problem for a nontreatment-related reason, 

according to the animal care guidelines. All tumor experiments were considered to have reached 

their end point when tumor volumes exceeded 500 mm3. The proteins used in the p(Man-TLR7) 

conjugates are murine/murinized unless stated otherwise. Doses for p(Man-TLR7) conjugates are 

TLR7-based, unless otherwise noted. CPI indicates anti-PD-1 plus anti-CTLA-4, unless 

indicated otherwise. Statistical methods are described in the “Statistical analysis” section. 

2.5.2 Synthesis and characterization of p(Man-TLR7) polymer 

The polymeric glyco-adjuvant p(Man–TLR7) was synthesized via a reversible addition–

fragmentation chain transfer (RAFT) polymerization using an azide-modified RAFT agent, a 

biologically inert comonomer (N-(2-hydroxypropyl) methacrylamide, HPMA) and two 

functional monomers: one synthesized from D-mannose, and the other from a potent TLR7 

ligand (mTLR7) (Fig. 1.1A), as described previously [97]. Molecular weight and polydispersity 

of the p(Man–TLR7) construct were measured by size exclusion chromatography (molecular 

weight target at ~20 kDa), and was composed of a 1:2.1:3.5 molar ratio of mTLR7:mannose 

monomer:HPMA, as measured by mTLR7-specific UV absorbance and 1H NMR. 
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2.5.3 Production and purification of proteins 

The sequences encoding the human or murinized anti-EDA Fab or the irrelevant murine Fab 

(Table 2.1) were synthesized and subcloned into the mammalian expression vector pSecTag A. 

The murinized anti-EDA Fab is a chimeric Fab composed of murine constant regions and human 

variable regions. The sequences encoding murine or human CBD-SA or murine DCBD-SA 

(Table 2.1) were synthesized and subcloned into the mammalian expression vector pcDNA3.1(+) 

by GenScript. Suspension-adapted HEK-293F cells were routinely maintained in serum-free 

FreeStyle 293 Expression Medium (Gibco). On the day of transfection, cells were inoculated into 

fresh medium at a density of 1 x 106 cells/mL, and then 2 µg/mL plasmid DNA, 2 µg/ml linear 

25 kDa polyethylenimine (Polysciences), and OptiPRO SFM medium (4% final concentration, 

Thermo Fisher) were sequentially added. The culture flask was agitated by orbital shaking at 135 

rpm at 37°C in the presence of 5% CO2. 7 days after transfection, the cell culture medium was 

collected by centrifugation and filtered through a 0.22 µm filter. For the anti-EDA Fab, cell 

culture medium was loaded onto a HiTrap MabSelect 5 mL column (GE Healthcare), using an 

ÄKTA Pure 25 (GE Healthcare). After washing the column with PBS, protein was eluted with 

0.1 M sodium citrate (pH 3.0). For CBD-SA, cell culture medium was loaded onto a HisTrap HP 

5 mL column (GE Healthcare). After washing the column with wash buffer (20 mM imidazole, 

20 mM NaH2PO4, and 0.5 M NaCl, pH 7.4), the protein was eluted with a gradient of 500 mM 

imidazole (in 20 mM NaH2PO4 and 0.5 M NaCl, pH 7.4). The CBD-SA was further purified 

using size exclusion chromatography with a HiLoad Superdex 200 pg column (GE Healthcare). 

EDA protein was recombinantly expressed and purified as described previously [170]. All 

purification steps were carried out at 4°C. The proteins were verified as >90% pure by SDS-

PAGE (performed on 4-20% gradient gels (Bio-Rad)).  
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Table 2.1: Amino acid sequences of targeting proteins. 

Murinized anti-EDA Fab 

Heavy chain: 
EVQLLESGGGLVQPGGSLRLSCAASGFTFSVMKMSWVRQAPGKGLEWVSAISGSGGS
TYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKSTHLYLFDYWGQGTL
VTVSSAKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTF
PAVLQSDLYTLSSSVTVPSSTWPSETVTCNVAHPASSTKVDKKIVPRDCGS* 
Light chain: 
EIVLTQSPGTLSLSPGERATLSCRASQSVSNAFLAWYQQKPGQAPRLLIYGASSRATGI
PDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQMRGRPPTFGQGTKVEIKRADAAPTVSI
FPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYS
MSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC* 

Human anti-EDA Fab 

Heavy chain: 
EVQLLESGGGLVQPGGSLRLSCAASGFTFSVMKMSWVRQAPGKGLEWVSAISGSGGS
TYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKSTHLYLFDYWGQGTL
VTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTF
PAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCGS* 
Light chain: 
EIVLTQSPGTLSLSPGERATLSCRASQSVSNAFLAWYQQKPGQAPRLLIYGASSRATGI
PDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQMRGRPPTFGQGTKVEIKRTVAAPSVFI
FPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYS
LSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC* 

Irrelevant Murine Fab 

Heavy chain: 
QIQLVQSGPELKKPGETVKISCKASGYTFTDYSMYWVKQAPGKGLKRMGWINTETGE
PTYADDFKGRFALSLDTSASTAYLHISNLKNEDTATYFCARGLDSWGQGTSVTVSSA
KTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLQS
DLYTLSSSVTVPSSTWPSETVTCNVAHPASSTKVDKKIVPRDCGS* 
Light chain: 
DIQMTQSPSSLSATLGGKVTITCKASQDINKYIAWYQHKPGKGPRLLIHYTSTLQPGNP
SRFSGSGSGRDYSFSISNLEAEDIAIYYCLQYDNLQRTFGGGTKVEIKRADAAPTVSIFP
PSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMS
STLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC* 

Murine CBD-SA 

CSQPLDVVLLLDGSSSLPESSFDKMKSFAKAFISKANIGPHLTQVSVIQYGSINTIDVPW
NVVQEKAHLQSLVDLMQQEGGPSQIGDALAFAVRYVTSQIHGARPGASKAVVIIIMD
TSLDPVDTAADAARSNRVAVFPVGVGDRYDEAQLRILAGPGASSNVVKLQQVEDLST
MATLGNSFFHKLCSGFSGVGGGSGGGSEAHKSEIAHRYNDLGEQHFKGLVLIAFSQY
LQKCSYDEHAKLVQEVTDFAKTCVADESAANCDKSLHTLFGDKLCAIPNLRENYGEL
ADCCTKQEPERNECFLQHKDDNPSLPPFERPEAEAMCTSFK…(Continued on next page) 
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Table 2.1, continued: 

Murine CBD-SA Continued 

(Continued from previous page)…ENPTTFMGHYLHEVARRHPYFYAPELLYYAEQYNEI 
LTQCCAEADKESCLTPKLDGVKEKALVSSVRQRMKCSSMQKFGERAFKAWAVARLS
QTFPNADFAEITKLATDLTKVNKECCHGDLLECADDRAELAKYMCENQATISSKLQT
CCDKPLLKKAHCLSEVEHDTMPADLPAIAADFVEDQEVCKNYAEAKDVFLGTFLYEY
SRRHPDYSVSLLLRLAKKYEATLEKCCAEANPPACYGTVLAEFQPLVEEPKNLVKTN
CDLYEKLGEYGFQNAILVRYTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEDQRLPC
VEDYLSAILNRVCLLHEKTPVSEHVTKCCSGSLVERRPCFSALTVDETYVPKEFKAETF
TFHSDICTLPEKEKQIKKQTALAELVKHKPKATAEQLKTVMDDFAQFLDTCCKAADK
DTCFSTEGPNLVTRCKDALAHHHHHH** 

Human CBD-SA 

CSQPLDVILLLDGSSSFPASYFDEMKSFAKAFISKANIGPRLTQVSVLQYGSITTIDVPW
NVVPEKAHLLSLVDVMQREGGPSQIGDALGFAVRYLTSEMHGARPGASKAVVILVTD
VSVDSVDAAADAARSNRVTVFPIGIGDRYDAAQLRILAGPAGDSNVVKLQRIEDLPT
MVTLGNSFLHKLCSGFVRIGGGSGGGSEAHKSEIAHRYNDLGEQHFKGLVLIAFSQYL
QKCSYDEHAKLVQEVTDFAKTCVADESAANCDKSLHTLFGDKLCAIPNLRENYGELA
DCCTKQEPERNECFLQHKDDNPSLPPFERPEAEAMCTSFKENPTTFMGHYLHEVARR
HPYFYAPELLYYAEQYNEILTQCCAEADKESCLTPKLDGVKEKALVSSVRQRMKCSS
MQKFGERAFKAWAVARLSQTFPNADFAEITKLATDLTKVNKECCHGDLLECADDRA
ELAKYMCENQATISSKLQTCCDKPLLKKAHCLSEVEHDTMPADLPAIAADFVEDQEV
CKNYAEAKDVFLGTFLYEYSRRHPDYSVSLLLRLAKKYEATLEKCCAEANPPACYGT
VLAEFQPLVEEPKNLVKTNCDLYEKLGEYGFQNAILVRYTQKAPQVSTPTLVEAARN
LGRVGTKCCTLPEDQRLPCVEDYLSAILNRVCLLHEKTPVSEHVTKCCSGSLVERRPC
FSALTVDETYVPKEFKAETFTFHSDICTLPEKEKQIKKQTALAELVKHKPKATAEQLKT
VMDDFAQFLDTCCKAADKDTCFSTEGPNLVTRCKDALAHHHHHH** 

Murine DCBD-SA 

CSQPLDVVLLLDGSSSLPESSFDKMKSFAKAFISKANIGPHLTQVSVIQYGSINTIAVPS
NVVQEKAHLQSLVDLMQQEGGPSQIGDALAFAVRYVTAQIAGARPGASKAVVIIIMD
TSLDPVDTAADAARSNRVAVFPVGVGDRYDEAQLRILAGPGASSNVVKLQQVEDLST
MATLGNSFFHKLCSGFSGVGGGSGGGSEAHKSEIAHRYNDLGEQHFKGLVLIAFSQY
LQKCSYDEHAKLVQEVTDFAKTCVADESAANCDKSLHTLFGDKLCAIPNLRENYGEL
ADCCTKQEPERNECFLQHKDDNPSLPPFERPEAEAMCTSFKENPTTFMGHYLHEVAR
RHPYFYAPELLYYAEQYNEILTQCCAEADKESCLTPKLDGVKEKALVSSVRQRMKCS
SMQKFGERAFKAWAVARLSQTFPNADFAEITKLATDLTKVNKECCHGDLLECADDR
AELAKYMCENQATISSKLQTCCDKPLLKKAHCLSEVEHDTMPADLPAIAADFVEDQE
VCKNYAEAKDVFLGTFLYEYSRRHPDYSVSLLLRLAKKYEATLEKCCAEANPPACYG
TVLAEFQPLVEEPKNLVKTNCDLYEKLGEYGFQNAILVRYTQKAPQVSTPTLVEAAR
NLGRVGTKCCTLPEDQRLPCVEDYLSAILNRVCLLHEKTPVSEHVTKCCSGSLVERRP
CFSALTVDETYVPKEFKAETFTFHSDICTLPEKEKQIKKQTALAELVKHKPKATAEQL
KTVMDDFAQFLDTCCKAADKDTCFSTEGPNLVTRCKDALAHHHHHH** 
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2.5.4 Production of p(Man-TLR7) conjugates 

CBD-SA or anti-EDA Fab was mixed with 20 molar equivalents of 2 kDa self-immolative PEG 

linker in 500 𝜇L phosphate buffer (pH 7.7) and reacted for 1 hour mixing at RT. The reaction 

solution was then purified twice via Zeba spin desalting columns with 7 kDa cutoff to remove 

unreacted linker (Thermo Fisher). Successful linker conjugation was confirmed using gel 

electrophoresis and comparison to a size standard of the unmodified proteins. Protein-linker 

constructs in PBS (pH 7.4) were then reacted with 10 molar excess of p(Man-TLR7) polymer in 

an endotoxin-free Eppendorf tube for 2 hours, mixing, at RT. Excess p(Man-TLR7) polymer was 

removed using FPLC size-exclusion chromatography Superdex 200 column (GE). Fractions 

containing species with MW higher than 75 kDa (as assessed by gel electrophoresis) were then 

pooled and concentrated in 30 kDa Amicon centrifuge unit (Millipore Sigma). TLR7 content was 

then determined via absorbance at 327nm and Fab content was determined via gel 

electrophoresis. 

2.5.5 Determination of TLR7 content in p(Man-TLR7) conjugates 

To determine the concentration of TLR7 content in the polymer and polymer-Fab conjugates, the 

absorbance at 327nm was measured. Known quantities of mTLR7 in saline was measured (n=3 

independent samples) at 327nm in several concentrations ranging from 8 mg/mL to 1 mg/mL to 

calculate a standard curve as previously published by Wilson et al [97]. The determined standard 

curve [TLR7 (mg/mL) = 1.9663* A327 + 0.0517] was then used to calculate TLR7 concentration 

in the prepared p(Man-TLR7) conjugate.  
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2.5.6 Determination of protein content in p(Man-TLR7) conjugates 

SDS-PAGE was performed on 4-20% gradient gels (Bio-Rad) using a standard curve of desired 

protein (2, 1.5, 1, and 0.5 mg/mL of CBD-SA or anti-EDA Fab) and two dilutions of protein-

p(Man-TLR7) conjugate samples were reduced with 10mM dithiothreitol. Reducing conditions 

liberates conjugated p(Man-TLR7) allowing for the reduced protein band intensity to be 

analyzed. Band density of the reduced sample and protein standard curve was then analyzed 

using ImageJ and the protein concentration of the sample was calculated using the standard curve 

generated.  

2.5.7 Surface Plasmon Resonance (SPR) Analysis for CBD-SA and CBD-SA-p(Man-TLR7) 

binding to Collagen I 

SPR measurements were made using a Biacore X100 SPR system (Cytiva, Marlborough, MA). 

Human collagen I (EMD Millipore) was immobilized via amine coupling on a CM5 chip 

(Cytiva) according to the manufacturer’s instructions, resulting in ~580 resonance units 

corresponding to ligand coating. CBD-SA, CBD-SA-p(Man-TLR7), or DCBD-SA was then 

flowed at increasing concentrations (as indicated in Fig. 2.3) in PBS with 0.05% Tween 20 for a 

contact time of 70 seconds at 30 µL min-1, followed by running buffer for a dissociation time of 

600 seconds. At the end of each cycle, the sensor chip surface was regenerated with a 30-second 

pulse of 50 mM NaOH at 10 µL min-1. Specific binding of CBD-SA, CBD-SA-p(Man-TLR7), or 

DCBD-SA was calculated by comparison to a channel with BSA (Sigma) immobilized on the 

surface as a reference (BSA immobilization resulted in ~1300 resonance units). The 

experimental results were fitted with Langmuir binding kinetics (1:1 binding) using the 

BIAevaluation software (Cytiva, version 2.0.2.). 
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2.5.8 SPR Analysis for anti-EDA Fab and anti-EDA Fab-p(Man-TLR7) binding to EDA 

SPR measurements were made using a Biacore X100 SPR system (Cytiva, Marlborough, MA). 

At the beginning of each cycle, the surface of an NTA chip (Cytiva) was conditioned with EDTA 

according to the manufacturer’s instructions. Then, 2 µg mL−1 EDA in PBS with 0.05% Tween 

20 was flowed at a flowrate of 5 µL min−1 for 120 seconds, resulting in ~30-60 resonance units 

corresponding to ligand coating. Anti-EDA Fab, anti-EDA Fab-p(Man-TLR7), or irrelevant Fab 

was then flowed at increasing concentrations (as indicated in Fig. 2.3) in PBS with 0.05% Tween 

20 for a contact time of 50 seconds (anti-EDA Fab) or 90 seconds (anti-EDA Fab-p(Man-TLR7) 

and irrelevant Fab) at 30 µL min-1, followed by running buffer for a dissociation time of 600 

seconds. At the end of each cycle, the sensor chip surface was regenerated with one 60-second 

pulse of 0.35M EDTA followed by a 30-second pule of 50 mM NaOH at 30 µL min-1. Specific 

binding of anti-EDA Fab, anti-EDA Fab-p(Man-TLR7), or irrelevant was calculated by 

comparison to a nonfunctionalized channel used as a reference. The experimental results were 

fitted with Langmuir binding kinetics (1:1 binding) using the BIAevaluation software (Cytiva, 

version 2.0.2.). 

2.5.9 Binding of human CBD-SA and CBD-SA-p(Man-TLR7) to Collagen I and III 

Affinity measurements were performed using enzyme-linked immunosorbent assay (ELISA). 96-

well medium-binding ELISA plates (Greiner Bio-One) were coated with 10 µg/mL human 

collagen I or III (EMD Millipore) in PBS overnight at 4°C. The following day, plates were 

washed in PBS with 0.05% Tween 20 (PBS-T) and then blocked with 2% BSA in PBS-T for 2 

hours at room temperature. Then, wells were washed with PBS-T and further incubated with 

CBD-SA or CBD-SA-p(Man-TLR7) for 2 hours at room temperature. After 6 washes with PBS-
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T, wells were incubated for 1 hour at room temperature with biotin-conjugated anti-mouse serum 

albumin (Abcam). Subsequently, wells were washed again 6 times with PBS-T and incubated for 

30 minutes at room temperature with HRP-conjugated streptavidin (Thermo Scientific). Lastly, 

wells were washed 6 more times with PBS-T, and bound CBD-SA or CBD-SA-p(Man-TLR7) 

was detected with tetramethylbenzidine substrate by measurement of the absorbance at 450 nm 

with subtraction of the measurement at 570 nm. 

2.5.10 Binding of human anti-EDA Fab and anti-EDA Fab-p(Man-TLR7) to EDA 

Affinity measurements were performed using ELISA. 96-well ELISA plates (Nunc MaxiSorp 

flat-bottom plates, Thermo Fisher) were coated with 10 µg/mL EDA (produced in our lab) in 

PBS overnight at 4°C. The following day, plates were washed in PBS with 0.05% Tween 20 

(PBS-T) and then blocked with 1x casein (Sigma) diluted in PBS for 2 hours at room 

temperature. Then, wells were washed with PBS-T and further incubated with various dilutions 

of anti-EDA Fab or anti-EDA Fab-pManTLR7 for 2 hours at room temperature. After 6 washes 

with PBS-T, wells were incubated for 1 hour at room temperature with horseradish peroxide 

(HRP)-conjugated antibody against human IgG (Jackson ImmunoResearch). After 6 washes with 

PBS-T, bound anti-EDA Fab or anti-EDA Fab-p(Man-TLR7) was detected with 

tetramethylbenzidine substrate by measurement of the absorbance at 450 nm with subtraction of 

the measurement at 570 nm. The apparent dissociation constant (KD) values were obtained by 

nonlinear regression analysis in Prism software (v7, GraphPad Software) assuming one-site 

specific binding. 

2.5.11 In vitro activation of p(Man-TLR7) Conjugates 

BMDCs were prepared from C57Bl/6 mice (Jackson Laboratory) as previously described 
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[171] and used on day 8–9. For BMDC activation studies, 1×105 cells per well were seeded in 

round-bottom 96-well plates (Fisher Scientific) in RPMI 1640 with 10% fetal bovine serum 

(FBS, Gibco) and 2% Penicillin-Streptomycin (Invitrogen), treated with CBD-SA, CBD-SA-

p(Man-TLR7), anti-EDA Fab, or anti-EDA Fab-p(Man-TLR7), and then incubated at 37°C. The 

samples were allowed to culture for 18h at 37°C and cytokine concentration was measured in the 

media by Ready-Set-Go™ ELISA kits (Thermo Fisher) as detailed in the manufacturer’s 

instructions. 

2.5.12 Reagents for in vivo studies 

Rat anti-mouse PD-1 (Clone 29F.1A12, Bio X Cell) and hamster anti-mouse CTLA-4 (clone 

9H10, Bio X Cell) were used for checkpoint blockade antibody studies. VacciGrade CpG ODN 

1826 was used for toxicity studies (InvivoGen). Before administration to mice, endotoxin levels 

of all formulations were tested via HEK-Blue hTLR4 cells from InvivoGen. 

2.5.13 Cell culture 

B16F10 cells (ATCC) were cultured in DMEM (Gibco) with 10% FBS (Gibco) and 1% 

Penicillin-Streptomycin (Invitrogen) . EMT6 cells (ATCC) were cultured in RPMI 1640 (Gibco) 

with 10% FBS (Gibco) and 1% Penicillin-Streptomycin (Invitrogen). Cell lines were tested to 

confirm a lack of murine pathogens via IMPACT I PCR testing (IDEXX Laboratories).  

2.5.14 Animals 

All studies with animals were carried out in accordance to procedures approved by the 

Institutional Animal Care and Use Committee at the University of Chicago and housed in a 

specific pathogen-free environment at the University of Chicago. C57BL/6 or BALB/c female 

mice aged between 8-12 weeks were obtained from Charles River or The Jackson Laboratory. 
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2.5.15 B16F10 and EMT6 tumor inoculation, treatment, and measurement 

5x105 B16F10 cells resuspended in 30 µL of PBS were inoculated intradermally on the left side 

of the back of each C57BL/6 mouse. Alternatively, 5x105 EMT6 cells resuspended in 30 µL of 

PBS were inoculated into the lower right mammary fat pad on each BALB/s mouse. Tumors 

were measured every other day starting between days 3 and 5 after tumor inoculation with digital 

calipers. Volumes were calculated as volume V= length x width x height x p/6. Mice were 

sacrificed when tumor volume reached over 500 mm3 or early endpoint criteria were reached. 

Treatments were performed on days described in figures and in figure legends. p(Man-TLR7) 

conjugate vaccination or control treatment was administered in described doses and treatments 

via intravenous injection in a total volume of 100 µL or via intratumoral injection in a total 

volume of 30 µL. Treatment with 100 µg of anti-PD-1 with or without 100 µg of anti-CTLA-4 

was administered intraperitoneally or intravenously. Prior to initial treatment, mice were 

randomized into treatment groups with each treatment group split between cages to reduce cage 

effects.  

2.5.16 Intratumoral retention of p(Man-TLR7) conjugates 

Fluorescently-labeled CBD-SA-, DCBD-SA-, anti-EDA Fab-, or irrelevant Fab-p(Man-TLR7) 

conjugates were prepared by first labeling the proteins with Alexa Fluor 647 NHS Ester 

(Invitrogen) according to the manufacturer’s instructions and then carrying out the conjugation to 

p(Man-TLR7), as described above. EMT6 tumor-bearing mice were then injected intratumorally 

at day 14 post-tumor inoculation with the fluorescently labeled conjugates. The doses used were 

based on the protein content in the conjugates and were equivalent to a 10 µg TLR7-based dose. 

Mice were then imaged via an IVIS Spectrum In Vivo Imaging System (Perkin Elmer), starting 
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immediately after injection. Mice were imaged at multiple time points until the fluorescent signal 

was undetectable over the background. Images were processed using Living Image 4.5.5 

software (Perkin Elmer). Total radiant efficiency, measured in (photons/s)/(µW/cm2), was 

quantified for a region of interest (ROI) that encompassed the tumor area. All imaging 

parameters were kept consistent between all images taken. Background radiant efficiency (using 

an ROI from the sample stage) was subtracted from all measurements. The percent of initial (0 hr 

timepoint) total radiant efficiency was then calculated for all timepoints in order to account for 

any differences in the degree of fluorescent labeling across the conjugate groups assessed. 

Intratumoral half-life was calculated using one phase exponential decay (dissociation) curve 

fitting in GraphPad Prism v9. 

2.5.17 Serum cytokine concentration analysis 

B16F10 melanoma tumors were inoculated as described above, and mice were vaccinated as 

described above. On day 11 post-tumor inoculation, 50 µL of blood was collected in heparin-

coated tubes, and serum was separated by centrifugations and stored at -20℃. Serum was 

assessed for IL-6, IL-12p70, TNFa, and IFNg using Ready-Set-Go (Thermo Fisher) or 

Quantikine (R&D) ELISA kits, following the manufacturer’s instructions. 

2.5.18 Preparation of single cell suspensions from organs 

Tumors, spleens, and/or tumor-draining lymph nodes were collected at the time point indicated 

in the figure legends and stored in ice-cold DMEM (Gibco) until further steps. Spleens were 

processed into a single-cell suspension via mechanical disruption and passage through a 70µm 

filter. The splenocytes were washed with PBS and then exposed to ACK lysis buffer (0.155 M 

NH4Cl, Gibco) for 5 minutes at room temperature to lyse red blood cells. The lymph nodes and 
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tumors were mechanically disrupted, then digested at 37°C for 45 min in DMEM with 3.5 

mg/mL collagenase D (Roche), 1 mg/mL collagenase IV (Worthington), 1.2 mM CaCl2 (Sigma), 

1% Penicillin-Streptomycin (Invitrogen), and 2% FBS before being passed through a 70 µm 

filter. Single cell suspensions were then washed with PBS and resuspended in IMDM (Gibco) 

with 10% FBS and 1% Penicillin-Streptomycin.  

2.5.19 Flow cytometric analysis 

The following procedures were all performed at 4˚C in the dark. Prepared cells were stained for 

viability using fixable dyes (Table 2.2) at 1:500 dilution in PBS with anti-CD16/32 included 

(1:100 dilution) for 15 minutes. Surface staining was performed in Brilliant Stain buffer (BD 

Biosciences) using monoclonal antibodies against the murine targets indicated in Table 2.2. All 

antibodies were titrated to determine optimal working dilutions which often was 1:100 or 1:200. 

Cells were incubated with the surface stain cocktail for 20 minutes before washing in PBS, 

followed by fixation. Fixation was performed using the following buffers: for assays without 

intracellular staining, cells were fixed for 20 minutes using a 2% paraformaldehyde solution; for 

assays with transcription factor staining, cells were fixed and permeabilized using the Invitrogen 

FoxP3/Transcription factor kit (eBioscience) according to manufacturer instructions; for assays 

which required non-transcription factor internal staining (cytokines alone) fixation and 

permeabilization was performed using the Cytofix/Cytoperm kit (BD Biosciences) according to 

manufacturer instructions. Assays requiring intracellular staining were performed using 

antibodies against the murine targets at 1:200 dilution in the corresponding kit permeabilization 

buffer, according to manufacturer instructions (Table 2.2). Following fixation and/or 

intracellular staining, cells were resuspended in FACS buffer (PBS pH 7.4 with 2mM EDTA and 

2% FBS, made in house) prior to flow cytometric analysis. Tumor samples were also stained 
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with a TRP2 pentamer (H-2Kb-SVYDFFVWL, ProImmune). Pentamer staining was conducted 

after the viability staining. Cells were first incubated at 37°C for 30 minutes in 50 mM dasatinib. 

The pentamer (at a dilution of 1:10) was then added directly to the cells in dasatinib, and the 

cells were stained for 1 hour at room temperature. Following the pentamer staining, the cells 

were washed and surface stained as described above. Flow cytometry measurements were 

performed using a LSR Fortessa flow cytometer (BD Biosciences), and data were analyzed using 

FlowJo software (Tree Star). 

Table 2.2: Probes and markers used to characterize cell populations using flow cytometry. 

Immune cell panel for Fig. 2.9 

Marker Fluorophore Vendor Clone 
Viability Dye eFluor 455 (UV) Invitrogen  - 
CD45 BV786 BD Horizon 30-F11 
CD3 APC-Cy7 BD Pharmingen 145-2C11 
CD4 BUV395 BD Horizon GK1.5 
CD8 BUV737 BD Horizon 53-6.7 
CD44 PE-Cy7 Biolegend IM7 
CD62L BV711 Biolegend MEL-14 
TOX eFluor 660 Invitrogen TXRX10 
TRP2 Pentamer PE ProImmune H-2Kb SVYDFFVWL 
NK1.1 BV605 Biolegend PK136 
Anti-PE unlabeled Biolegend PE001 

Myeloid cell panel for Fig. 2.11, 2.12, and 2.13 

Marker Fluorophore Vendor Clone 
Viability Dye eFluor 455 (UV) Invitrogen - 
CD45 BV786 BD Horizon 30-F11 
CD8 APC-Cy7 Biolegend 53-6.7 
CD11b BV605 Biolegend M1/70 
CD11c PE-Cy7 BD Pharmingen HL3 
CD80 BUV737 BD Horizon 16-10A1 
CD86 BUV395 BD Horizon GL1 
CD103 PE BD Pharmingen M290 
B220 BV421 Biolegend RA3-6B2 
I-A/E PerCP-Cy5.5 Biolegend M5/114.15.2 
PD-L1 BV711 BD Horizon MIH5 

(Continued on next page) 
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Table 2.2, continued: 

Restimulation panel for Fig. 2.10 

Marker Fluorophore Vendor Clone 
Viability Dye eFluor 455 (UV) Invitrogen - 
CD3 BUV395 BD Horizon  145-2C11 
CD4 BV786 BD Horizon  GK1.5 
CD8 BV421 BD Horizon  53-6.7 
IFNg APC Biolegend  XMG1.2 
TNFα BV605 Biolegend MP6-XT22 

Immune cell panel for Fig. 2.21 

CD45 APC-Cy7 Biolegend 30-F11 
CD3 BUV395 BD Horizon 145-2C11 
CD4 BV786 BD Optibuild RM4-4 
CD8 FITC Biolegend 53-6.7 
CD25 PE Biolegend 3C7 
FoxP3 AF647 BD Pharmingen MF23 
NK1.1 BV421 Biolegend PK136 

Myeloid cell panel for Fig. 2.21 

CD45 APC-Cy7 Biolegend 30-F11 
CD19 BUV395 BD Horizon 1D3 
Ly6G AF488 Biolegend 1A8 
Ly6C BV605 Biolegend HK1.4 
F4/80 APC Biolegend BM8 

 

2.5.20 Ex vivo restimulations 

Cells from the tumor-draining lymph nodes were restimulated in vitro with mTRP-2180-188 

(SVYDFFVWL) and hgp10025-33 (KVPRNQDWL) peptides (Genscript, both peptides were 

pooled, each peptide was used at 2µg/mL) for 6 hours or 3 days. For 3 day restimulations, 5x105 

cells were incubated with peptides for 3 days in complete IMDM at 37°C. After 3 days, the cells 

were spun down, and the supernatant was used to measure secreted cytokines using a 

LEGENDplex™ Mouse Th Cytokine Panel kit (BioLegend) according to the manufacturer’s 

instruction. Approximately 500 events per cytokine were acquired using a LSR Fortessa flow 

cytometer (BD Biosciences), and analyzed with LEGENDplex v8.0 software. 
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For 6 hour restimulations, 1x106 cells from the tumor-draining lymph nodes were 

incubated with peptides for 6 hours in complete IMDM at 37°C. After 2 hours of in vitro 

restimulation, GolgiPlug and GolgiStop (BD) were added according to manufacturer’s 

instructions. Cells were then incubated for 4 more hours, stained for intracellular cytokines, and 

analyzed via flow cytometry, as described. 

2.5.21 Analysis of intratumoral cytokines and chemokines after vaccination 

B16F10 tumor bearing mice were treated at days 4 and 9 with intratumorally-delivered PBS, 

CPI, CBD-SA-p(Man-TLR7), or CBD-SA-p(Man-TLR7)+CPI and euthanized at day 10. 

Tumors were collected and homogenized as described previously [156]. Briefly, after the tumors 

were collected, they were snap-frozen in liquid nitrogen and stored at -80°C. Tumors were then 

homogenized in Tissue Protein Extraction buffer (T-PER, Thermo Fisher Scientific) containing 

protease inhibitor tablets (Roche). Tumors were then placed in Lysing Matrix D tubes (MP Bio) 

and homogenized using a FastPrep tissue homogenizer (MP Bio). Multiplex analysis was then 

performed on the homogenized tumors using LEGENDplexTM Mouse Inflammation Panel and 

Mouse Proinflammatory Chemokine Panel kits (Biolegend) according to the manufacturer’s 

instructions in order to quantify the cytokines and chemokines present within the tumor. 

Approximately 500 events per cytokine or chemokine were acquired using a LSR Fortessa flow 

cytometer (BD Biosciences), and the data was analyzed with LEGENDplex v8.0 software. The 

concentrations of cytokines and chemokines were then normalized to the total protein content of 

the tumor, as measured via Pierce BCA Protein Assay (Thermo Fisher Scientific). 
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2.5.22 Toxicity assessments 

Blood samples from treated mice (as in Fig. 2.16) were collected into protein low-bind tubes 

(Eppendorf) two days after the second treatment injection. The blood was allowed to clot for two 

hours at 4℃ and then was spun down at 10,000 x g for 10 minutes. The serum was collected and 

then analyzed using a Biochemistry Analyzer (Alfa Wassermann Diagnostic Technologies) 

according to the manufacturer’s instructions. 

2.5.23 Anti-Fab or anti-CBD-SA IgG concentration analysis 

B16F10 melanoma tumors were inoculated as described above, and mice were vaccinated as 

described above. On day 11 post-tumor inoculation, 50 µL of blood was collected in heparin-

coated tubes, and plasma was separated by centrifugation and stored at -20℃. Plasma was 

assessed for anti-Fab or anti-CBD-SA IgGs by ELISA. 96-well ELISA plates (Nunc MaxiSorp 

flat-bottom plates, Thermo Fisher) were coated with 10 µg/mL anti-EDA Fab or CBD-SA in 

PBS overnight at 4°C. The following day, plates were washed in PBS with 0.05% Tween 20 

(PBS-T) and then blocked with 1x casein (Sigma) diluted in PBS for 1 hour at room temperature. 

Then, wells were washed with PBS-T and further incubated with various dilutions of plasma for 

2 hours at room temperature. After 6 washes with PBS-T, wells were incubated for 1 hour at 

room temperature with horseradish peroxide (HRP)-conjugated antibody against mouse IgG (Fc 

region specific, Jackson ImmunoResearch,). After 6 washes with PBS-T, bound anti-Fab or anti-

CBD-SA IgGs were detected with tetramethylbenzidine substrate by measurement of the 

absorbance at 450 nm with subtraction of the measurement at 570 nm. 
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2.5.24 Statistical analysis 

Statistical analysis was performed using GraphPad Prism v9. Multiple group comparisons used 

one-way ANOVA with Tukey’s post-hoc correction or two-way ANOVA with Tukey’s multiple 

comparisons test. Differences in survival curves were analyzed using log-rank (Mantel Cox) test. 

Group size (n) used to calculate significance is indicated in figure legend. For showing statistical 

significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unless otherwise stated.  
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CHAPTER 3 

GENERATION OF POTENT CELLULAR AND HUMORAL IMMUNITY AGAINST 

SARS-COV-2 ANTIGENS VIA CONJUGATION TO A POLYMERIC GLYCO-

ADJUVANT 

3.1 Abstract 

 The SARS-CoV-2 virus has caused an unprecedented global crisis, and curtailing its 

spread requires an effective vaccine which elicits a diverse and robust immune response. We 

have previously shown that vaccines made of a polymeric glyco-adjuvant conjugated to an 

antigen were effective in triggering such a response in other disease models and hypothesized 

that the technology could be adapted to create an effective vaccine against SARS-CoV-2. The 

core of the vaccine platform is the copolymer p(Man-TLR7), composed of monomers with 

pendant mannose or a toll-like receptor 7 (TLR7) agonist. Thus, p(Man-TLR7) is designed to 

target relevant antigen-presenting cells (APCs) via mannose-binding receptors and then activate 

TLR7 upon endocytosis. The p(Man-TLR7) construct is amenable to conjugation to protein 

antigens such as the Spike protein of SARS-CoV-2, yielding Spike-p(Man-TLR7). Here, we 

demonstrate Spike-p(Man-TLR7) vaccination elicits robust antigen-specific cellular and humoral 

responses in mice. In adult and elderly wild-type mice, vaccination with Spike-p(Man-TLR7) 

generates high and long-lasting titers of anti-Spike IgGs, with neutralizing titers exceeding levels 

in convalescent human serum. Interestingly, adsorbing Spike-p(Man-TLR7) to the depot-forming 

adjuvant alum, amplified the broadly neutralizing humoral responses to levels matching those in 

mice vaccinated with formulations based off of clinically-approved adjuvants. Additionally, we 

observed an increase in germinal center B cells, antigen-specific antibody secreting cells, 
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activated T follicular helper cells, and polyfunctional Th1-cytokine producing CD4+ and CD8+ T 

cells. We conclude that Spike-p(Man-TLR7) is an attractive, next-generation subunit vaccine 

candidate, capable of inducing durable and robust antibody and T cell responses. 

3.2 Introduction 

Since December 2019, coronavirus disease 2019 (COVID-19), caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), has evolved into a major global public 

health crisis. COVID-19 has overwhelmed global health systems due to its ease of transmission, 

considerable caseloads requiring hospitalization, long in-clinic recuperation times, and a 

confirmed case-mortality rate at around 1-5% (with significantly higher rates in patients with 

comorbidities and of older age) [172–174]. As of September 2021, more than 200 million 

COVID-19 cases and more than 4.5 million deaths have been reported worldwide [175]. These 

features highlight an urgent need for a vaccine against SARS-CoV-2. 

SARS-CoV-2 infections begin through viral recognition of angiotensin-converting 

enzyme-2 (ACE2) on target cells [176,177], mediated by the Spike glycoprotein that decorates 

the viral surface [178,179]. Spike typically exists as a homotrimer of 120 kDa proteins (>1100 

residues each), of which the ACE2-binding function has been pinpointed to the receptor-binding 

domain (RBD) occurring around residues 319-541 [180–182]. Therefore, interfering with this 

binding interaction, by generating antibodies against Spike and/or RBD, represents a promising 

strategy to limit viral infectivity [183], and in fact, has been the predominant approach used in 

today's approved vaccines [184–187]. 

The urgent need for a vaccine has led to an immense number of vaccine candidates under 
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various stages of development worldwide. As of September 2021, there were over 224 SARS-

CoV-2 vaccine candidates under pre-clinical development and around 107 candidates in clinical 

trials [188]. These numbers are the product of the inherent riskiness in the vaccine development 

process and include a wide range of technologies, such as DNA vaccines [189], vectored 

vaccines [190,191], inactivated vaccines [192] and protein subunit vaccines [193,194]. As a 

result of these development efforts, two mRNA-loaded lipid nanoparticle formulations, 

developed by Pfizer-BioNTech [2] and Moderna [3], and one viral vector-based vaccine by 

Johnson&Johnson [191,195] were granted emergency use authorizations in the US by the Food 

and Drug Administration (FDA) in December 2020 and February 2021, respectively. Since then, 

the Pfizer-BioNTech vaccine has gone on to receive FDA approval (August 2021) [196]. Beyond 

the successes, there have also been notable disappointments in the race toward vaccine 

development, including Sanofi/GSK’s [197] and Merck’s [198] vaccine candidates that failed to 

elicit satisfactory immune responses in Phase 1/2 clinical trials. Given the continuing global 

pandemic, it is likely that more vaccine candidates will be explored and tested in continued 

efforts to control additional outbreaks, reduce hospitalization and mortality related to infection, 

reduce vaccine related adverse events, and address newly-emerging strains of SARS-CoV-2. 

Ultimately, a successful vaccine against SARS-CoV-2 will provide protection from 

infection and effectively block the development of severe COVID-19. To do that, it must not 

only generate high neutralizing antibody titers that can prevent the virus from binding to host 

cells [199,200], but it should also induce robust and durable T cell responses [201,202]. In fact, 

elevated T cell levels have been shown to be important in fighting SARS-CoV-2 infection in 

recovering patients, while reduced T cell numbers have been observed in patients who had 

severe disease [203–205]. In addition, a vaccine candidate should also favor the production of T 
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helper cell type 1 (Th1) over T helper cell type 2 (Th2) responses, as the latter have been 

associated with side effects including lung disease and vaccine-associated enhanced respiratory 

disease [206,207]. Conversely, Th1-biased immune responses have been shown to be associated 

with enhanced protection against viral infection [208–210]. Finally, because COVID-19 is 

disproportionately lethal for elderly patients (age > 65 years), an ideal vaccine must be effective 

in this age group, even though many vaccine candidates have decreased efficacy within this 

demographic [211].  

Addressing these requirements, our group recently described a modular vaccine platform 

that incorporates a random co-polymer of mannose and imidazoquinoline toll-like receptor 7 

(TLR7) agonist monomers (p(Man-TLR7)) with an antigen on the same macromolecule. This 

platform leverages the dendritic cell (DC)-targeting properties of mannose-binding C-type lectins 

to efficiently co-deliver antigens and a potent polymeric adjuvant to these cells, eliciting broad 

lymphocyte-driven responses [97]. The simplicity of our platform design allows the reversible 

conjugation of amine-containing antigens to the synthetic polymer p(Man-TLR7) in a manner 

such that the native antigen is released after reduction and self-immolation of the linker in 

response to intracellular signals. Following administration, the immunogenic conjugates are 

successfully taken up by DCs, resulting in antigen processing, cross-presentation, and activation. 

p(Man-TLR7) successfully adjuvanted ovalbumin and the malaria circumsporozoite protein 

(CSP), eliciting robust and high-quality humoral and cellular immune responses [97]. Moreover, 

vaccination with CSP-p(Man-TLR7) generated neutralizing antibodies that inhibited the invasion 

of P. falciparum sporozoites into human hepatocytes ex vivo [97]. 
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Figure 3.1:   Surface Plasmon Resonance (SPR) analysis of binding of SARS-CoV-2 
antigens to human ACE2 (hACE2).  

Characterization of the binding between (A) Spike or (B) RBD and hACE2-Fc was conducted 
using SPR. The graphs represent the real-time binding profile for each antigen and calculated 
KD, ka, kd and χ2. 

In this work, we hypothesized that the success of p(Man-TLR7) as a vaccine platform in 

other disease models would translate to SARS-CoV-2, resulting in robust neutralizing antibody 

responses and T cell responses against a conjugated viral antigen. To explore this, p(Man-TLR7) 

was conjugated to either the prefusion-stabilized Spike protein or its RBD. To place our 

preclinical work into broader context, we also evaluated our Spike-p(Man-TLR7) vaccine against 

benchmark formulations based on the most clinically advanced subunit vaccine adjuvants. 

3.3 Results 

3.3.1 In vitro characterization of antigen-p(Man-TLR7) conjugates 

 We first produced both Spike and RBD antigens and verified their binding ability to the 

ACE2 receptor via surface plasmon resonance (SPR; Fig. 3.1, A and B). The dissociation 

constants (KD) were quantified at 11.6 nM and 19.5 nM, respectively, which corresponded with 

reported values of 2.9-14.7 nM [182,212] and 4.7-44.2 nM [179,180], respectively. These  
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Figure 3.2:   Generation of Spike-p(Man-TLR7) and RBD-p(Man-TLR7).  

(A) Spike-p(Man-TLR7) is composed of Spike antigen (i.) conjugated, via a self-immolative 
linker (ii.), to p(Man-TLR7), a random copolymer synthesized from monomers that either 
activate TLR7 (red ovals) or target mannose-binding C-type lectins (blue ovals; iii.). (B) RBD-
p(Man-TLR7) is composed of RBD antigen (i.) conjugated, via a self-immolative linker (ii.), to 
p(Man-TLR7) (iii.). (C) SDS-PAGE analysis of Spike before (i.) and after the two step 
conjugation reaction (ii., iii.). (D) SDS-PAGE analysis of RBD before (i.) and after the two step 
conjugation reaction (ii., iii.). The observed band between 15 and 25kDa comes from the free 
p(Man-TLR7) polymer in both (C and D). 

antigens were then conjugated to the p(Man-TLR7) construct, yielding two subunit vaccine 

candidates: RBD-p(Man-TLR7) and Spike-p(Man-TLR7) (Fig. 3.2, A and B). The conjugation 

of the p(Man-TLR7) polymer to antigen via covalent self-immolative linkage was confirmed via  



 91 

 
Figure 3.3:   Spike-p(Man-TLR7) conjugates remain conjugated when stored at different 
temperatures long term and after multiple freeze-thaw cycles. 

(A and B) SDS-PAGE analysis of Spike-p(Man-TLR7) after storage at 4°C for greater than 9 
months (i.), or after storage at -20°C for greater than 9 months, followed by one (ii.), three (iii.), 
or five (i.v.) freeze-thaw cycles. The gels were run under non-reducing (A) or reducing (B) 
conditions. In both (A) and (B), the band observed between about 15 and 25 kDa in all lanes is 
free p(Man-TLR7). 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), as indicated by an 

increase in molecular weight (Fig. 3.2, C and D). The number of polymer molecules attached to 

antigen was estimated to be between 1 and 5 based on the SDS-PAGE results. Because long-term 

stability of vaccine formulations at different storage conditions is important for their practical 

worldwide distribution, especially to low-income countries, we also tested the stability of our 

vaccine by monitoring the change in molecular weight using SDS-PAGE analysis after long-term 

storage under several different conditions: storage at 4°C for greater than 9 months and storage at 

-20°C for greater than 9 months, followed by repeated freeze-thaw cycles. Because both of our 

vaccine conjugates are produced using the same methods and thus should have similar stability 

profiles, we chose to only analyze the stability of one vaccine conjugate, Spike-p(Man-TLR7). 

As evidenced by our analysis in Fig. 3.3, Spike-p(Man-TLR7) remained stable for at least 9 

months when stored at 4°C, as the molecular weight observed here was consistent with that  
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Figure 3.4:   Spike- and RBD-p(Man-TLR7) retain binding to ACE2 and are potent 
activators of BMDCs.  

(A and B) Analysis of the binding ability of Spike-p(Man-TLR7) (A) or RBD-p(Man-TLR7) (B) 
to human ACE2 (hACE2) via enzyme-linked immunosorbent assay (ELISA). (C and D) 
Concentration of IL-6, TNFα and IL-12p70 in the supernatant of BMDCs stimulated for 18h 
with Spike (C), Spike-p(Man-TLR7) (C), RBD (D), (Continued on next page) 
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Fig. 3.4, continued: or RBD-p(Man-TLR7) (D) at the concentration corresponding to 25µM of 
the adjuvant, as determined by ELISA. Dotted horizontal lines represent the assay background. 
In (C and D), columns and error bars indicate mean+SD; statistical comparisons are based on 
one-way ANOVA with Tukey’s post-test: *** p<0.001; # p<0.001 as compared to bovine serum 
albumin (BSA). 

observed for Spike-p(Man-TLR7) in Fig. 3.2C. In addition, after storage at -20°C for greater 

than 9 months, the conjugate can be thawed and frozen again at least 5 times without affecting 

the molecular weight (Fig. 3.3, A and B).  

 Because of the nature of this conjugation, the protein’s surface accessible lysine residues 

are modified at random, which could interfere with the binding ability to ACE2. As the ACE2 

binding site on Spike and RBD is an important epitope for generating neutralizing antibodies 

[183], steric hindrance of this site by the p(Man-TLR7) polymer could negatively affect the 

generation of neutralizing antibodies. Despite these concerns, RBD-p(Man-TLR7) and Spike-

p(Man-TLR7) both retained ACE2-binding activity, although at half the levels of unmodified 

antigens (Fig. 3.4, A and B) Furthermore, we validated that antigen-p(Man-TLR7) conjugates 

activated murine bone marrow-derived dendritic cells (BMDCs) in a manner consistent with 

previous publications [97]. Unlike unmodified antigens, both RBD-p(Man-TLR7) and Spike-

p(Man-TLR7) stimulated BMDCs to secrete the immunostimulatory cytokines IL-12p70, IL-6, 

and TNFα (Fig. 3.4, C and D).  

 Lastly, one of the commonly observed side effects upon administration of synthetic 

vaccines and nanomedicines is complement activation-related pseudoallergy (CARPA) [213]. 

Activation of complement, especially through the lectin pathway, has been reported in the case 

of intravenously infused nano-formulations, such as pegylated liposomes (i.e. Doxil) [214]. This 

results in a cascade reaction that leads to the generation of the anaphylatoxins C3a and C5a,  
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Figure 3.5:   Anaphylatoxins are not generated when mouse serum is incubated with Spike-
p(Man-TLR7) ex vivo. 

(A and B) Serum isolated from C57Bl/6 mice was incubated for 45 minutes at 37°C with either 
PBS, Spike, Spike-p(Man-TLR7) or mannan (positive control) adsorbed onto the microwell 
plate. The concentration of generated mouse anaphylatoxins C3a (A) and C5a (B) was quantified 
by ELISA. Comparisons were made using one-way ANOVA with Tukey's post-test: 
***p<0.001. 

which bind to anaphylatoxin receptors on immune cells. This triggers intracellular signaling that 

results in degranulation and release of molecules such as histamines [215]. The presence of PEG 

and mannose residues in the antigen-p(Man-TLR7) structure could potentially trigger activation 

of complement through the lectin pathway and the generation of anaphylatoxins. In order to 

assess whether our vaccine formulations trigger this activation, we incubated serum isolated 

from C57Bl/6 mice in plates coated with PBS-, Spike-, Spike-p(Man-TLR7)- or mannan. Here, 

we again chose to focus only on Spike-p(Man-TLR7), as both of our vaccine formulations utilize 

the same p(Man-TLR7) polymer. Using enzyme-linked immunosorbent assays (ELISA), we 

discovered that the concentration of the C3a and C5a anaphylatoxins was elevated above the 

PBS background only in serum incubated with mannan (Fig. 3.5, A and B), a polysaccharide 

that has been shown to activate complement through the lectin pathway [216]. This ex vivo assay 
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confirmed that Spike-p(Man-TLR7) does not activate complement in direct contact with mouse 

serum, pointing towards a low risk for subcutaneous administration of our conjugates inducing 

CARPA. Overall, functional recombinant Spike and RBD were successfully expressed in-house 

and coupled onto p(Man-TLR7) to generate conjugates that retain ACE2 binding activity, show 

superior DC stimulation compared to unmodified antigen, and do not activate complement via 

the lectin pathway ex vivo. 

3.3.2 Vaccination with Spike-p(Man-TLR7) but not RBD-p(Man-TLR7) elicits SARS-CoV-2 

neutralizing antibody responses 

 Next, we asked if the DC immune-stimulatory capacity of the conjugates in vitro would 

translate to superior antibody responses in vivo. To evaluate this, healthy adult C57BL/6 mice 

were vaccinated subcutaneously (s.c., in the hocks) in a prime-boost schedule 3 weeks apart, and 

sacrificed a week after the boost (Fig. 3.6A). We first assessed the humoral response in mice 

vaccinated with RBD-p(Man-TLR7) compared to mice vaccinated with RBD alone or 

adjuvanted with a mimic of the clinically-approved adjuvant AS04 (RBD+AS04-L; protein 

mixed with alum (aluminum hydroxide wet gel suspension) and monophosphoryl lipid A 

(MPLA); L for ‘like’), formulated according to published procedures [217]. AS04 was 

designated as a positive control adjuvant due to its success in stimulating broad lymphocyte-

driven responses against virally-mediated diseases such as those caused by the human 

papillomavirus [218,219] and Hepatitis B virus [218,219], making it an ideal benchmark for 

evaluating the efficacy of the p(Man-TLR7) platform.  

 Vaccination with RBD-p(Man-TLR7) induced circulating levels of RBD-specific IgGs 

that trended higher than levels observed in mice vaccinated with RBD alone and naïve mice (p =  
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Figure 3.6:   RBD-p(Man-TLR7) vaccination generates RBD-specific antibodies, which fail 
to potently neutralize SARS-CoV-2.  

(A) Mice were vaccinated with RBD-p(Man-TLR7), RBD+AS04-L, or RBD at weeks 0 (prime) 
and 3 (boost) and their plasma was collected weekly up until week 4. Plasma from naïve mice 
was collected at the same time points. (B) Total RBD-specific IgG antibodies over time reported 
as the area under the log-transformed curve (AUC) of absorbance vs. dilution. (C) Titers of total 
RBD-specific IgG antibodies at week 4. (D) Comparison of RBD-specific IgG Isotypes (IgG1, 
IgG2b, IgG2c and IgG3) and (E) corresponding IgG2b:IgG1 ratios at one week post boost (week 
4). (F and G) Circulating anti-RBD IgA antibodies quantified at week 4 via (F) AUC analysis 
and (G) titration. (H) Neutralization assay of SARS-CoV-2 infection (Continued on next page) 
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Fig. 3.6, continued: on Vero-E6 cells in vitro. SARS-CoV-2 was pre-incubated with plasma 
isolated from mice at week 4. Percent neutralization was calculated based on viability of cells 
that did not receive virus (100%) or virus without plasma preincubation (0%). (I) Viral 
neutralization titers, representing plasma dilution at which 50% of SARS-CoV-2-mediated cells 
death is neutralized. Shaded area represents the lower limit of detection (titer of 2.11); green 
dotted horizontal line represents FDA recommendation for “high titer” classification (= 2.40). 
All data are presented as mean±SEM with n = 5-10 mice per group. Comparisons were made 
using (B) two-way ANOVA with Tukey’s multiple comparison test, (C and D) Brown-Forsythe 
ANOVA with Dunnet’s T3 test, (E) one sample t test (compared to the theoretical value of 1, 
representing an unbiased Th1/Th2 response), (F and G) one-way ANOVA with Tukey’s post-
test, or (I) Kruskal-Wallis non-parametric test with Dunn’s post-test: * p<0.05, **p<0.01, *** 
p<0.001; # p<0.05 (for comparison to both RBD and Naïve groups). Additional comparisons 
were made in (I) using Wilcoxon signed rank test: § p<0.05 (as compared to the FDA “high titer” 
classification). In (B), comparisons noted on the graph in blue are between the indicated 
timepoints for RBD+AS04-L, and comparisons noted in the legend are between the indicated 
groups at week 4. In (B), only relevant statistical comparisons are shown. 

0.15 and p = 0.11, respectively; Fig. 3.6, B and C). Although RBD+AS04-L induced even 

higher levels of RBD-specific antibodies, RBD-p(Man-TLR7)-elicited antibody isotypes were 

suggestive of Th1-skewing (Fig. 3.6, D and E), as observed by comparing the ratio of IgG2b to 

IgG1 [220,221], as well as increased levels of anti-RBD serum IgA (Fig. 3.6, F and G). IgG2 

isotypes in mice are known to exhibit potent anti-viral activity [222,223], and SARS-CoV-2-

specific serum IgA antibodies have been shown to rapidly increase after the onset of COVID-19 

and to have neutralization potential [224,225].  

 We then asked if vaccine-elicited RBD-specific antibodies could effectively neutralize 

SARS-CoV-2 virions, preventing their ability to infect Vero-E6 cells in vitro. We observed that 

while plasma from mice vaccinated with RBD-p(Man-TLR7) showed an increase in virus 

neutralization titer (VNT) compared to mice vaccinated with RBD alone, it failed to meet the 

FDA-recommended VNT threshold for COVID-19 convalescent plasma therapy (Fig. 3.6, H 

and I) [226]. At the same time, we observed that plasma from mice vaccinated with the 

RBD+AS04-L formulation protected Vero-E6 cells against viral infection in vitro (Fig. 3.6, H 



 98 

and I).  

Next, we assessed the humoral responses of mice vaccinated with Spike-p(Man-TLR7), 

following the same vaccination schedule (Fig. 3.7A). We also compared this formulation against 

additional benchmarks mimicking clinically-approved vaccine formulations based on alum: 

Spike+alum and Spike-p(Man-TLR7)+alum. Alum has been shown to enhance antigen 

availability, activation of antigen presenting cells (APCs), and uptake by immune cells through 

the formation of a depot at the injection site [227–230]. Additionally, alum is commonly used in 

combination with other adjuvants with direct immunostimulatory activity, as embodied by one 

COVID-19 vaccine candidate in clinical testing that formulates Spike with alum and the TLR9 

agonist CpG [231]. Based on these properties of alum, we hypothesized that it could synergize 

with Spike-p(Man-TLR7) to produce a strong humoral response. In addition, we compared our 

formulations with Spike alone and Spike+AS04-L, as well as with Spike+AS03-L (Spike mixed 

with an oil-in-water emulsion of α-tocopherol, squalene, and polysorbate 80). AS03-L is an 

analog of the clinical AS03 adjuvant, which has been investigated in clinical trials as a COVID-

19 vaccine with the Spike protein as the antigen [232].  

In our studies, vaccination with Spike-p(Man-TLR7) elicited higher titers of Spike-

specific antibodies versus vaccination with Spike alone (p<0.001) or in naïve mice (p<0.001, 

Fig. 3.7B). The benchmark vaccine formulations Spike+AS03-L and Spike+AS04-L elicited 

even higher Spike-specific IgG titers, but these levels were matched by Spike-p(Man-

TLR7)+alum (Fig. 3.7B). Compared to all of these groups, however, Spike-p(Man-TLR7)-

elicited IgG isotypes were more suggestive of Th1 activity, based on the ratio of IgG2b to IgG1 

(Fig. 3.7, C and D). Notably, this vaccine, with or without alum, also increased levels of Spike- 
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Figure 3.7:   Spike-p(Man-TLR7) and Spike-p(Man-TLR7)+alum generate potent humoral 
responses in mice. 

(Continued on next page) 
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Fig. 3.7, continued: (A) Mice were vaccinated with Spike-p(Man-TLR7), Spike-p(Man-
TLR7)+alum, Spike+AS04-L, Spike+AS03-L, Spike+alum, or Spike at weeks 0 (prime) and 3 
(boost), and their plasma was collected weekly until week 4. Plasma from naïve mice was 
collected at the same time points. (B) Total Spike-specific IgG antibodies over time reported as 
the area under the log-transformed curve (AUC) of absorbance vs. dilution. (C) Comparison of 
Spike-specific IgG isotypes (IgG1, IgG2b, IgG2c and IgG3) and (D) corresponding IgG2b:IgG1 
ratios at one week post-boost (week 4). (E) Circulating anti-Spike IgA antibodies in the serum of 
vaccinated mice quantified at week 4 using AUC analysis. (F) Quantification of Spike-specific 
IgG+ antibody secreting cells by enzyme-linked immunosorbent spot (ELISpot) assay with 
splenocytes. (G) Neutralization assay of SARS-CoV-2 infection on Vero-E6 cells in vitro. 
SARS-CoV-2 was pre-incubated with plasma isolated from mice at week 4. Percent 
neutralization was calculated based on viability of cells that did not receive virus (100%) or virus 
without plasma preincubation (0%). (H) Viral neutralization titers, representing plasma dilution 
at which 50% of SARS-CoV-2-mediated cell death is neutralized. Shaded area represents the 
lower limit of detection (titer of 2.11); green dotted horizontal line represents the FDA 
recommendation for “high titer” classification (= 2.40). (I) Comparison of total Spike-specific 
IgG antibodies in the plasma of 8, 21, 47 and >64 week old mice that received the indicated 
vaccines, following the same schedule as in (A). (J) Change in total Spike-specific IgG 
antibodies over time in plasma of mice (n = 5) that received the indicated vaccines, following the 
same vaccination schedule as in (A). All data are presented as mean±SEM with n = 4-10 mice 
per group, unless stated otherwise. Comparisons were made using (B and I) two-way ANOVA 
with Tukey’s multiple comparison test, (C and E) Brown-Forsythe ANOVA with Dunnet’s T3 
test, (D) one sample t test (compared to the theoretical value of 1, representing an unbiased 
Th1/Th2 response), (F and H) Kruskal-Wallis non-parametric test with Dunn’s post-test, or (J) 
mixed-effects analysis with Tukey’s multiple comparison test: * p<0.05, **p<0.01, *** p<0.001; 
# p<0.05 (for comparison to both Spike and naïve groups). Additional comparisons were made in 
(H) using Wilcoxon signed rank test: § p<0.05 and ‡ p=0.11 (as compared to the FDA “high 
titer” classification). In (B), comparisons noted on the graph are between the indicated 
timepoints for all groups except Spike and Naïve, while comparisons noted in the legend are 
between the indicated groups at week 4. In (I), comparisons indicated in the legend are true for 
mice at each age. In (J), comparisons noted on the graph in black are between the indicated 
timepoints for all groups except Spike and Naïve, and comparisons indicated in red are only for 
Spike-p(Man-TLR7). Comparisons indicated in the legend of (J) are true for every timepoint. In 
(B, I, and J), only relevant statistical comparisons are shown. 

specific serum IgA, as compared to mice vaccinated with Spike alone, Spike adjuvanted with 

alum or AS04-L, or naïve mice (Fig. 3.7E). However, vaccination with Spike+AS03-L 

stimulated the highest levels of serum IgA among all groups (Fig. 3.7E). In agreement with these 

Spike-specific antibody responses, all adjuvanted formulations also resulted in an increase in the 

number of Spike-specific antibody secreting cells (ASCs) as compared to mice vaccinated with 

Spike alone or naïve mice, with the highest numbers of ASCs observed in mice vaccinated with 
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Spike-p(Man-TLR7)+alum and Spike+AS03-L (Fig. 3.7F).  

All adjuvanted vaccine formulations led to demonstrable neutralization of SARS-CoV-2 

infection on Vero-E6 cells. In this regard, plasma from mice vaccinated with Spike-p(Man-

TLR7) exceeded the FDA-recommended VNT threshold for convalescent plasma therapy, 

demonstrating superior neutralization activity over human convalescent plasma and 1.6-fold 

greater neutralization activity versus plasma from mice vaccinated with Spike alone or from 

naïve mice (Fig. 3.7, G and H). While vaccination with either Spike+AS04-L, Spike+AS03-L, 

or Spike+alum all led to even greater VNTs (Fig. 3.7, G and H), co-formulation of Spike-

p(Man-TLR7) with alum allowed this platform to match the VNTs elicited by these positive 

control benchmarks (Fig. 3.7, G and H). 

We then asked if the efficacy of Spike-p(Man-TLR7) in eliciting strong humoral 

responses in adult healthy mice would also translate to elderly mice. Four weeks after they 

received the priming dose, mice of all ages, ranging from 8 to >64 weeks, exhibited high titers of 

anti-Spike IgGs in all adjuvanted groups assessed (Fig. 3.7I). Furthermore, these responses were 

durable in adult mice, persisting for at least 45 weeks after the priming dose, with area under the 

curve (AUC) values from log-transformed ELISA absorbance plots for total anti-Spike IgG still 

exceeding 4.0 at week 45 (Fig. 3.7J). The AUC levels peaked at above 10 by week 4, and an 

initial drop in the levels of antibodies was observed between weeks 4 and 6 for mice vaccinated 

with Spike-p(Man-TLR7). After 45 weeks, the antibody levels were significantly reduced for 

mice vaccinated with all adjuvanted formulations as compared to the peak at week 4 (Fig. 3.7J). 

However, the levels of total anti-Spike IgG remained significantly higher in mice vaccinated 

with all adjuvated formulations than in mice vaccinated with Spike alone up to week 45 (Fig. 
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3.7J).  

Taken together, our observations indicate that Spike-p(Man-TLR7) is able to induce a 

robust humoral response in both adult and elderly mice and that antibodies induced by the 

p(Man-TLR7) platform persist for at least 45 weeks after the priming dose. Additionally, the 

humoral response is further increased by the addition of alum to Spike-p(Man-TLR7). 

3.3.3 Expansion of epitopic coverage upon Spike-p(Man-TLR7) vaccination 

Viruses tend to mutate to evade even the most effective neutralizing antibodies, and as 

such, a vaccination strategy that can elicit broad epitope coverage might be important to control a 

mutable virus. We characterized the repertoires of Spike-specific antibodies raised by each 

vaccine formulation via peptide arrays of linear Spike epitopes. The peptide arrays were 

constructed based on the full linear amino acid sequence of the SARS-CoV-2 Spike protein 

(NCBI GenBank accession # QHD43416.1), encompassing 254 unique 15-mer overlapping 

peptides with 5-amino acid offsets.  

While vaccination with unadjuvanted Spike resulted in antibodies that recognized only a 

limited number of epitopes, p(Man-TLR7) conjugation expanded the epitope coverage to linear 

epitopes corresponding to the ACE2 binding site of RBD [233] and two previously reported 

linear Spike epitopes shown to elicit neutralizing antibodies in COVID-19 patients (Fig. 3.8) 

[234,235]. Notably, the addition of alum to Spike-p(Man-TLR7) further expanded the breadth of 

recognized epitopes, matching or surpassing the breadth of epitopes recognized by antibodies 

from mice vaccinated with Spike+AS04-L, Spike+AS03-L, or Spike+alum (Fig. 3.8). 
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Figure 3.8:   Vaccination with Spike-p(Man-TLR7) and Spike-p(Man-TLR7)+alum elicits a 
broad humoral response targeting the receptor binding motif (RBM) of RBD and other 
neutralizing linear epitopes. 

Mice were vaccinated as in Fig. 3.7A. Plasma was collected at week 4, pooled by vaccination 
group, and analyzed for binding to linear epitopes using a peptide array. X-axis represents the 
sequential peptide number within the Spike amino acid sequence (overlapping 15-amino acid 
peptides with 5-amino acid offsets). Y-axis quantifies the level of antibody binding to each 
peptide, detected via luminescence (a.u.). Axis begins from the value of the background, which 
was set at 5 x 106 a.u. Several relevant regions of the Spike protein are indicated above the 
graphs: S1 and S2 subunits, RBD (light orange box), and RBM (dark orange box). Regions 
corresponding to neutralizing Spike epitopes identified by Shrock et al. [234] and Poh et al. 
[235] are indicated in light green and light blue boxes, respectively. 
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3.3.4 Spike-p(Man-TLR7) platforms induce antigen-specific B cell immunity and expansion of 

Tfh cells 

 Due to the higher neutralizing antibody titers and broader epitope coverage found in the 

p(Man-TLR7) conjugated group compared to vaccination with Spike alone, we asked how these 

differences might be reflected in B cell responses in the secondary lymphoid organs. We 

analyzed the lymph nodes and spleens of vaccinated mice to examine the phenotypes and 

activation of B cells (Fig. A.4) and follicular helper CD4+ T (Tfh) cells (Fig. A.5), the cells 

responsible for establishing humoral immunity.  

 Spike-p(Man-TLR7), both with and without alum, triggered B cell (CD19+ B220+) 

expansion in the draining lymph nodes and spleen as compared to mice vaccinated with Spike 

alone or naïve mice (Fig. 3.9, A and B; Fig. A.4a). While Spike-p(Man-TLR7) elicited higher 

frequencies of germinal center (GC) B cells (IgD- GL7+ CD38-) among splenic and lymph node 

B cells versus vaccination with Spike alone or in naïve mice, vaccines containing alum were 

generally even more effective at inducing GC B cells in the lymph nodes. As such, Spike-p(Man-

TLR7)+alum triggered fourfold higher frequencies of GC B cells among lymph node B cells 

versus Spike-p(Man-TLR7) alone (3.4 ± 0.1% vs. 0.8 ± 0.1%) – levels matched by Spike+AS04-

L (3.2 ± 0.5%) and Spike+alum (3.7 ± 0.4%) and exceeded by Spike+AS03-L (7.8 ± 0.5%; Fig. 

3.9, A and B). In contrast, Spike-p(Man-TLR7) and Spike+AS03-L vaccination resulted in the 

highest frequencies of GC B cells in the spleen (1.2± 0.3% and 1.3± 0.3%, respectively), while 

the alum-containing formulations (Spike-p(Man-TLR7)+alum, Spike+AS04-L, and Spike+alum) 

did not result in as high levels of systemic GC responses (Fig. 3.9B). Reflective of these trends, 

the frequency of GC B cells that recognized RBD were elevated in mice treated with Spike- 
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Figure 3.9:   Secondary lymphoid organ-resident B cells are activated in mice vaccinated 
with Spike-p(Man-TLR7) or Spike-p(Man-TLR7)+alum. 

(A and B) Quantification of B cells resident within the (A) draining LNs (dLNs) of the 
vaccination site or (B) spleen via flow cytometry at week 4 after vaccination as in Fig. 3.7A. 
From left to right, total B cells (CD19+ B220+) within live cells, germinal center (GC) B cells 
(IgD-GL7+CD38-) within live B cells, and RBD tetramer reactive GC B cells (RBD+) as a 
percentage of GC B cells. Data plotted as mean±SEM with n = 4-5 mice per group. *p<0.05, ** 
p<0.01, ***p<0.001 by one-way ANOVA with Tukey’s post-test; # p<0.05 as compared to both 
Spike and naïve. 

p(Man-TLR7) or Spike-p(Man-TLR7)+alum in the spleen or lymph nodes, respectively (Fig. 

3.9, A and B; Fig. A.4, b and c). Additionally, Spike-p(Man-TLR7)+alum increased the 

frequency of memory B cells (IgD- GL7- CD38+) in the draining lymph nodes compared to non-

adjuvanted controls and to Spike-p(Man-TLR7) (Fig. 3.10A). Moreover, we observed a 

significant reduction in the naïve B cell population in the draining lymph nodes of mice  



 106 

 

Figure 3.10: Naïve B cells, memory B cells, plasmablasts, and plasma cells in vaccinated 
mice one week post-boost. 

(A and B) Characterization of B cells resident within the (A) dLNs of the vaccination site or (B) 
spleen via flow cytometry at week 4 after vaccination (mice were vaccinated as in Fig. 3.7A). 
(A-B) From left to right: memory B cells (IgD+GL7-CD38+) within all B cells, naïve B cells 
(IgM+IgD+GL7-) within B cells, plasmablasts (B220+ CD138+) within all live cells, and plasma 
cells (B220-CD138+) within all live cells. Data presented as mean±SEM with n = 4-5 mice per 
group; *p<0.05, ** p<0.01, ***p<0.001 via one-way ANOVA with Tukey’s post-test; # p<0.05 
as compared to both Spike and naïve. 

vaccinated with either Spike-p(Man-TLR7) or Spike-p(Man-TLR7)+alum (Fig. 3.10A). In the 

spleen, the different vaccine formulations were not associated with statistically significant 

differences in memory or naïve B cell composition (Fig. 3.10B). Lastly, neither Spike-p(Man-

TLR7) nor Spike-p(Man-TLR7)+alum increased the frequencies of plasmablasts (CD138+ 

B220+) or plasma cells (CD138+ B220-) observed via flow cytometry at one week post-boost in  
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Figure 3.11: CD4+ T follicular helper (Tfh) cells are activated in mice vaccinated with 
Spike-p(Man-TLR7) or Spike-p(Man-TLR7)+alum. 

(A and B) Activation of CD4+ Tfh cells in the dLNs (A) and the spleen (B) was characterized by 
flow cytometry. Tfh cells were defined as CXCR5+BCL6+CD4+ and quantified within CD4+ T 
cells. ICOShi Tfh cells or Ki67hi Tfh cells were quantified within Tfh cells. Data plotted as 
mean±SEM with n = 4-5 mice per group. *p<0.05, ** p<0.01, ***p<0.001 by one-way ANOVA 
with Tukey’s post-test; # p<0.05 as compared to both Spike and naïve. 

both the draining lymph nodes and spleen, although a trend towards increased levels was 

observed in the spleen (Fig. 3.10, A and B). 

 Shifting our focus to the Tfh cells (CD4+ Bcl6+ CXCR5+), we observed that animals 

vaccinated with Spike-p(Man-TLR7)+alum showed an increase in the fraction of Tfh cells in both 
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the spleen and draining lymph nodes compared to mice treated with most other formulations 

(Fig. 3.11, A and B; Fig. A.5). In addition, while a significantly higher fraction of these Tfh cells 

expressed a marker of activation (ICOShi) in both the lymph nodes and spleen compared to 

unadjuvanted controls, we detected only modest trends towards increased proliferation of these 

cells, discerned by high expression of Ki67 (Fig. 3.11, A and B). In the absence of alum, Spike-

p(Man-TLR7) increased frequencies of both total and activated Tfh cells in the spleen, but not in 

the draining lymph nodes, compared to mice treated with other formulations (Fig. 3.11, A and 

B).  

 Altogether, Spike-p(Man-TLR7) vaccination induced antigen-specific B cell immunity 

and expansion of activated Tfh cells in the spleen, while the addition of the adjuvant alum 

localized the response to the draining lymph nodes.  

3.3.5 Th1 biased cellular responses are observed upon vaccination with Spike-p(Man-TLR7) 

with and without alum 

 The establishment of T cell responses plays an essential role in protection against 

infectious diseases [236]. Some reports indicate that cellular immunity is as crucial as humoral 

immunity in COVID-19 recovery [237]. Therefore, we characterized the antigen-specific T cell 

responses in the spleens of mice vaccinated with either Spike-p(Man-TLR7) conjugates or 

benchmark formulations. One week after the boost, splenocytes from all vaccinated and control 

mice were restimulated ex vivo with Spike peptide pools, and we quantified intracellular levels of 

the costimulatory cytokines IFNg, TNFα, and IL-2 (Fig. A.6).  
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Figure 3.12: Vaccination with Spike-p(Man-TLR7) and Spike-p(Man-TLR7)+alum elicits 
robust antigen-specific T cell responses. 

Splenocytes harvested one week post-boost from vaccinated mice (vaccinated as in Fig. 3.7A) 
were restimulated ex vivo with a Spike-derived peptide pool for 6h prior to flow cytometry 
analysis. (A to E) Cytokine-producing (A and B) CD4+ and (C and D) CD8+ T cell responses 
were detected by intracellular staining and quantified by flow cytometry. (A) IFNg+, TNFα+ and 
IL2+ CD4+ T cells quantified within CD4+ T cells. (B) Polyfunctional CD4+ T cells (IFNg+ 
TNFα+ IL2+ CD4+ T cells) quantified as a percentage of CD4+ T cells. (C) IFNg+, TNFα+ and 
IL2+ CD8+ T cells, as a percentage of CD8+ T cells. (D) Polyfunctional CD8+ T cells (IFNg+ 
TNFα+ IL2+ CD8+ T cells), as a percentage of CD8+ T cells. (E) Mean fluorescence intensity 
(MFI) of IFNg+ CD4+ T cells (left) and IFNg+ CD8+ T cells (right). Data presented as 
mean±SEM with n = 4-5 mice per group; * p<0.05, ** p<0.01, ***p<0.001 by (A-D) Kruskal-
Wallis test with Dunn’s post-test or (E) one-way ANOVA with Tukey’s post-test. 
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Figure 3.13: Ex vivo restimulated splenocytes from mice vaccinated with Spike-p(Man-
TLR7) or Spike-p(Man-TLR7)+alum secrete more Th1 cytokines as compared to several 
other groups.  

Splenocytes harvested one week post-boost from vaccinated mice (vaccinated as in Fig. 3.7A) 
were restimulated ex vivo with the full length Spike protein for 3 days prior to multiplexed 
cytokine analysis. The cytokines quantified (in pg/mL) from the supernatant of restimulated cells 
include Th1 cytokines (IFNg, TNFα, IL-2), Th2 cytokines (IL-4, IL-5, IL-13), IL-6, IL-17A (a T 
helper cell type 17 (Th17) cytokine), and IL-12. Data presented as mean±SEM with n = 4-5 mice 
per group; * p<0.05, ** p<0.01 by Kruskal-Wallis test with Dunn’s post-test. 
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Figure 3.14: Ratio of IFNg to IL-6 or various Th2 cytokines points towards a Th1-biased 
response in mice vaccinated with Spike-p(Man-TLR7) or Spike-p(Man-TLR7)+alum. 

Ratio (unitless) of IFNg concentration (pg/mL) to IL-6 or Th2 cytokine (IL-4, IL-5, IL-13) 
concentration (pg/mL) from Fig. 3.13. From left to right, graphs represent the following ratios: 
IFNg/IL-6, IFNg/IL-4, IFNg/IL-5 and IFNg/IL-13. Columns and error bars indicate mean±SEM 
for n = 4-5 mice per group; *p<0.05, ** p<0.01 via Kruskal-Wallis test with Dunn’s post-test. 

Vaccination with Spike-p(Man-TLR7) either alone or in combination with alum 

generated higher frequencies of cytokine+ CD4+ T cells, more polyfunctional CD4+ T cells 

(producing all three cytokines: IFNg, TNFα, and IL-2), and higher expression of IFNg compared 

to other groups (Fig. 3.12, A, B, and E). Splenic CD8+ T cells elicited by Spike-p(Man-TLR7) 

vaccination trended towards increased intracellular cytokine expression relative to mice treated 

with Spike alone, but did not reach statistical significance (Fig. 3.12, C-E). Spike-p(Man-

TLR7)+alum, however, resulted in a superior increase in cytokine+ CD8+ T cells and 

polyfunctional CD8+ T cells upon restimulation compared to other groups (Fig. 3.12, C-E). 

 To determine the nature of the immune response generated by our glyco-polymer 

conjugate platform, we quantified the amounts of various cytokines secreted by splenocytes after 

three days of restimulation with whole Spike protein. Cells collected from the spleens of animals 

treated with Spike-p(Man-TLR7) and Spike-p(Man-TLR7)+alum produced significantly more 
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Th1 cytokines, specifically IFNg and IL-2, compared to most other groups (Fig. 3.13). 

Interestingly, we observed that splenocytes from mice vaccinated with Spike-p(Man-

TLR7)+alum also secreted increased levels of IL-6 upon restimulation, as well as Th2 cytokines, 

specifically IL-4 and IL-13, compared to other groups (Fig. 3.13). Nevertheless, the ratio of IFNg 

to IL-4, IL-5, IL-13, and IL-6 was significantly higher for Spike-p(Man-TLR7), as well as Spike-

p(Man-TLR7)+alum in some cases, compared to benchmark groups (Fig. 3.14). Increased 

secretion of IL-17A was not observed upon restimulation of splenocytes from mice vaccinated 

with Spike-p(Man-TLR7) or Spike-p(Man-TLR7)+alum (Fig. 3.13). At the same time, all 

adjuvanted groups showed some elevation in IL-10 secretion (Fig. 3.13). In summary, we 

demonstrated that our Spike-p(Man-TLR7) platform induces strong functional Th1-biased T cell 

responses. 

3.4 Discussion 

The COVID-19 pandemic has resulted in a global health, economic, and social crisis 

requiring a rapid response from researchers around the world to develop an effective vaccine 

against the virus. That urgency led to successful clinical trials, the emergency-use authorization 

of several vaccine candidates globally, and the FDA approval of one vaccine candidate, although 

the considerable uncertainties and failure rates inherent in the process are highlighted by high-

profile dropouts, as seen in the case of Sanofi/GSK’s and Merck’s vaccine candidates. Therefore, 

the global vaccination effort has focused on putting forth as many candidates as possible, in the 

event that any of the frontrunners failed to live up to their promise in preceding development 

stages. Based on our recent successful deployment of a synthetic glyco-polymer-based vaccine in 

addressing the difficulties in the field of malaria vaccination [97], we adapted the vaccine 
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platform for SARS-CoV-2 by conjugating SARS-CoV-2 viral proteins to the DC-targeted, TLR7 

agonist-containing polymer p(Man-TLR7).  

Since the beginning of the COVID-19 pandemic, we have learned that the natural 

responses to SARS-CoV-2 are temporary and decline quickly after recovery. Generation of long-

lasting neutralizing antibody responses to components of SARS-CoV-2 is a primary goal of 

vaccines that would prevent or limit the infection’s severity. The Spike protein has been one of 

the major antigens used in vaccines to elicit potent antibody responses, with some formulations 

focusing on the full-length Spike protein and others focusing on only the RBD domain of Spike. 

As such, after successfully formulating two bioactive conjugates, RBD-p(Man-TLR7) and Spike-

p(Man-TLR7), we investigated the humoral responses generated in vaccinated mice using a 

prime-boost regimen. Both RBD-p(Man-TLR7) and Spike-p(Man-TLR7) resulted in high levels 

of IgGs against the corresponding immunogen. However, with our platform, only Spike-p(Man-

TLR7) elicited neutralizing antibodies that exceeded the FDA-recommended VNT. Because 

RBD is a smaller antigen than the full-length Spike protein, conjugation to p(Man-TLR7) could 

potentially mask epitopes important for eliciting neutralizing antibodies. In fact, multiple lysine 

residues available for conjugation are located near the ACE2 binding site on RBD [178,179]. 

Because the conjugation occurs randomly on sterically-accessible lysine residues, and Spike is a 

larger protein with more lysine residues available for conjugation, it is statistically less likely for 

the p(Man-TLR7) polymer to completely mask this site on Spike. Additionally, since there are 

neutralizing epitopes on Spike outside of the RBD region [183], vaccines using the full-length 

Spike protein have the potential to elicit neutralizing antibodies against a broader range of 

epitopes. 
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Our studies also sought to determine how the combinatorial application of adjuvants may 

modulate the anatomic localization and efficacy of immune responses. In particular, we explored 

the use of the depot-forming adjuvant alum, which is commonly seen in other clinical-stage 

vaccines and COVID-19 vaccine candidates [218,219,231,238]. We observed that alum seemed 

to have an effect on the anatomic localization of germinal center responses and therefore 

antibody generation. Vaccination with Spike-p(Man-TLR7) resulted in higher numbers of GC B 

cells in the spleen, whereas vaccination with Spike-p(Man-TLR7) in combination with alum 

resulted in higher numbers of GC B cells in the draining lymph nodes (Fig. 3.9, A and B). These 

findings suggest that alum retains vaccines near the site of injection, whereas in its absence, 

Spike-p(Man-TLR7) can diffuse more systemically. This is in agreement with one of the 

proposed mechanisms of action for alum being the formation of an antigen depot that results in 

the slow drainage of antigen from the injection site [227–229]. This slow drainage has important 

implications for vaccine efficacy, as it has been shown previously that controlled prolonged 

release of antigen can greatly enhance humoral responses upon vaccination [239]. Although the 

depot effect of alum has been called into question [240], it is nevertheless consistent with our 

observations of improved magnitude, breadth, and neutralization activity of the humoral 

responses elicited by Spike-p(Man-TLR7)+alum, and may be worth a further investigation 

outside the scope of this study.  

Both CD4+ and CD8+ T cells play an important role in the prevention and mitigation of 

SARS-CoV-2 infection [201,237]. Evidence suggests that patients who recovered from COVID-

19 had relatively high T cell levels compared to patients who had severe disease complications 

and died [204,205]. Notably, T cell responses are more durable than antibody responses which 

points to their importance in establishing long term protection against the virus [202]. 



 115 

Unfortunately, most reported COVID-19 vaccine candidates induce low T cell responses in mice. 

In contrast, we observed that immunization with Spike-p(Man-TLR7) with and without alum 

induced a large fraction of antigen-specific polyfunctional CD4+ T cells, much higher than that 

observed for clinical benchmark formulations. Surprisingly, Spike-p(Man-TLR7)+alum also 

induced large numbers of antigen-specific CD8+ T cells. Although alum is often considered a 

poor CD8+ T cell adjuvant [241,242], studies have shown that antigen-specific CD8+ T cells can 

be generated after vaccination with antigen and alum [243]. 

A preferential Th1-biased immune response, as opposed to a Th2-biased response is also 

desirable from COVID-19 vaccines [206–210]. Here, a Th1 bias was observed in both the IgG 

isotypes (an increased IgG2b:IgG1 ratio, Fig. 3.7, C and D) and cytokines secreted from 

splenocytes harvested from mice vaccinated with Spike-p(Man-TLR7) (Fig. 3.13; Fig. 3.14). 

While alum synergistically enhanced some of the humoral responses seen with Spike-p(Man-

TLR7) vaccination, it decreased the Th1-biased responses observed. This is unsurprising, as 

alum is known to preferentially induce a Th2 response [244]. As such, when deciding whether to 

use our p(Man-TLR7) platform alone or in combination with alum, this balance between 

favorable humoral responses and a skewing away from a Th1 bias must be considered. 

There are several translational advantages to our approach for an effective and safe next-

generation vaccine. First, the conjugation strategy employed can be performed on any amine-

containing antigen, including whole proteins and peptides. This means that, as viral protein 

mutations emerge, our platform can be easily adapted, and the conjugation can be conducted on 

newly identified variants. In addition, the APC-directed components of p(Man-TLR7), mannose 

and the TLR7 agonist, are universally advantageous across species. The pattern recognition 
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receptors recognizing mannose residues are expressed by APCs in both mice and humans and 

have been shown to play a significant role in antigen capture and processing [112,245,246], 

while the TLR7 agonist can also be swapped for other TLR agonists. This is particularly 

pertinent in human immunology, as not only TLR7 (present mostly in plasmacytoid DCs) but 

also Toll-like receptor 8 (TLR8, expressed by myeloid DC, monocytes and monocyte-derived 

DCs) agonists have been shown to be necessary to drive strong B and T cell-mediated immune 

responses [247]. Lastly, the conjugate formulation can be stably refrigerated for several months 

and thawed multiple times after storage in a freezer without affecting the structure of the 

conjugate which has important implications for effective vaccine distribution. 

Despite the advantages of the flexible antigen-adjuvant conjugation chemistry, this is also 

the source of the primary limitation of the p(Man-TLR7) vaccine platform. Although the 

conjugation of antigen to the polymer is via a self-immolative linker, we observed that this may 

lead to reduced activity of the antigen, in terms of recognition of its target receptor (Fig. 3.4, A 

and B). This suggests that the smaller the antigen, the fewer the number of potential epitopes, 

and the higher the chances that conjugation to p(Man-TLR7) may lead to steric blockade of the 

receptor-binding site. This may adversely affect the quality of resultant antigen-specific humoral 

responses, as seen in the case of RBD-p(Man-TLR7) (Fig. 3.6). This is because intracellular 

processing in the endosomes of APCs is required for release of the antigen from the rest of the 

construct, whereas humoral responses are partly dependent on extracellular interactions with B 

cell receptors in the germinal centers of secondary lymphoid organs. For most antigens, however, 

this will not be a relevant issue, and it may be possible to optimize the polymer to protein ratio if 

this issue does arise. 
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In conclusion, to address a global need for next-generation vaccines against SARS-CoV-

2, we have developed the Spike-p(Man-TLR7) vaccine platform and demonstrated its efficacy in 

mice. We found that conjugating the Spike protein to our polymeric glyco-adjuvant improves 

Spike’s immunogenicity through inducing both potent neutralizing humoral and high-quality 

cellular responses. We demonstrated that Spike-p(Man-TLR7) is efficacious in elderly mice, and 

antibody responses are long-lasting. In addition, we determined that combining Spike-p(Man-

TLR7) with alum further enhanced immune responses, often exceeding those elicited by mimics 

of clinical-stage vaccine candidates. Whether in the global fight against SARS-CoV-2 or another 

pathogen, these studies highlight the adaptability of the modular p(Man-TLR7) platform and 

reinforce the translational potential of our polymeric glyco-adjuvant to be used in next-

generation vaccines.  

3.5 Materials and Methods 

3.5.1 Study design 

This study was designed to test the immunogenicity of an APC-targeting vaccine platform 

consisting of either the prefusion-stabilized Spike protein or its RBD, conjugated to the 

polymeric glyco-adjuvant p(Man-TLR7). The goal was to develop a next-generation vaccine 

platform in response to the ongoing COVID-19 pandemic. In the study, the humoral response in 

mice vaccinated with Spike-p(Man-TLR7), Spike-p(Man-TLR7)+alum, or RBD-p(Man-TLR7) 

was characterized by evaluating the antibody titers (IgG and IgA) via ELISA, as well as through 

a viral peptide array and virus neutralization assay. The lymphocyte responses were 

characterized by flow cytometry, and B and T cellular reactivity were assessed by quantification 

of antibody or cytokine expression following antigen restimulation. The studied platform’s 
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immunogenicity was compared to that of the following clinically relevant vaccine formulations: 

Spike+AS04-L, Spike+AS03-L and Spike+alum. In two experiments (Fig. 3.7, I and J), we had 

to prioritize and limit the number of groups, and as a result, groups treated with Spike-p(Man-

TLR7)+alum or Spike+alum were not included. In Fig. 3.7I, this was due to a limited availability 

of elderly mice, and in Fig. 3.7J, this was due the extensiveness of the work required in the 

experiment. Statistical methods were not used to predetermine necessary sample size, but sample 

sizes were chosen on the basis of estimates from pilot experiments and previously published 

results such that appropriate statistical tests could yield statistically significant results. All 

experiments were replicated at least twice except for Figs. 3.7I, 3.7J, 3.8, as well as the 

experimental groups Spike+AS03-L, Spike+alum, and Spike-p(Man-TLR7)+alum (once). In 

animal studies, all mice were treated in the same manner. Animals were randomly assigned to a 

treatment group, and analyses were performed in a blinded fashion. Production of the studied 

conjugates was performed multiple times to ensure reproducibility. Samples were excluded from 

analysis only when an animal developed a health problem for a nontreatment-related reason, 

according to the animal care guidelines. Statistical methods are described in the “Statistical 

analysis” section. 

3.5.2 Animals 

All studies with animals were carried out in accordance with procedures approved by the 

Institutional Animal Care and Use Committee at the University of Chicago (protocol # 72551) 

and housed in a specific pathogen-free environment at the University of Chicago. C57Bl/6 

female mice aged 8, 21, 47 or greater than 64 weeks were obtained from The Jackson 

Laboratory. 
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3.5.3 Synthesis and characterization of p(Man-TLR7) polymer 

The polymeric glyco-adjuvant p(Man–TLR7) was synthesized via a reversible addition–

fragmentation chain transfer (RAFT) polymerization using an azide-modified RAFT agent, a 

biologically inert comonomer (N-(2-hydroxypropyl) methacrylamide, HPMA) and two 

functional monomers: one synthesized from D-mannose, and the other from a potent TLR7 

ligand (mTLR7) (Fig. 1.1A), as described previously [97]. Molecular weight and polydispersity 

of the p(Man–TLR7) construct were measured by size exclusion chromatography (molecular 

weight target at ~20 kDa), and was composed of a 1:2.1:3.5 molar ratio of mTLR7:mannose 

monomer:HPMA, as measured by mTLR7-specific UV absorbance and 1H NMR. 

3.5.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed on stain-free 4-20% gradient gels (Bio-Rad). Samples run under 

reducing conditions were incubated for 15 min at 95°C with 710 mM 2-Mercaptoethanol. After 

electrophoresis, gel images were acquired with the ChemiDoc XRS+ system (Bio-Rad). 

3.5.5 Spike and RBD protein production 

Plasmids encoding (His)6-tagged pre-fusion stabilized Spike protein or RBD protein (sequences 

in Table 3.1) were obtained from the laboratory of Florian Krammer (Mount Sinai School of 

Medicine, New York, NY). Suspension-adapted HEK-293F were maintained in serum-free 

FreeStyle 293 Expression Medium (Gibco). On the day of transfection, cells were inoculated into 

at a concentration of 1x106 cells/mL. 1 mg/mL plasmid DNA was mixed with 2 mg/mL linear 25 

kDa polyethyleneimine (Polysciences) and transfected in OptiPRO SFM medium (4% final 

volume). After 7 days of culture, supernatants were harvested, and purification was performed as 
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described previously [156]. Purified proteins were tested for endotoxin via HEK-Blue TLR4 

reporter cell line (Invivogen, San Diego, CA) and endotoxin levels were confirmed to be less 

than 0.01 EU/mL. Protein purity was assessed by SDS-PAGE as described previously [156]. 

Protein concentration was determined through absorbance at 280 nm using NanoDrop (Thermo 

Scientific). 

Table 3.1: Amino acid sequences of Spike and RBD antigens. 

Spike 

VNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAIHVSGT
NGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCE
FQFCNDPFLGVYYHKNNKSMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLR
EFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTP
GDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTV
EKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSV
LYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKL
PDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGV
EGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVN
FNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITP
GTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVN
NSYECDIPIGAGICASYQTQTNSPASVASQSIIAYTMSLGAENSVAYSNNSIAIPTNFTIS
VTTEILPVSMTKTSVDCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQ
EVFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGD
CLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTSALLAGTITSGWTFGAGAALQIPF
AMQMAYRFNGIGVTQNVLYENQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQN
AQALNTLVKQLSSNFGAISSVLNDILSRLDPPEAEVQIDRLITGRLQSLQTYVTQQLIRA
AEIRASANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQ
EKNFTTAPAICHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIITTDNTFVSGNCDVV
IGIVNNTVYDPLQPELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNE
VAKNLNESLIDLQELGKYEQYIKWPSGRLV 
PRGSPGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGHHHHHH* 

RBD 

RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTF
KCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIA
WNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQ
SYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFHHHHHH** 
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3.5.6 Surface plasmon resonance (SPR) measurements 

SPR measurements were made using a Biacore X100 SPR system (Cytiva, Marlborough, MA). 

At the beginning of each cycle, 2 µg mL−1 recombinant human ACE2-Fc (Sino Biologicals, 

Beijing, China) in running buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v Surfactant 

P20) was flowed over a Protein A coated sensor chip (Cytiva) at a flowrate of 5 µL min−1 for 780 

seconds, resulting in ~700-1100 resonance units corresponding to ligand coating. Spike or RBD 

protein was then flowed at decreasing concentrations (ranging from 250 nM to 3.9063 nM) in 

running buffer for contact time of 180 seconds at 30 µL min-1, followed by running buffer for a 

dissociation time of 300 seconds. At the end of each cycle, the sensor chip surface was 

regenerated with two 30-second pulses of 10 mM glycine pH 1.5 at 30 µL min-1. Specific binding 

of Spike and RBD proteins to ACE2 was calculated by comparison to a non-functionalized 

channel used as a reference. The experimental results were fitted with Langmuir binding kinetics 

using the BIAevaluation software (Cytiva, version 2.0.2.). 

3.5.7 Production of RBD-p(Man-TLR7) conjugate 

RBD was mixed with 5 molar equivalents of 2 kDa self-immolative PEG linker in a phosphate 

buffer (pH 7.7) and reacted for 1 hour in an endotoxin-free Eppendorf tube mixing at RT. The 

reaction solution was then purified via Zeba spin desalting columns with 7 kDa cutoff to remove 

unreacted linker (Thermo Fisher). Successful linker conjugation was confirmed using gel 

electrophoresis and comparison to a size standard of the unmodified RBD. RBD-linker construct 

in PBS (pH 7.4) was then reacted with 30 fold molar excess of p(Man-TLR7) polymer in an 

endotoxin-free Eppendorf tube for 2 hours, mixing, at RT. Conjugation was confirmed via gel 

electrophoresis, and conjugates were stored at 4°C. 
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3.5.8 Production of Spike-p(Man-TLR7) conjugate 

Spike was mixed with 10 molar equivalents of 2 kDa self-immolative PEG linker in a phosphate 

buffer (pH 7.7) with 0.1% Tween 80 (Sigma) and reacted for 1 hour in an endotoxin-free 

Eppendorf tube mixing at RT. The reaction solution was then purified via Zeba spin desalting 

columns with 7 kDa cutoff to remove unreacted linker (Thermo Fisher). Successful linker 

conjugation was confirmed using gel electrophoresis and comparison to a size standard of the 

unmodified Spike. Spike-linker construct in PBS (pH 7.4) was then reacted with 30 fold molar 

excess of p(Man-TLR7) polymer in an endotoxin-free Eppendorf tube for 2 hours, mixing, at 

RT. Conjugation was confirmed via gel electrophoresis, and conjugates were stored at 4°C. 

3.5.9 Determination of TLR7 content in p(Man-TLR7) conjugates 

To determine the concentration of TLR7 content in the polymer and RBD- or Spike- polymer 

conjugates, the absorbance at 327nm was measured. Known quantities of TLR7 monomer in 

saline were measured (n=3 independent samples) at 327nm in several concentrations ranging 

from 8 mg/mL to 1 mg/mL to calculate a standard curve as previously published [97]. The 

determined standard curve [TLR7 (mg/mL) = 1.9663* A327+0.0517] was then used to calculate 

TLR7 concentration in the prepared p(Man-TLR7) conjugate. 

3.5.10 Determination of RBD or Spike content in p(Man-TLR7) conjugates 

SDS-PAGE was performed as previously stated using a standard curve of RBD or Spike protein 

and two dilutions of RBD- or Spike-p(Man-TLR7) conjugate samples reduced with 710 mM 2-

Mercaptoethanol. Reducing conditions liberate conjugated linker-p(Man-TLR7) from the 

antigen, allowing for reduced antigen band intensity to be analyzed. The band density of the 
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reduced samples and RBD or Spike standard curve was then analyzed using ImageJ and the RBD 

or Spike concentration of the samples was calculated using the standard curve generated. 

3.5.11 In vitro activity of p(Man-TLR7) conjugates 

BMDCs were prepared from C57Bl/6 mice (Jackson Laboratory) as previously described [171] 

and used on day 8–9. For BMDC activation studies, 2×105 cells per well were seeded in round-

bottom 96-well plates (Fisher Scientific) in RPMI 1640 with 10% FBS (Gibco) and 2% 

Penicillin-Streptomycin (Invitrogen), and treated with either Spike or Spike-p(Man-TLR7), then 

incubated at 37°C. The samples were allowed to culture for 12h at 37°C and cytokine 

concentration was measured in the media by Ready-Set-Go™ ELISA kits (Thermo Fisher) as 

detailed in the manufacturer’s instructions. 

3.5.12 ELISA for ACE2 binding 

96-well ELISA plates (Nunc MaxiSorp flat-bottom plates, Thermo Fisher) were coated with 10 

nM RBD, RBD-p(Man-TLR7), Spike, Spike-p(Man-TLR7), or bovine serum albumin (BSA, 

Sigma) in PBS overnight at 4°C. The following day, plates were washed in PBS with 0.05% 

Tween 20 (PBS-T) and then blocked with 2% BSA (Sigma) diluted in PBS for 1 hour at room 

temperature. Then, wells were washed with PBS-T and further incubated with human ACE2-Fc 

(Sino Biological) for 2 hours at room temperature. After 6 washes with PBS-T, wells were 

incubated for 1 hour at room temperature with horseradish peroxide (HRP)-conjugated antibody 

against human IgG (Jackson ImmunoResearch). After 6 washes with PBS-T, 

tetramethylbenzidine substrate was added, followed by 10% H2SO4 after 15 min. Subsequently, 

the absorbance was measured at 450 nm and 570 nm (Epoch Microplate Spectrophotometer, 
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BioTek). 

3.5.13 Complement activation analysis 

The complement activation analysis was conducted based on published protocols [216]. First, 

blood was collected by cardiac puncture from euthanized C57Bl/6 mice using a 1 ml syringe 

attached to a 25G needle and transferred to a microcentrifuge tube. The blood was incubated at 

room temperature for 1 h and then spun at 10,000 rpm for 10 min. The supernatant (serum) was 

transferred to a new microcentrifuge tube to be used in the assay. In the meantime, high binding 

surface plates (Corning) were coated with either mannan (100µg/ml), Spike (10µM), Spike-

p(Man-TLR7) (10µM Spike equivalent), or were left uncoated (n = 4 per group) by incubating 

100 µl of each solution per well overnight at 4°C. Then, the wells were emptied, and 1x casein 

solution (100 µl) was added to block the plate from nonspecific binding and incubated for 1 h at 

room temperature. After that time, the plates were washed with PBS-T, and previously isolated 

mouse serum (50 µl) was added to each well and incubated for 45 minutes at 37°C. The serum 

was then aspirated from the plate and diluted 100x in the blocking buffer to stop the reaction. 

The concentration of C3a and C5a anaphylatoxins in diluted serum was then determined by 

mouse complement C3a (Novus Biologicals) and Complement C5a mouse (Invitrogen) 

colorimetric ELISA kits, respectively, following manufacturers’ instructions. 

3.5.14 Reagents for in vivo studies 

AS03-like squalene-based adjuvant (AddaS03, InvivoGen), Synthetic Monophosphoryl Lipid A 

(MPLA, Avanti 699800), and Alhydrogel adjuvant 2% (alum, InvivoGen) were used for 

vaccination studies. All purchased reagents were used as provided by the manufacturer. 



 125 

3.5.15 Vaccination scheme 

Mice were vaccinated via s.c. injections into the front two hocks on days 0 and 21. For all 

vaccine formulations assessed, 10µg of RBD or Spike protein were used. The following amounts 

of adjuvant were used: 20 µg TLR7 as p(Man-TLR7), 20 µg TLR7 as p(Man-TLR7) + 50 µg 

alum, 5 µg MPLA + 50 µg alum, 25 µL AS03-L, or 50 µg alum. Excess free p(Man-TLR7) was 

added to RBD-p(Man-TLR7) and Spike-p(Man-TLR7) conjugates to achieve an exact dose of 20 

µg TLR7 per mouse. 

3.5.16 Anti-RBD and anti-Spike antibody analysis 

Blood was collected from vaccinated mice weekly or every two weeks into EDTA-K2-coated 

tubes (Milian). Plasma was separated by centrifugation at 1000 x g for 10 min and stored at -

80°C. Plasma was assessed for anti-RBD or anti-Spike IgGs by ELISA. 96-well ELISA plates 

(Costar high binding assay plates, Corning) were coated with 10 µg/mL RBD or Spike in 50 mM 

sodium carbonate/sodium bicarbonate pH 9.6 overnight at 4°C. The following day, plates were 

washed in PBS with 0.05% Tween 20 (PBS-T) and then blocked with 1x casein (Sigma) diluted 

in PBS for 1 hour at room temperature. Then, wells were washed with PBS-T and further 

incubated with various dilutions of plasma for 2 hours at room temperature. After 6 washes with 

PBS-T, wells were incubated for 1 hour at room temperature with horseradish peroxide (HRP)-

conjugated antibody against mouse IgG, IgG1, IgG2b, IgG2c, IgG3, or IgA (Southern Biotech). 

After 6 washes with PBS-T, bound anti-RBD or anti-Spike antibodies were incubated with 

tetramethylbenzidine substrate for 18 min. 3% H2SO4 with 1% HCl was added at that time, and 

the absorbances at 450 nm and 570 nm were immediately measured (Epoch Microplate 

Spectrophotometer, BioTek). For all subsequent analysis, the absorbance at 570 nm was 
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subtracted from the absorbance at 450 nm. For titer analysis, the average background plus four 

times the standard deviation of the background was subtracted from the absorbance values. Titers 

were calculated as reciprocal dilutions giving values > 0.01. The assay was able to detect titers 

ranging between 10-2 and 10-7. An arbitrary value of 0 was assigned to the samples with 

absorbances below the limit of detection for which it was not possible to detect the titer. For 

AUC analysis, the fold over the median background absorbance was calculated for each sample, 

and GraphPad Prism (version 8) was then used to calculate the AUC of the log-transformed plot. 

3.5.17 Antibody epitope breadth determination via peptide array 

Antibody specificity to linear epitopes of the Spike protein was analyzed using a CelluSpots™ 

Covid19_hullB Peptide Array (Intavis Peptide Services, Tubingen, Germany) according to the 

manufacturer’s protocol. The array comprises 254 peptides spanning the full-length sequence of 

the Spike protein (NCBI GenBank accession # QHD43416.1), with each 15-mer peptide offset 

from the previous one by 5 amino acids. Briefly, peptide arrays were blocked in casein blocking 

solution at 4 °C overnight. Arrays were then incubated with pooled serum diluted 1:200 in 

blocking buffer for 6 h at room temperature (RT) on an orbital shaker (60 rpm) and then washed 

4 times with PBS with 0.05% Tween 20 (PBS-T). Following the fourth wash, arrays were 

incubated for an additional 2 h at RT and 60 rpm with goat anti-mouse IgG conjugated to HRP 

(Southern Biotech) diluted 1:5000 in blocking solution. Arrays were washed another 4 times 

with PBS-T. Spots were detected with ClarityTM Western ECL Substrate (Bio-Rad), and 

chemiluminescence was measured using a ChemiDoc XRS+ system Gel Documentation System 

(Bio-Rad). Spots were analyzed using Spotfinder software (version v3.2.1).  
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3.5.18 SARS-CoV-2 virus neutralization assay 

Heat-inactivated plasma from vaccinated or control mice were serially diluted in DMEM with 

2% FBS (Gibco), 1% Penicillin-Streptomycin (Invitrogen), and 10mM Non-Essential Amino 

Acids (Gibco; mixture of glycine, L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-

proline, & L-serine)), and subsequently incubated with 400 plaque-forming units of SARS-CoV-

2 virus (strain nCov/Washington/1/2020, provided by the National Biocontainment Laboratory, 

Galveston TX, USA) for 1 h at 37°C. These mixtures were then applied to Vero-E6 cells, which 

endogenously express ACE2 at high levels and show ACE-2 dependent SARS-CoV-2 infection 

[177,248]. These mixtures were maintained with the Vero-E6 cells until > 90% cell death 

occurred in the “no serum" control condition (about 4-5 days). After that, cells were washed with 

PBS and fixed with 10% formalin, before being stained with crystal violet. Viability was then 

quantified using a Tecan infinite m200 microplate reader (absorbance 595 nm). Viral 

neutralization titer represents the greatest plasma dilution at which 50% of SARS-CoV-2-

induced cell death is inhibited (EC50). To determine the EC50, data were fit using a least squares 

variable slope four- parameter model. To ensure realistic EC50 values, we considered a dilution 

(1/X) of X = 10-1 to be 100% neutralizing and a dilution of X = 108 to be 0% neutralizing and 

constrained EC50 > 0. Plasma from convalescent human COVID-19 patients were provided by 

Ali Ellebedy (Washington University School of Medicine, St. Louis, MO; Catalog # NR-53661, 

NR-53662, NR-53663, NR- 53664, and NR-53665).  

3.5.19 Preparation of single cell suspensions from organs 

Spleens and injection dLNs were collected on day 28 (7 days post-boost) and stored in ice-cold 

IMDM (Gibco) until further steps. Spleens were processed into a single-cell suspension via 



 128 

mechanical disruption and passage through a 70µm filter. The splenocytes were washed with 

PBS and then exposed to ACK lysis buffer (0.155 M NH4Cl, Gibco) for 5 minutes at room 

temperature to lyse red blood cells. The lymph nodes were mechanically disrupted, then digested 

at 37°C for 45 min in IMDM with 3.5 mg/mL collagenase D (Roche) before being passed 

through a 70µm filter. Single cell suspensions were then washed with PBS and resuspended in 

IMDM (Gibco) with 10% FBS and 1% Penicillin-Streptomycin. 

3.5.20 Anti-Spike IgG enzyme-linked immunosorbent spot (ELISpot) assay  

ELISpot plates (Millipore IP Filter plate) were coated with 20µg/mL Spike in sterile PBS 

overnight at 4°C. Plates were then blocked using ELISpot Media (RPMI 1640, 1% Glutamine, 

10% FBS, 1% Penicillin-Streptomycin; Thermo Fisher Scientific) for 2 hours at 37°C. 

Splenocytes from vaccinated mice were seeded in triplicate at a starting concentration of 

6.75×105 cell/well and diluted in 3-fold serial dilutions for a total of four dilutions. Plates were 

incubated for 18 hours at 37°C, 5% CO2 after which the cells were washed off 5x in PBS. Wells 

were incubated with 100µL IgG-biotin HU adsorbed (Southern Biotech) for 2hr at RT. Next, 

plates were washed 4x in PBS followed by 100µL HRP-conjugated streptavidin for 1hr at RT. 

Plates were washed again and incubated with 100µL TMB/well for 5 minutes until distinct spots 

emerge. Finally, plates are then washed 3x with distilled water and left to dry completely in a 

laminar flow hood. A CTL ImmunoSpot Analyzer was used to image plates, count spots and 

perform quality control. 

3.5.21 Ex vivo restimulations 

Splenocytes were either restimulated in vitro with whole Spike protein or Spike peptide pools 
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(PepMix SARS-CoV-2 Spike Glycoprotein, JPT). For Spike protein restimulations, 5x105 cells 

were incubated with 100 mg/mL Spike protein for 3 days in complete IMDM. After 3 days, the 

cells were spun down, and the supernatant was used to measure secreted cytokines using a 

LEGENDplex™ Mouse Th Cytokine Panel kit (BioLegend) according to the manufacturer’s 

instruction. Approximately 500 events per cytokine were acquired using Attune NxT flow 

cytometer (ThermoFisher), and analyzed with LEGENDplex v8.0 software. 

For Spike peptide restimulations, 2x106 cells were incubated with combined Spike peptide pools 

(diluted according to manufacturer’s instructions) or equivalent amounts of DMSO (as an 

unstimulated control) for 6 hours in complete IMDM. After 2 hours of in vitro restimulation, 

GolgiPlug (BD) was added according to manufacturer’s instructions. Cells were then allowed to 

incubate for 4 more hours before staining for intracellular cytokines and analyzed via flow 

cytometry, as described. 

3.5.22 Production of RBD protein tetramers 

RBD protein expressed with AviTag was purchased from GenScript. Site-specific biotinylation 

of the AviTag was performed using BirA Biotin-Protein Ligase Reaction kit (Avidity). Next, 

unconjugated biotin was removed using Zeba spin desalting columns, 7K MWCO 

(ThermoFisher). The quantification of reacted biotin was performed using the Pierce Biotin 

Quantification Kit (ThermoFisher). Biotinylated RBD was incubated with either streptavidin-

conjugated PE (Biolegend) or streptavidin-conjugated APC fluorophores (Biolegend) for 20 min 

on ice at a molar ratio of 4:1 of biotin to streptavidin. FITC-labelled Streptavidin (Biolegend) 

was reacted with excess free biotin to form a non-RBD-specific streptavidin probe as a control. 

Tetramer formation was confirmed using SDS-PAGE gel. Cells were stained for flow cytometry 
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with all three streptavidin probes at the same time as other fluorescent surface markers at a 

volumetric ratio of 1:100 for RBD-streptavidin-PE and 1:200 for RBD-streptavidin-APC and 

biotin-streptavidin-FITC. 

3.5.23 Flow cytometric analysis 

The following procedures were all performed at 4˚C in the dark. Prepared cells were stained for 

viability using fixable dyes (Fixable Viability Dye eFluor455, Invitrogen 65-0868-14; Live/Dead 

Violet Dead Cell Stain Kit, Invitrogen L34964; Fixable Viability Dye eFluor780, Invitrogen 65-

0865-14) at 1:500 dilution in PBS with anti-CD16/32 included (1:100 dilution) for 15 minutes. 

Surface staining was performed in Brilliant Stain buffer (BD Biosciences) using the made in-

house tetramers and monoclonal antibodies against the murine targets (Table 3.2). All antibodies 

and tetramers were titrated to determine optimal working dilutions which often was 1:100 or 

1:200. Cells were incubated with the surface stain cocktail for 20 minutes before washing in PBS 

and fixation. Fixation was performed using the following buffers: for assays without intracellular 

staining, cells were fixed for 20 minutes using a 2% paraformaldehyde solution; for assays with 

transcription factor staining, cells were fixed and permeabilized using the Invitrogen 

FoxP3/Transcription factor kit (eBioscience) according to manufacturer instructions; for assays 

which required non-transcription factor internal staining (cytokines alone) fixation and 

permeabilization was performed using the Cytofix/Cytoperm kit (BD Biosciences) according to 

manufacturer instructions. Assays requiring intracellular staining were performed using 

antibodies against the murine targets at 1:200 dilution in the corresponding kit permeabilization 

buffer, according to manufacturer instructions (Table 3.2).Following fixation and/or intracellular 

staining, cells were resuspended in FACS buffer (PBS pH 7.4 with 2mM EDTA and 2% FBS, 
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made in house) prior to flow cytometric analysis. 

Table 3.2: Probes and markers used to characterize cell populations using flow cytometry. 

Tfh cell panel 

Marker Fluorophore Vendor Clone 
Viability Dye eFluor 780 Invitrogen  - 
CD4 BV496 BD Horizon  GK1.5 
CD3 BUV737 BD Optibuild  17A2 
CD44 PerCP-Cy5.5 Invitrogen  IM7 
PD1 BV605 Biolegend  29F.1A12 
CXCR5 BV421 Biolegend L138D7 
ICOS BUV396 BD Horizon  C398.4A 
Bcl6 PE-Cy7 Biolegend 7D1 
Ki67 PE Biolegend  16A8 

RBD-specific B cell panel 

Marker Fluorophore Vendor Clone 
Viability Dye Violet fluorescent reactive dye Invitrogen - 
RBD-tetramer PE - - 
RBD-tetramer APC - - 
F4/80 (Dump) FITC Biolegend BM8 
CD11c (Dump) FITC Biolegend N418 
Ly6c(Dump) FITC Invitrogen HK1.4 
Ly6g (Dump) FITC Invitrogen  1A8-Ly6g 
CD4 (Dump) FITC Biolegend GK1.5 
CD8a (Dump) FITC Biolegend  53-6.7 
B220 BUV496 BD Horizon RA3-6B2 
CD19 BUV396 BD Horizon  1D3 
CD138 BV605 Biolegend 281-2 
IgM BV786 BD Optibuild II/41 
IgD PE-Cy7 Biolegend 11-26c.2a 
CD38 APC-Cy7 Biolegend  90 
GL7 PerCP-Cy5.5 Invitrogen GL-7 

Restimulation panel 

Marker Fluorophore Vendor Clone 
Viability Dye eFluor 455 (UV) Invitrogen - 
CD3 BUV395 BD Horizon  145-2C11 
CD4 BV786 BD Horizon  GK1.5 
CD8 BV421 BD Horizon  53-6.7 
IFNg APC Biolegend  XMG1.2 
TNFα BV605 Biolegend  MP6-XT22 
IL-2 PE BD Pharmingen  JES6-5H4 
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3.5.24 Statistical analysis 

Statistical analysis was performed using GraphPad Prism v8. Multiple group comparisons used 

one-way ANOVA with Tukey’s post-hoc correction, Brown-Forsythe ANOVA with Dunnet’s 

T3 post-test, two-way ANOVA with Tukey’s multiple comparisons test, or mixed effects 

analysis with Tukey’s multiple comparisons test. For nonparametric data, the Kruskal-Wallis 

test, followed by a Dunn’s multiple comparison test, was used. For single comparisons to a 

specific value, a one-sample t-test or Wilcoxon signed rank test was used. Data are presented as 

mean ± SEM, unless otherwise noted. The n values used to calculate statistics are indicated in 

figure legends. Significance is indicated as follows, unless otherwise noted: * p<0.05, ** p<0.01, 

and *** p<0.001. 
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CHAPTER 4 

DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSION 

4.1 Discussions and Future Directions in the Use of p(Man-TLR7) for Cancer 

Vaccination 

 In the first application in which we assessed the efficacy of our polymeric glyco-adjuvant 

vaccine platform, we showed that tumor ECM-targeted p(Man-TLR7) is able to act as an 

effective therapeutic cancer vaccine. ECM targeted-p(Man-TLR7) vaccination demonstrated 

promising antitumor immune responses in two different cold tumor models, particularly when 

combined with checkpoint blockade therapy. Vaccination with our protein-polymeric glyco-

adjuvant conjugates resulted in slowing of tumor growth, improved survival, and the 

development of immunologic antitumor memory. These results were further accompanied by an 

increased proportion of CD8+ T cells within the tumor, as well as indications of an antigen-

specific immune response occurring.  

Further work remains to fully elucidate the mechanisms underlying the antitumor 

efficacy observed here. In particular, further studies are necessary to fully determine the 

importance of the targeting component used. Previous studies from our lab indicate that 

intratumorally delivered p(Man-TLR7) is not effective at treating both B16F10 and EMT6 

tumors when it is not tumor-targeted [249]. We also see indications in the work presented here 

that non-targeted p(Man-TLR7) is not as effective as targeted versions in terms of slowing of 

tumor growth (Fig. 2.20; Fig. 2.21), improving survival (Fig. 2.20; Fig. 2.21), recruiting 

antigen-specific CD8+ T cells to the tumor (Fig. 2.9), and increasing the proportion of activated 

CD103+ DCs within the tumor (Fig. 2.12). Based on this previous and current work, we 
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hypothesize that the ECM-targeting strategy used here is important the antitumor immunity 

induced by our vaccines. However, a true head-to-head study is needed in order to fully 

determine the necessity of the ECM-targeting component of our vaccines. 

Further work could also be done to maximize the therapeutic potential of our vaccines. 

One approach would be to alter the targeting strategy we are using. If ECM-targeting is still 

desired, one strategy could be to switch from using an anti-EDA Fab to using a full-length anti-

EDA antibody, as this would act to increase the avidity of our conjugate’s interaction with the 

ECM. Alternatively, one of the ECM targeting components used here could be substituted with a 

protein (or peptide) that binds one of the many other ECM components that show differential 

expression in cancer versus healthy tissue mentioned in Section 1.2.5. Another approach would 

be to change the target within the tumor, such as to tumor cells themselves. There are many 

potential targets on the surface of tumor cells, two of which (TRP1 and CD47) have been 

investigated by our lab previously to target p(Man-TLR7) to the tumor for vaccination [249]. 

This approach showed very promising results in treating established B16F10 and EMT6 tumors. 

In this approach, p(Man-TLR7) is directly attached to a source of tumor antigens (tumor cells or 

tumor debris), which may potentially be a benefit of this targeting approach over ECM-targeting. 

Interestingly, this approach is effective as a monotherapy and does not synergize with checkpoint 

blockade [249]. This points to cell-targeted p(Man-TLR7) having a somewhat different 

mechanism of action than ECM-targeted p(Man-TLR7). In the future, work directly comparing 

these two strategies could help us to further understand the differences in the mechanisms 

driving the antitumor immunity observed after vaccination and could allow us to determine if 

one targeting approach has more clinical translational potential than the other. 
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 One major challenge for the vaccine strategy presented here is the induction of anti-drug 

antibodies after repeated vaccination (Fig. 2.22). This limits the number of doses that can be 

administered and also poses a safety concern. These antibodies have been observed to bind the 

protein components of our vaccine. As a result, one possible way to overcome this challenge is to 

altogether eliminate the protein component of the vaccine and use an entirely new targeting 

approach. Preliminary work in our lab is being conducting on a version of the p(Man-TLR7) 

polymer that is thiol reactive. As tumor cells divide under hypoxic conditions, a large number of 

extracellular thiols are displayed [250]. Previous work has taken advantage of this to target or 

label tumor cells using thiol-reactive compounds [250]. Thus, the goal of this approach with 

p(Man-TLR7) is to create a polymeric glyco-adjuvant that will directly bind to tumor cells 

(without the need of a protein) upon injection. We hypothesize that this approach will reduce the 

number of adverse events observed upon repeated vaccination with p(Man-TLR7). Further work 

is necessary to determine the feasibility and efficacy of this approach, especially as compared to 

our protein targeted approaches described here and previously [249]. 

Furthermore, the translational potential of our ECM-targeted p(Man-TLR7) could be 

further improved via optimization for intravenous instead of intratumoral administration. 

Intratumoral administration is a clinically viable administration route, but it does create 

limitations on the types of tumors that could be treated. Intravenous administration would allow 

our vaccine access to virtually any tumor type. While we did see some promising results here 

(Fig. 2.17; Fig. 2.20), they were not as good as the results we observed with intratumoral 

administration (Fig. 2.17). We hypothesize that altering the formulation of our vaccine may 

improve the results we observe after intravenous administration. Currently, our vaccine contains 

mannose in order to help target antigen presenting cells and to allow our vaccine to activate 
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TLR7 within the endosome. However, we have ongoing work in our lab using mannose 

specifically as a liver-targeting moiety, as mannosylated proteins have been shown to 

preferentially be taken up by the liver after intravenous injection [251]. This means that upon 

intravenous administration of our vaccine conjugates, the liver may quickly take up our vaccine 

due to the inclusion of mannose and therefore reduce the amount of conjugates that are able to 

localize to the tumor. As a result, we hypothesize that removing the mannose portion of our 

vaccine could potentially improve the antitumor efficacy after intravenous administration. The 

major question with this approach, however, is whether our polymeric glyco-adjuvant would still 

able to activate TLR7 without the mannose to help trigger internalization into the endosome. 

 Lastly, one of the major advantages of our polymeric glyco-adjuvant platform is its 

modularity, meaning that the components used here can be easily swapped out for different 

components with different functionalities. This is particularly relevant for further preclinical 

testing (particularly in non-human primates) and translation into the clinic, as it would be 

beneficial to use a version of our polymer that incorporates a dual TLR7/8 agonist in place of the 

TLR7 agonist used here due to the differences in expression and functionality of the TLR7 and 

TLR8 receptors in mice and humans [99]. This polymer has been developed in our lab and work 

is ongoing to assess its efficacy. Furthermore, the incorporation of other adjuvants into this 

polymer (in place of or in addition to the TLR7 agonist) could act to further maximize the 

observed therapeutic potential, especially since TLR agonists have been shown to synergize 

when combined [252]. Work is currently being conducted in our lab to investigate this.  
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4.2 Discussions and Future Directions in the Use of p(Man-TLR7) for Infectious Disease 

Vaccination 

 In the second use of our polymeric glyco-adjuvant vaccine platform described here, we 

demonstrated that our platform can be used as an effective prophylactic vaccine against a virus 

for the first time. Previously we had shown promising results using this platform in vaccinating 

against ovalbumin and malaria antigens [97]. Here, we observed that vaccination with Spike-

p(Man-TLR7) elicited high levels of neutralizing antibodies, as well as antigen-specific T cells. 

These responses were further enhanced when our vaccine was used in combination with the 

depot-forming adjuvant alum. Overall, this demonstrates that our p(Man-TLR7) vaccine platform 

is an easily adaptable platform that can be used to generate subunit vaccines against multiple 

infectious diseases. 

 In the future, further work may be desirable in order to fully assess the efficacy of this 

vaccine. In the work presented here, we observed neutralizing antibody responses, but we did not 

explicitly demonstrate that protective antiviral responses are induced. We hypothesize that the 

neutralizing antibody responses we see would correlate with protective responses. However, it 

may be beneficial to fully assess this in the future in order to further understand the translational 

potential of our vaccine. This could be tested using a viral challenge model in mice [253].  

 The translational potential of our vaccine could also be improved by using a TLR7/8 dual 

agonist in place of the TLR7 agonist that is in the COVID-19 vaccine described here. 

Particularly in human cells, activation of TLR7 and TLR8 has been shown to drive functionally 

distinct immune responses, so activating both of these receptors may enhance the immune 

responses observed [109,247]. As mentioned with our cancer vaccines that utilize p(Man-TLR7), 

this is an active area of investigation with our laboratory. 
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 Another way to improve the therapeutic potential of our COVID-19 vaccine is to further 

investigate using our vaccine in combination with other adjuvants or even other vaccine 

technologies. In the results from the present study, combining Spike-p(Man-TLR7) with alum 

improved the efficacy of our vaccine in multiple ways. In particular, higher titers of neutralizing 

antibodies, as well as an increased proportion of polyfunctional cytokine+ T cells in the spleen 

after restimulation, were observed, as compared to responses from vaccination with Spike-

p(Man-TLR7) alone (Fig. 3.7; Fig. 3.12). Based on this, we hypothesize that combining our 

antigen-p(Man-TLR7) vaccine with other adjuvants may also result in improved immune 

responses compared to those observed with our antigen-p(Man-TLR7) vaccine alone. Combining 

our vaccine technology with other clinically available vaccine technologies (especially those 

used in clinically available COVID-19 vaccines) could also result in improved immune 

responses. Preliminary studies have shown than heterologous prime-boost vaccination 

(commonly with an mRNA vaccine preceded or followed by a viral vector vaccine) may result in 

an enhanced immune response against SARS-CoV-2 (or at least the same response level) as 

compared to homologous prime-boost vaccination [254–257]. As further insight into this 

combinatorial effect is gained, it may be worthwhile to investigate the immune response of our 

vaccine platform in combination with one of the currently available clinical COVID-19 vaccines 

in a heterologous prime-boost vaccination schedule. It should be noted, however, that we have 

not tested our vaccine head-to-head against the other clinically available COVID-19 vaccines. As 

a result, we do not know how our vaccine directly compares with clinically available vaccines, 

and further studies are required to answer this question. 

 Lastly, we observed that RBD-p(Man-TLR7) vaccination failed to elicit neutralizing 

antibody responses in mice (Fig. 3.6). We hypothesized that this was due to the small size of 
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RBD and the chosen conjugation ratio of RBD to p(Man-TLR7). At the conjugation ratio used in 

the present study, the p(Man-TLR7) polymer may have sterically masked RBD and prevented 

the desired B cell responses. Currently, our laboratory is investigating this hypothesis and also 

trying to elucidate the relationship between conjugation ratio and antibody responses. As this 

optimization work progresses, we will gain an improved understanding and increase the 

versatility of our vaccine platform, which will allow us to use our vaccine technology in the 

development of a wider array of vaccines moving forward.   

4.3 Conclusion 

 In conclusion, here we report the development of an effective therapeutic cancer vaccine 

and prophylactic COVID-19 vaccine, which both utilize our novel polymeric glyco-adjuvant 

platform. This platform is modular and easily adaptable, as demonstrated by our use of our 

polymeric glyco-adjuvant in two distinct contexts. In the work presented here, the protein 

component of our vaccine conjugates was adapted to the context in which we wished to use our 

vaccine. In the future, other components of our vaccine can also be adapted. Overall, the 

vaccines developed here demonstrated the induction of strong humoral and cellular responses. In 

the case of infectious disease, these responses are both desirable. However, in cancer, a humoral 

response may not be desired. As a result, consideration must go into the design of any future 

vaccines using this technology. While further work remains to optimize our platform, the results 

shown here demonstrate that our easily adaptable and potent p(Man-TLR7) vaccine platform has 

significant clinical translational potential for use in multiple therapeutic contexts.  
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APPENDIX A: FLOW CYTOMETRY GATING STRATEGIES 

 

Figure A.1:  Representative flow cytometry gating used to characterize immune cells in 
tumors, tumor-draining lymph nodes, and spleens. 

(a) Gating strategy used in the analysis of immune cells from Fig. 2.9. (b) Representative flow 
cytometry plots showing TRP2 pentamer+ CD8+ T cells in a representative sample (left) and the 
fold minus one (FMO) control (right). 
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Figure A.2:  Representative flow cytometry gating used to characterize cytokine+ T cells 
from Chapter 2. 

Gating strategy used in the analysis of cytokine+ T cells from Fig. 2.10. 
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Figure A.3:  Representative flow cytometry gating used to characterize myeloid cells in 
tumors and tumor-draining lymph nodes. 

Gating strategy used in the analysis of myeloid cell populations from Fig. 2.11, 2.12, and 2.13. 
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Figure A.4:  Representative flow cytometry gating used to characterize B cells. 

(a) Gating strategy used in the analysis of B cells from Fig. 3.9 and 3.10. (b) Representative flow 
cytometry plots showing RBD-tetramer+ GC B cells from each experimental group. (c) Fold 
minus one (FMO) control flow cytometry plots used for analyzing RBD-tetramer+ GC B cells. 
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Figure A.5:  Representative flow cytometry gating used to characterize Tfh cells. 

Gating strategy used for the analysis of Tfh cells in Fig. 3.11.  
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Figure A.6:  Representative flow cytometry gating used to characterize cytokine+ T cells 
from Chapter 3. 

Gating strategy used for the analysis of cytokine+ T cells from Fig. 3.12. 


