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Sustained release of immune modulating agents is a potential strategy to 

enhance the efficacy of immunotherapies compared to traditional bolus delivery 

strategies. However, methods for sustaining release often rely on implants composed 

of materials that remain in the body over an extended period, often permanently, and 

remain susceptible to a pathogenic foreign body response (FBR). This body of work 

focuses on the design and validation of immune responsive degradable biomaterials 

to sustain release of immune modulating agents to facilitate drug delivery while 

mitigating the risk of an adverse FBR. This thesis focuses on harnessing the innate 

immune cell response to biomaterials through systematic studies assessing 

degradation and release of encapsulated agents. To this end, the development of a 

cell-permissive macroporous hyaluronic acid (HA)-based scaffold, termed HA cryogel, 

is reported. HA cryogels were formed by rapidly freezing an aqueous solution 

containing crosslinkable polymers. The resulting scaffold comprised interconnected 

pores which permitted stress dissipation during a minimally invasive deployment via 

an injection. Immunophenotypic characterization of innate immune cells infiltrating HA 

cryogels post-injection revealed that degradation is primarily mediated by neutrophils, 

which are early participants in the foreign body response. In mice modeling transient 

or chronic immune deficiency HA cryogel degradation was significantly delayed or 

altogether absent. The cell-responsive behavior of HA cryogels was leveraged to 

enhance immune reconstitution in post-hematopoietic stem cell transplanted mice 

through sustained release of granulocyte colony stimulating factor. The utility of HA 

cryogels was further validated in sustaining the release of vaccine components to 

enhance immunity in mouse models of immune deficiency and cancer. In a melanoma 
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mouse model, the HA cryogel-based vaccine enhanced the antigen-specific adaptive 

immunity compared to bolus vaccination and induced robust prophylactic and 

therapeutic protection. In sum, this body of work provides a path for the development 

and validation of biodegradable materials as a therapeutic delivery modality that 

mediates sustained release of immune modulating agents. 
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CHAPTER 1 

1.0 Introduction 

This body of work focuses on the design and validation of degradable biomaterials to 

sustain release of immunomodulators to enhance immunity. A key aspect of this work 

focuses on harnessing the innate immune cell response to biomaterials to shape the 

immune response through systematic studies assessing biomaterial degradation and 

release of encapsulated agents. Sustained drug release was utilized to demonstrate the 

enhancement of innate and adaptive immunity in models of immune deficiency and 

cancer. 

1.1 Background 

1.1.1 Innate and adaptive immunity 
 

The immune system is comprised of an extensive network of specialized cells and 

tissue systems which provide protection against foreign pathogens and cancers. The cells 

which constitute the immune system can broadly be categorized as either innate or 

adaptive immune cells 1–3. Innate immune cells are responsible for a variety of immune 

surveillance functions mediated in part by pattern recognition receptors (PRRs) that 

sense, identify, and respond to pattern associated molecular patterns. Downstream 

signaling of PRRs can lead to a variety of cellular responses including phagocytosis, 

cytokine secretion, membrane attack complex activation1,3. A variety of innate immune 

cells can act as antigen presenting cells which express a subset PRRs known as toll-like 

receptors, whose activation mediates activation of adaptive immune cells4–7.  

The adaptive immune system consists primarily of T and B cells which are specialized 

to respond to antigen-specific challenges. Adaptive immunity has the important feature of 
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memory which persists even after the stimulating antigen is cleared, thereby providing 

long lasting protection. Both T and B cells are activated in secondary lymph nodes by 

professional antigen presenting cells8,9. Activated cytotoxic T cells expand rapidly and 

eliminate their target through various mechanisms which includes direct lysis10. In 

contrast, activated helper T cells interface with professional antigen presenting cells and 

secrete cytokines which can broadly activate or suppress surrounding immune cells11,12. 

Following pathogen clearance, a small number of activated cytotoxic and helper T cells 

persist as memory T cells, which more rapidly respond to repeat infections from the same 

pathogen10-12. B cells in secondary lymph nodes can activated upon exposure to foreign 

antigen and/or activation by helper T cells8. Activated B cells may differentiate into long-

lived plasma cells, which form long-term immunological memory and generate antibodies 

which can bind to foreign pathogens and target them for clearance by phagocytic innate 

immune cells13.   

1.1.2 Drug-eluting implants  
 

Drug-eluting implants are designed to release an active agent, typically in a sustained 

manner to treat and/or prevent disease. This subset of such implants consists of a 

biocompatible polymer encapsulating a small molecule or protein therapeutic. Examples 

include sustained release of etonogestrel from subcutaneous implants to prevent 

pregnancy14, sustained release of paclitaxel from stents to prevent narrowing of the 

coronary artery15, and sustained release of bone morphogenic protein from a collagen 

matrix for spinal fusion16. Other pre-clinical examples include antibiotic releasing 

orthopedic implants to prevent infection after joint replacement17, sustained release of 
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immunomodulatory agents to treat autoimmunity in a local manner18, and sustained 

release of vaccine components to enhance vaccination efficacy19,20.    

1.1.3 Foreign body response and impact on device function 
 

The foreign body response (FBR) is a term used to describe the general reaction of 

primarily innate immune cells to implants. FBR is thought to be a sequential process and 

begins immediately after implantation21. Neutrophils mediate the primary response and 

localize on the biomaterial surface within hours22. Monocyte and fibroblast presence on 

the biomaterial follows neutrophil recruitment and occurs within the first day of 

implantation21,23.  Monocytes differentiate into pro-inflammatory macrophages which 

contribute to inflammation by secretion of cytokines24. Fibroblasts secrete extracellular 

matrix to partition the device from the surrounding tissue21. Long-term presence of the 

implant results in fibrotic encapsulation and fusion of macrophages into foreign body giant 

cells to partition the device from the surrounding tissue21.     

While FBR is associated with all implants, the duration of cellular recruitment and 

amount of inflammation are influenced by a multitude of factors including device location, 

surface chemistries, device porosity, and endotoxin content25–27. These are important 

considerations as pathogenic FBR can impair device function or lead to device failure28–

31. For example, device failure due to FBR is associated with joint replacement implants 

where the development of a fibrotic capsule can lead to complications and failure32,33.  

1.1.4 Hydrogels for drug delivery  
 

Hydrogels are cross-linked polymer networks composed primarily of water which 

are commonly used in pre-clinical drug delivery and tissue engineering applications34,35. 

Polymer composition, density, molecular weight, and cross-linking chemistries can all be 
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modified to achieve desired physiochemical properties and degradation profile34. The 

mesh size for hydrogels can vary substantially and is influenced by the degree of 

crosslinking density, with higher crosslinking density resulting in smaller mesh size36,37. 

Hydrogels can be designed to deliver proteins that have a size that is comparable to the 

hydrogel mesh, allowing for degradation mediated release37,38.  

A potential limitation for deploying hydrogels with a nanometer-scale mesh size in 

vivo is the risk of structural failure during a minimally invasive injection39. Various 

strategies have been developed to overcome this limitation including cryogelation which 

is a crosslinking method in which the crosslinking process is conducted below freezing 

temperature of water, allowing formation of ice crystals and large interconnected pores 

that allow for stress disappation39–41. Hydrogels formed in this manner are termed 

“cryogels” and have an interconnected porous structure which allows for deformation 

under shearing stress41,42. During injection, cryogels can compress through the needle 

and expand to regain their initial shape35,41–43. Furthermore, the high surface area to 

volume ratio of cryogels compared to hydrogels results in differences in both degradation 

and release kinetics.   

1.2 Objective 
 

 The overall objective of the thesis is to design an injectable degradable biomaterial 

scaffold to mediate sustained release of immunomodulatory agents.  

1.3 Overview 
 

 This thesis is divided into five major sections. Chapter 2 explores the development 

and characterization of a hyaluronic acid (HA) cryogel system to sustain the release of 

granulocyte colony stimulating factor (G-CSF) post-hematopoietic stem cell transplant 
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(HSCT) to accelerate neutrophil reconstitution. Chater 3 provides background on clinical 

results of cancer vaccines and pre-clinical strategies to improve efficacy of cancer 

vaccines. Chapter 4 detail the development of a HA cryogel-based sustained release 

vaccine formulation to enhance the immune response for protection against cancer. 

Chapter 5 provides and discusses future directions for utilizing the HA cryogel platform 

as a drug delivery device.  

1.4 Specific Aims 
 

Aim 1: Development of injectable HA cryogel platform and characterization of 

degradation mechanisms (Chapter 2). Aim 1 overviews click-functionalization of HA, 

HA cryogel fabrication, and materials characterization of the HA cryogel. Materials 

characterization includes quantification of surface porosity, assessment of 

interconnectedness, and degradation kinetics in vitro. In vivo characterization involves 

quantification of degradation kinetics and comprehensive assessment of the FBR to the 

HA cryogel in both immune competent and various models of immune deficiency. To 

assess the FBR, phenotypic analysis of infiltrating innate immune cells and histological 

analysis of excised cryogels were conducted.  

Aim 2: Sustaining release of G-CSF from HA cryogel to enhance neutrophil 

reconstitution post-HSCT (Chapter 2). Aim 2 assesses delayed HA cryogel 

degradation and innate immune cell infiltration in immune deficient post-HSCT context. 

G-CSF is encapsulated within HA cryogel and release kinetics of G-CSF is compared in 

both immune competent and post-HSCT settings. G-CSF encapsulated HA cryogel is 

utilized to enhance neutrophil reconstitution kinetics post-HSCT and equivalence to 

clinical standard PEG G-CSF is determined.  
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Aim 3: Development of HA cryogel vaccine formulation to enhance adaptive 

immunity (Chapter 4). Aim 3 utilizes the HA cryogel to mediate sustained release of 

vaccine components to enhance vaccine efficacy. First, HA cryogels are fabricated from 

multiple suppliers. Comparisons based on materials characterization, in vitro degradation, 

and in vitro release kinetics of encapsulated OVA are conducted. Next, OVA 

encapsulated HA cryogels are administered to mice and differences in in vivo 

degradation, FBR, and B cell response to OVA are assessed. The effect of encapsulation 

of additional adjuvants, cystine paired guanine (CpG) and/or granulocyte macrophage 

colony stimulating factor (GM-CSF), on in vivo degradation kinetics, FBR, and adaptive 

immune response to OVA were all characterized. As a result of these, we conducted 

further assessments with a formulation termed CpG-OVA-HAC2. Dose escalation studies 

showed vaccine dose dependence of the adaptive immune response. Studies with B16-

OVA melanoma model showed the CpG-OVA-HAC2 mediated protection against cancer 

development with greatly improved efficacy compared to dose matched bolus equivalent.  
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CHAPTER 2 
 

IMMUNE-RESPONSIVE BIODEGRADABLE SCAFFOLDS FOR ENHANCING 
NEUTROPHIL REGENERATION 

   

 

2.0 Abstract 
 

Neutrophils are essential effector cells for mediating rapid host defense and their 

insufficiency arising from therapy-induced side-effects, termed neutropenia, can lead to 

immunodeficiency-associated complications. In autologous hematopoietic stem cell 

transplantation (HSCT), neutropenia is a complication that limits therapeutic efficacy. 

Here, we report the development and in vivo evaluation of an injectable, biodegradable 

hyaluronic acid (HA)-based scaffold, termed HA cryogel, with myeloid responsive 

degradation behavior. In mouse models of immune deficiency, we show that the 

infiltration of functional myeloid-lineage cells, specifically neutrophils, is essential to 

mediate HA cryogel degradation. Post-HSCT neutropenia in recipient mice delayed 

degradation of HA cryogels by up to 3 weeks. We harnessed the neutrophil-responsive 

degradation to sustain the release of granulocyte colony stimulating factor (G-CSF) from 

HA cryogels. Sustained release of G-CSF from HA cryogels enhanced post-HSCT 

neutrophil recovery, comparable to pegylated G-CSF, which, in turn, accelerated cryogel 

degradation. HA cryogels are a potential approach for enhancing neutrophils and 

concurrently assessing immune recovery in neutropenic hosts. 

 

2.1 Introduction 
 

Neutrophils mediate essential host defense against pathogens and are among the earliest 

responders in tissue injury 1-3. Neutrophil deficiency, termed neutropenia, contributes to 
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opportunistic infections and could impair tissue regeneration in affected individuals 4-7. In 

autologous hematopoietic stem cell transplantation (HSCT) pre-conditioning 

myelosuppressive regimens can contribute to a marked transient post-therapy 

impairment of neutrophils and render recipients susceptible to immune deficiency-

associated complications for up to several weeks 6, 8-11. 

Post-HSCT neutrophil regeneration follows successful bone marrow engraftment of 

transplanted hematopoietic cells 12, 13, facilitated by granulocyte colony stimulating factor 

(G-CSF)-mediated granulopoiesis of hematopoietic cells 14-16. Neutropenia is typically 

treated as an emergency and, in a subset of patients, the risk of neutropenia may be 

prophylactically addressed with post-HSCT subcutaneous injection of recombinant 

human G-CSF (filgrastim) to facilitate recovery 6, 14, 17, 18. Daily injections are used as G-

CSF has a half-life of a 3 – 4 hours, which can be extended by conjugating G-CSF with 

polyethylene glycol (PEGylation) 19, 20. However, immune responses against PEG have 

been demonstrated to enhance clearance of PEG-G-CSF in an antibody-dependent 

manner 21. As multiple cycles of PEG-G-CSF treatment are common, long-term treatment 

could be rendered ineffective. Therefore, the development of a sustained release method 

to deliver G-CSF while avoiding immune responses against PEG, and concurrently 

assess neutrophil function could greatly improve the current standard-of-care. 

Seeking to improve post-HSCT recovery of neutrophils and simultaneously assess 

recovery, we developed a biodegradable depot to prophylactically deliver G-CSF in post-

HSCT recipients. The depot comprised a porous injectable scaffold made by low-

temperature crosslinking, termed cryogelation, of hyaluronic acid (HA), an easily sourced 

and readily derivatized anionic glycosaminoglycan, termed ‘HA cryogel.’ As a component 
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of the extracellular matrix, endogenous HA is a substrate for degradation by myeloid cells 

through enzymatic action and by neutrophil-mediated oxidation 22-24. Harnessing the 

immune-responsiveness of HA, we characterized in vivo degradation of HA cryogels in 

immune deficient and post-HSCT mice and identified myeloid cell infiltration in HA 

cryogels to be key mediators in facilitating degradation, which was significantly reduced 

or altogether eliminated in mice with severely deficient neutrophil function. Transient but 

profound post-HSCT myeloid depletion significantly delayed degradation of HA cryogels 

until recovery of neutrophils 25. As the degradation profile of HA cryogels was responsive 

to neutrophil recovery, we harnessed encapsulated G-CSF to facilitate the sustained 

release, which was mediated by HA cryogel degradation. Neutrophil reconstitution was 

enhanced in post-HSCT mice injected with G-CSF-encapsulated HA cryogels, 

comparable to a single dose of PEGylated G-CSF, which accelerated HA cryogel 

degradation.  

2.2 Results 
  

2.2.1 Synthesis and characterization of HA cryogels 
 

Click-functionalized HA was prepared by conjugating either tetrazine (Tz) amine or 

norbornene (Nb) methylamine to HA using carbodiimide chemistry. Nb- functionalized HA 

(HA-Nb) was reacted with Tz-Cy5 to form Cy5-labeled HA-Nb (Cy5-HA-Nb) (Fig. 2.1a). 

Tz amine-functionalized HA (HA-Tz) was prepared at 7% degree of substitution (termed 

high-DOS). 0.8% DOS HA-Tz (termed low DOS) was also prepared for comparison. 

Endotoxin levels of HA-Tz and Cy5-HA-Nb were quantified to be less than 5 endotoxin 

units/kg, the threshold pyrogenic dose for preclinical species (Supplementary Table 2.1) 

26.  To maximize polymer concentration while maintaining proper viscosity to achieve 
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mixing, 0.6% w/v aqueous solutions of HA-Tz and Cy5-HA-Nb, pre-cooled to 4oC, were 

well mixed in a 1:1 (v/v) ratio by vortexing (Fig. 2.1a). The solution was then pipetted onto 

individual pre-cooled (-20oC) cryomolds (30 L/mold) and immediately transferred to a -

20oC freezer and allowed to freeze (Supplementary Note 2.1), to generate Cy5-HA 

cryogels (Fig. 2.1b, c).  

To characterize Cy5-HA cryogels, we estimated the swelling ratio by comparing the 

hydrated vs. cast volume and the aqueous mass composition from the wicked mass and 

fully hydrated mass. The swelling ratio was 1.5 ± 0.1 in both low- and high-DOS Cy5-HA 

cryogels (Supplementary Fig. 2.1a). The aqueous mass composition was 76.3 ± 4.0% 

and 71.9 ± 2.6% in low- and high-DOS Cy5-HA cryogels respectively (Supplementary 

Fig. 2.1b).  

To measure surface porosity of lyophilized Cy5-HA cryogels, we used scanning electron 

microscopy (SEM) (Fig. 2.1d, Supplementary Fig. 2.1c). The surface pore structure 

images were used to measure the average pore diameter using FIJI, which were between 

80-180μm and 40-90μm for low- and high-DOS Cy5-HA cryogels respectively 

(Supplementary Fig. 2.1d). To characterize interconnectedness of the Cy5-HA cryogel 

pore structure, we incubated fully hydrated low- and high-DOS Cy5-HA cryogels with 

Fluorescein isothiocyanate (FITC)-labeled 10μm diameter melamine resin particles and 

imaged using a confocal microscope (Fig. 2.1e, Supplementary Fig. 2.1e). Since the 

route of administration of the Cy5-HA cryogels is through a needle, we repeated this 

experiment with Cy5-HA cryogels after injection and observed similar penetration of the 

FITC-labeled 10μm particles (Fig. 2.1e, Supplementary Fig. 2.1e). Image analysis of z-

stacked images showed co-localization of the FITC-labeled 10μm particles with Cy5-HA 
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up to a depth of 100μm below the surface, which was the limit of detection 

(Supplementary Fig. 2.1f). Both low- and high-DOS Cy5-HA cryogels maintained pore 

morphology and relative surface pore size distribution following lyophilization and 

rehydration (Supplementary Fig. 2.2.1g, 1h). Cy5-HA cryogels also maintained shape 

and structure post-injection (Supplementary Movie 2.1).  

To confirm susceptibility of Cy5-HA cryogels to enzymatic degradation, we used a 

hyaluronidase-2 (HYAL2)-based in vitro assay (Fig. 2.1f). In native HA, HYAL2 cleaves 

internal beta-N-acetyl-D-glucosaminidic linkages resulting in fragmentation of HA 27. 

Here, HYAL2 degraded HA cryogels and high DOS Cy5-HA cryogels degraded at a 

slower rate compared to the low-DOS Cy5-HA cryogels in vitro (Fig. 2.1g, 

Supplementary Fig. 2.2a). To assess in vivo degradation, low- and high-DOS Cy5-HA 

cryogels were injected subcutaneously in the hind flank of C57Bl/6J (B6) mice and 

degradation was measured using in vivo imaging system (IVIS) fluorescence 

spectroscopy (Fig. 2.1h). In contrast to in vitro degradation, both low- and high-DOS Cy5-

HA cryogels degraded at a similar rate (Fig. 2.1i, Supplementary Fig. 2.2b). This 

observation, together with the finding of a similar pore size distribution in hydrated low- 

and high-DOS HA cryogels (Supplementary Fig. 2.S1h), supported the selection of one 

of the types of HA cryogels for subsequent experiments, and we selected high-DOS HA 

cryogels. To characterize if HA cryogels made from different batches of derivatized HA 

affected in vivo degradation, we compared degradation of Cy5-HA cryogels made from 

three distinct batches of Cy5-HA-Nb and HA-Tz and confirmed that all Cy5-HA-cryogels 

degraded at a similar rate (Supplementary Fig. 2.2c).  
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2.2.2 Depletion of immune cell subsets affects cellular infiltration into HA 
cryogels 
 

As the HSCT pre-conditioning regimen depletes all immune cell lineages, we first sought 

to measure the effect of immune depletion on HA cryogel degradation. Cy5-HA cryogels 

were subcutaneously injected into the hind flank of untreated B6  mice (Fig. 2.2a) and the 

degradation profile was compared to that in B6 mice receiving (i) anti-Ly6G and anti-rat κ 

immunoglobulin light chain antibodies to deplete neutrophils (~98% efficiency) (Fig. 

2.2b), (ii) clodronate liposomes to deplete monocytes/macrophages (80-95% efficiency) 

(Fig. 2.2c), (iii) anti-CD4 and anti-CD8 antibodies to deplete T cells (~99% efficiency) 

(Supplementary Fig. 2.3a), (iv) anti-B220 to transiently deplete B-cells (99% efficiency 

up to 4 days) (Supplementary Fig. 2.3b) and immune deficient NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ (NSG) mice (Fig. 2.2d). The durability of depletion was assessed by 

measuring peripheral blood cellularity throughout the duration of the degradation study 

(Supplementary Fig. 2.3c-l, Supplementary Table 2.2).  In untreated immune 

competent mice, the average half-life of Cy5-HA cryogels, quantified as the time to 

achieve a 50% reduction in fluorescence intensity, was about 9.5 days (Supplementary 

Fig. 2.3m). The average half-life in the macrophage, neutrophil, T cell, and B cell depleted 

mice was similar at about 11.8 days, 11.3 days, 9.6, and 10.2 respectively 

(Supplementary Fig. 2.3m). In contrast, only a 35% reduction in Cy5 signal intensity was 

measured after 3 months in the NSG mice (Fig. 2.2d). Retrieval of Cy5-HA cryogels from 

sacrificed mice at the endpoint confirmed that the gels had minimally degraded 

(Supplementary Fig. 2.3n).  

To assess cellular infiltration and the foreign body response, Cy5-HA cryogels were 

explanted from the above groups at 1-, 5-, and 10-days post-injection and stained using 
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haemotoxylin and eosin (H&E). In Cy5-HA cryogels retrieved from all groups except NSG 

mice, the total cellularity increased from day 1 to 10 and formed a distinct capsule 

encapsulating the HA cryogel, indicative of a foreign body response (Fig. 2.2e, 

Supplementary Fig. 2.4a). In NSG mice, some infiltrates were quantified on day 1, 

however there was no appreciable increase in cellularity at the later timepoints or a 

capsule by day 10 (Fig. 2.2e). H&E slides were further analyzed to quantify the cell 

density in the different groups. Differences in infiltrates between the untreated and all 

immunodepleted B6 mice were significant at the earlier timepoints, and either increased 

or remained constant in all immunodepleted B6 (Fig 2.2f, Supplementary Fig. 2.4b). In 

contrast, cell infiltrates in HA cryogels retrieved from NSG mice reduced steadily and were 

80% lower than untreated B6 mice by day 10 (Fig. 2.2f).  

To identify the immune cells contributing to HA cryogel degradation, we quantified cell 

infiltrates in the Cy5-HA cryogels 1- and 10- days post-injection using flow cytometry in 

untreated and immune depleted B6 and NSG mice (Fig. 2.3a, b, Supplementary Fig. 

2.5a, b). Viability of infiltrating cells, quantified by negative AnnexinV staining, was 

consistently greater than 95% in all groups (Supplementary Fig. 2.5c).  

Infiltration of total CD45+CD11b+ (myeloid) cells into HA cryogels of untreated B6 mice 

and T cell depleted B6 mice were similar after 1- and 10-days post-injection 

(Supplementary Fig. 2.5d). While there were comparable myeloid cells in HA cryogels 

retrieved 1-day post-injection from B cell depleted B6 mice, by day 10 the number was 

about 66% lower than in untreated B6 mice (Supplementary Fig. 2.5e). Similarly, 

myeloid cell infiltration in Cy5-HA cryogels retrieved 1-day post-injection from 

macrophage depleted mice was unaffected, however by day ten the number of infiltrating 
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myeloid cells was about 58% lower than untreated B6 mice (Fig. 2.3c). Neutrophil 

depletion in B6 mice reduced the total number of myeloid cells in Cy5-HA cryogels 

compared with the untreated B6 mice by about 77% 1-day and 68% 10-days post-

injection respectively (Fig. 2.3c). In NSG mice myeloid cell infiltration in HA cryogels was 

51% lower 1-day and 91% lower 10-days post-injection as compared to untreated B6 

mice (Fig. 2.3c).  

CD45+CD11b+F4/80+ (macrophage) infiltration in Cy5-HA cryogels retrieved from all 

groups except NSG mice reduced from 1- to 10-days (Fig. 2.3d, Supplementary Fig. 

2.5e). Intraperitoneal (i.p.) administration of clodronate liposomes minimally affected 

macrophage infiltration in Cy5-HA cryogels even though it was effective in depleting 

peripheral blood monocytes (Fig. 2.3d, Supplementary Fig. 2.3g, h). In NSG mice, 

macrophage infiltration was 74% lower than in the untreated B6 mice on day 1 and 

remained unchanged 10-days post-injection (Fig. 2.3d).  

In CD45+CD11b+F4/80-Ly6G+ (neutrophil) depleted B6 mice, an additional intracellular 

Ly6G staining step was included, as the method of neutrophil depletion is known to induce 

internalization of the Ly6G receptor (Supplementary Fig. 2.5f) 28. Neutrophil infiltration 

in Cy5-HA cryogels retrieved from untreated B6 and T cell depleted B6 mice was 

comparable between 1- to 10-days post-injection (Fig. 3e, Supplementary Fig. 2.5g). B 

cell depletion did not affect the initial neutrophil infiltration 1-day post-injection compared 

with untreated controls but reduced the number of infiltrating neutrophils by 10-days post-

injection (Supplementary Fig. 2.5g). As expected, neutrophil depletion significantly 

reduced initial neutrophil infiltration, by about 97%, compared to the untreated control. In 

this group, neutrophils constituted less than 50% of infiltrating myeloid cells at all 
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timepoints assessed (Fig. 2.3f). Despite an increase by day 10, attributable to the 

internalization of the Ly6G receptor which led to an approximate 4-fold increase in the 

infiltrating neutrophil fraction (Supplementary Fig. 2.5f), the number of infiltrating 

neutrophils were still 84% lower compared with untreated B6 mice (Fig. 2.3e). 

Macrophage depletion did not affect the initial neutrophil infiltration 1-day post-injection 

compared with untreated B6 mice but reduced the number of infiltrating neutrophils by 

65% compared with untreated B6 mice by day 10. HA cryogels retrieved from NSG mice 

had 50% fewer neutrophils than those from untreated B6 mice on day 1 and very few to 

none were found by day 10 post-injection (Fig. 2.3e). In NSG mice neutrophils constituted 

over 90% of total myeloid cells on day 1 but decreased to about 8% by day 10 (Fig. 2.3f). 

This observation along with minimal Cy5-HA cryogel degradation in NSG mice (Fig. 

2.2d), supported a key role of functional neutrophils in mediating degradation. In all 

groups, the infiltration of CD45+CD11b+F4/80-Ly6G-CD115+ (monocyte) cells were 

minimal and constituted a negligible portion of total infiltrating myeloid cells 

(Supplementary Fig. 2.5h, i).  

To provide additional confirmation of infiltrating neutrophils and macrophages, we used 

immunohistochemical (IHC) staining to assess for Ly6G+ and F4/80+ cells respectively in 

untreated B6 mice and NSG mice at 1-, 5-, and 10-days post-injection. Staining on day 1 

corroborated the flow cytometry data in that there were more neutrophils than 

macrophages within the Cy5-HA cryogels (Supplementary Fig. 2.5i, Supplementary 

Fig. 2.6a). On subsequent days, non-specific debris precluded accurate assessment in 

Cy5-HA cryogels retrieved from B6 mice (Supplementary Fig. 2.6a). As a result of non-

specific staining of debris at later timepoints, IHC was only conducted on Cy5-HA cryogels 
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excised 1-day after injection in macrophage depleted, neutrophil depleted, T cell 

depleted, and B cell depleted mice. Staining of these samples confirmed the presence of 

both Ly6G and F4/80 in Cy5-HA cryogels confirming flow cytometry data 

(Supplementary Fig. 2.5i, Supplementary Fig. 2.6b). In NSG mice, IHC staining of 

Ly6G+ and F4/80+ cells followed the results from flow cytometry analysis. Significantly 

more neutrophils than macrophages in Cy5-HA cryogels were observed 1-day after 

injection (Supplementary Fig. 2.6c). On day 5, there were significant macrophage and 

neutrophil infiltrates (Supplementary Fig. 2.6c) and by day 10, the neutrophil infiltration 

reduced significantly as expected from flow cytometry analysis (Supplementary Fig. 

2.5h, Supplementary Fig. 2.6c).  

To further characterize the role of functional neutrophils, we compared the degradation 

of Cy5-HA cryogels in B6 and B6.129S-Cybbtm1Din (gp91phox-) mice. Affected hemizygous 

male gp91phox- mice have a defect in the NADPH oxidase enzyme, which renders mice 

deficient in neutrophil function through the production of reactive oxygen species 29, 30. 

Cy5-HA cryogels were injected in gp91phox- mice and B6 mice and degradation was 

quantified using IVIS (Fig. 2.3g). Cy5-HA cryogels did not degrade appreciably in the 

gp91phox- over the course of the two-month study whereas the Cy5-HA cryogels in B6 

mice degraded within 4 weeks, as expected (Fig. 2.3h).  

Taken together, these results suggest that inducing immune deficiency by depletion 

affects cell infiltration in Cy5-HA cryogels but does not affect degradation. However, 

deficiencies which functionally impair neutrophils, modeled by NSG and gp91phox- mice 

are sufficient to significantly affect Cy5-HA cryogel degradation.  

2.2.3 HA cryogels are neutrophil responsive in post-HSCT mice  
 



23 
 

We next quantified Cy5-HA cryogel degradation in post-HSCT mice. B6 recipients were 

irradiated 48 hours prior to i.v. injection of lineage depleted hematopoietic stem cells (2 x 

105 cells, ~87% depleted) isolated from bone marrow of syngeneic B6 donor mice 

(Supplementary Fig. 2.7a). Concurrently, B6 recipients and control mice (B6, non-

irradiated that do not receive a transplant) were injected subcutaneously with Cy5-HA 

cryogels, and the degradation rate was compared (Fig. 2.4a). In contrast to non-irradiated 

mice, a steady fluorescence signal was quantified for about 20 days in post-HSCT mice 

after which it decreased, corresponding to HA cryogel degradation, at a rate comparable 

to that in non-irradiated mice. The time interval to 50% of the initial fluorescence intensity 

was approximately 30 days in post-HSCT mice whereas in non-irradiated mice, a 

comparable decrease was achieved by day 13 (Fig. 2.4b, Supplementary Fig. 2.7b).  

To quantify infiltrating myeloid subsets, Cy5-HA cryogels were excised on days 5 and 16 

post-injection in non-irradiated mice and excised on days 5, 16, 21, and 26 in post-HSCT 

mice (Fig. 2.4c). Viability of infiltrating cells, quantified by negative AnnexinV staining, 

was initially lower 5- and 16-days post-injection, and increased by day 21 

(Supplementary Fig. 2.7c). In non-irradiated B6 mice, the number of infiltrating myeloid 

cells decreased by 96% from days 5 to 16 post-injection (Fig. 2.4d), mirroring near-

complete Cy5-HA cryogel degradation (Fig. 2.4b, Supplementary Fig. 2.7b). In contrast, 

myeloid cell infiltration in Cy5-HA cryogels was significantly delayed and 97% lower than 

that of the non-irradiated group, 5 days post-injection. In post-HSCT mice, appreciable 

myeloid infiltration was not quantified until about day 21 post-HSCT, which was still 67% 

lower when compared with HA cryogels from non-irradiated mice on day 5 (Fig. 2.4d).  
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Macrophage infiltration in Cy5-HA cryogels in non-irradiated mice decreased 87% from 

days 5 to 16 (Fig. 2.4e). On day 5 in post-HSCT mice, macrophage infiltration in Cy5-HA 

cryogels was reduced by about 92% compared to non-irradiated mice. By day 26, 

infiltrating macrophages in some post-HSCT mice were quantified but remained 

significantly lower than macrophage infiltration on day 5 in non-irradiated mice (Fig. 2.4e).  

Neutrophils constituted a majority of the myeloid cells in Cy5-HA cryogels in non-

irradiated mice on day 5, but not by day 16 (Fig. 2.4f) when the majority of myeloid cells 

were macrophages (Supplementary Fig. 2.7d). In contrast, very few cells were in HA 

cryogels retrieved on day 5 in post-HSCT mice with a near absence of neutrophils, in 

contrast with non-irradiated mice at the same timepoint. Neutrophil infiltration in Cy5-HA 

cryogels was quantified 21 days post-injection but was still 62% lower than on day 5 in 

non-irradiated mice (Fig. 2.4f). In post-HSCT mice, macrophages constituted most of the 

cell infiltrates 5- and 16-days after injection, whereas a majority of myeloid cells were 

neutrophils on days 21 and 26 (Supplementary Fig. 2.7d). This data supports that 

irradiation reduces myeloid infiltration in Cy5-HA cryogels, delays cryogel degradation, 

and degradation coincides with neutrophil recovery (Supplementary Fig. 2.7e).  

To assess whether the uniqueness of the results could be attributed to the HA cryogels, 

we compared the results with hydrolytically degradable oxidized alginate (OxAlg), also 

functionalized with Tz and Nb (Supplementary Fig. 2.7f). Unlike HA, OxAlg is not a 

substrate for endogenous enzymes 31, 32. Tz-functionalized OxAlg was functionalized with 

Cy5 and Cy5-OxAlg cryogels were formed in the same manner as high-DOS Cy5-HA 

cryogels. In vitro, Cy5-OxAlg cryogels fully degraded in 1x PBS over 9-days 

(Supplementary Fig. 2.7g). In contrast to Cy5-HA cryogels, Cy5-OxAlg cryogels injected 
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in B6 and post-HSCT B6 mice degraded rapidly at a comparable rate, with approximately 

70% reduction in fluorescence signal within 24 hours post-injection (Supplementary Fig. 

2.7h).  

2.2.4 HA cryogels sustain G-CSF delivery and enhance post-HSCT reconstitution 
of neutrophils 
 

We sought to leverage the delay in post-HSCT degradation of HA cryogels to mediate G-

CSF release and enhance neutrophil recovery. 1μg of Cy5-labeled G-CSF (Cy5 G-CSF) 

was encapsulated in HA cryogels and one cryogel was injected either in 1-day post-HSCT 

or in non-irradiated B6 mice. Encapsulated Cy5 G-CSF was quantified using IVIS and 

normalized to the initial 8-hour timepoint fluorescence signal (Fig. 2.5a). Cy5 G-CSF 

release, assessed by fluorescence attenuation, from non-irradiated mice proceeded in a 

sustained manner immediately post-injection with over 80% released after approximately 

12-days post-injection. In post-HSCT mice, 20% Cy5 G-CSF released after approximately 

12-days post-injection and subsequently released in a sustained manner (Fig. 2.5b). The 

time to 50% fluorescence intensity in non-irradiated mice was 5.9 ± 3.0 days compared 

to 15.5 ± 5.9 days in post-HSCT mice (Fig. 2.5c). We then sought to assess the effect of 

G-CSF delivery on peripheral blood neutrophil recovery and acceleration of Cy5-HA 

cryogel degradation. We compared mice receiving either two blank Cy5-HA cryogels or 

two G-CSF-encapsulated HA-cryogels and, as a positive control, we included mice with 

blank Cy5-HA cryogels injected systemically with 2μg pegylated (PEG) G-CSF (Fig. 

2.5d), corresponding to the clinical-equivalent dose for mice 33, 34. Mice were bled at pre-

determined timepoints, and peripheral blood neutrophil concentration, quantified by flow 

cytometry, was consistently higher when G-CSF from Cy5-HA cryogels was delivered, 

and comparable with PEG G-CSF treatment than in mice which received blank Cy5-HA 
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cryogels (Fig. 2.5e). Moreover, Cy5-HA cryogel degradation was accelerated with G-CSF 

or PEG G-CSF treatment (Fig. 5f, Supplementary Fig. 2.8). These results support that 

G-CSF release from HA cryogels can improve neutrophil recovery in lethally radiated 

mice and Cy5-HA cryogel degradation may simultaneously be used as an indicator of 

functional neutrophil recovery.  

2.3 Discussion 
 

Here we demonstrate that an immune responsive biodegradable HA cryogel scaffold 

provides sustained G-CSF release and accelerates post-HSCT neutrophil recovery in 

mice which, in turn, accelerates HA cryogel degradation in vivo. Harnessing post-HSCT 

immune deficiency to sustain G-CSF release is distinct conceptually from other methods 

of drug delivery. It is well established that immune cells sense implanted materials as 

non-self and mount a well-characterized sequential response to isolate the implant in a 

fibrous capsule 35-37. In this work, we observed neutrophil infiltration during the acute 

stages of inflammation and show them to be key mediators in HA cryogel degradation. 

Our finding is consistent with prior reports that have supported neutrophils as key 

mediators of shaping the early implant microenvironment and for in vivo destruction of 

implanted polymeric materials by neutrophil-derived oxidants 38-40. The finding of primarily 

myeloid-lineage immune cell populations within the HA cryogel is consistent with previous 

observations of cell infiltration occurring within scaffolds of a similar composition 41, 42. We 

demonstrate that the encapsulation and release of G-CSF from the polymer scaffold 

mediated recovery of neutrophils in the peripheral blood, significantly faster than control 

mice receiving blank HA cryogels and comparable to pegylated GCSF, which accelerated 

HA cryogel degradation.   
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HA was selected as the primary constituent polymer as it is ubiquitous in the extracellular 

matrix and has a long history of clinical use as a biodegradable material in a range of 

biomedical applications 43-48. In this work, commercially purchased HA was derivatized 

with bioorthogonal Tz and Nb groups to facilitate crosslinking without the need for external 

energy input or addition of external agents such as stabilizers and catalysts 49, 50, which 

can make it challenging to purify the final product. The use of HA-Tz and HA-Nb also 

facilitated cryogelation at a slower rate, compared to free-radical polymerization methods, 

and consequently provided enhanced control over the crosslinking process 51, 52. 

Moreover, other common cross-linking strategies that directly target the carboxylic acid 

or hydroxyl side chains groups and unreacted agents may inadvertently react with 

encapsulated proteins 53-56. Further, Tz can be quantified spectroscopically and the DOS 

was readily assessed 57, 58.  

Degradation of HA can be mediated by both enzymatic and non-enzymatic reactions. 

Enzymatic degradation is mediated by hyaluronidases, a class of enzymes that degrade 

predominantly HA and are widely distributed in mammalian tissues in the extracellular 

space, on the cell surface of stromal cells and intracellularly in lysosomal compartments59. 

Endogenous non-enzymatic reactions have been demonstrated to be mediated 

predominately by reactive oxygen species for which neutrophils are a major source, and 

which lack hyaluronidase60, 61. Consistent with prior work, our results show that DOS 

affected the rate of HA cryogel degradation by enzymatic cleavage in vitro 22, 62. On the 

other hand, the paradoxical observation that DOS did not affect in vivo degradation is 

also consistent with prior work that has demonstrated that partial degradation of HA by 

non-enzymatic means in vivo overcomes steric factors which might otherwise hinder 
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enzymatic access to HA and, in our work, facilitated equalization of the in vivo degradation 

rate of low- and high- DOS HA cryogels 62. 

Our results support that activated neutrophils mediate degradation of HA cryogels in vivo, 

consistent with past reports of the role of reactive oxygen species from activated 

neutrophils in mediating HA degradation 60, 63-65 and of neutrophils in the acute phase of 

the foreign body response 35, 36, which further clarifies how immune deficiency impacts 

the rate of degradation 9, 66. We found that while despite successfully depleting neutrophils 

in the peripheral blood, antibody-based depletion did not achieve a similar depletion of 

infiltrating neutrophils in HA cryogels and degradation was unaffected in B6 mice. In NSG 

mice, which have defective adaptive and innate immune cells, Cy5-HA cryogels degraded 

minimally over 3 months and neutrophil infiltration into the HA cryogel was not sustained.  

The observation is consistent with the well-documented lack of adaptive immune cells, 

impaired innate immune cell subsets (e.g. macrophages) and a lack of a functional 

complement system which affects the activation of neutrophils in these mice 67-70. We 

expanded upon these results by quantifying Cy5-HA cryogel degradation in gp91phox- 

mice, which are on the B6 background, but gp91phox- neutrophils in affected hemizygous 

male mice lack superoxide production 29, 30. The functional deficiency of neutrophils in 

gp91phox- is similar to the clinical observations of defective respiratory burst and 

phagocytosis affecting neutrophils in chronic granulomatous disease, in which there are 

normal neutrophil counts but impaired oxidative killing 29. In these mice, the absence of 

appreciable degradation of Cy5-HA cryogels provides additional support for the key role 

of functional neutrophils in facilitating degradation.  
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The key role of functional neutrophils in HA cryogel degradation was further validated in 

post-HSCT mice, modeling transient innate immune deficiency. Unlike antibody-based 

depletion, irradiating mice achieves full depletion of innate and adaptive immune cells. 

Neutrophils predominate the earliest immune cells that reconstitute71 and post-HSCT 

respiratory burst and phagocytic activity of neutrophils is generally decreased in humans, 

modeled by gp91phox- mice, and underscores the importance of qualitatively assessing 

functionality of neutrophils 72. We found that Cy5-HA cryogel degradation was delayed 

until neutrophil infiltration into Cy5-HA cryogels recovered, further supporting the role of 

neutrophils in mediating HA degradation and the immune responsive behavior of HA 

cryogels. These results are consistent with past reports in which rapid neutrophil 

infiltration and activation have been identified as one of the earliest cellular events of the 

foreign body response 2, 73. In contrast, we show that OxAlg cryogels, which have 

hydrolytically labile groups but are not a substrate for endogenous enzymes, degrade 

rapidly in vivo at similar rates in immune competent and post-HSCT mice 31, 32, 74. These 

observations characterizing the importance of neutrophils in degradation support the 

unique immune responsiveness of HA cryogels.  

Similar to PEG-G-CSF, we demonstrate the effect of G-CSF release from HA cryogels is 

neutrophil-dependent 75, and therefore might be characterized as self-regulating. 

However, in contrast to PEG-G-CSF, G-CSF delivery from HA cryogels avoids the 

potential of pre-existing or induced anti-PEG antibody (APA)-mediated rapid clearance 76, 

77. In immune competent mice, it has been demonstrated that the administration of PEG-

G-CSF at a clinically-relevant single dose elicits anti-PEG IgM antibodies in a dose-

dependent manner which subsequently accelerates clearance of a second PEG-G-CSF 
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dose via an anti-PEG IgM-mediated complement activation 21. De novo anti-PEG antibody 

induction may not require T cell activation 78 and therefore could also be induced in post-

HSCT immunodeficient hosts. PEG G-CSF may therefore be less effective with pre-

existing or induced APA 79.  

Therapy-induced neutropenia substantially limits the applicability of therapies that could 

be life-saving. HA cryogels not only deliver G-CSF in a sustained manner to enhance 

neutrophil regeneration, while avoiding the potential of APA-mediated enhanced 

clearance, but also show a responsive degradation behavior. Collectively, our findings 

support that the HA cryogels might be leveraged to enhance and functionally assess 

neutrophil functionality and aid in treatment-related decisions for recipients of 

myelosuppressive therapy. 
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2.4 Figures 
 

Figure 2.1| Production and characterization of Cy5-HA cryogel 
(a) Schematic for tetrazine (Tz) and norbornene (Nb) functionalization of HA, Cy5 
functionalization of Nb functionalized HA (Cy5-HA-Nb) and crosslinking of Tz 
functionalized HA with Cy5-HA-Nb. (b) Schematic for producing Cy5-HA cryogels. (c) 
Representative photograph of lyophilized Cy5-HA cryogel. Scale bar = 1mm. (d) 
Representative SEM image depicting Cy5-HA cryogels. Top scale bar = 1mm, middle 
scale bar = 500μm, bottom scale bar = 100μm. (e) Confocal microscopy image, overhead 
and side views, depicting hydrated Cy5-HA cryogels pre- and post-injection incubated 
with 10μm FITC-labeled microparticles. Scale bar = 100μm. (f) Schematic depicting 
workflow for in vitro Cy5-HA cryogel degradation study. (g) Measuring Cy5-HA cryogel 
degradation in vitro by quantifying the Cy5-signal in supernatant at pre-determined 
timepoints normalized to total Cy5-signal in supernatant across all timepoints.  (h) 
Schematic depicting workflow for in vivo Cy5-HA cryogel degradation study. (i) 
Representative in vivo imaging system (IVIS) fluorescence images of gel degradation in 
mice and measuring Cy5-HA cryogel degradation in vivo by quantification of total radiant 
efficiency normalized to initial day 3 timepoint. IVIS Images are on the same scale and 
analyzed using Living Image Software. Data in g represents mean ± s.d. of n=4 HA 
cryogels. Data in i represents mean ± s.e.m. of n=4 HA cryogels. Part of figure 1b, f and 
h were created with BioRender.com. 
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Figure 2.2| Cy5-HA cryogel degradation in immunodeficient mice  
Representative IVIS fluorescence images of Cy5-HA cryogel degradation and 
quantification by measuring total radiant efficiency normalized to initial day 3 timepoint of 
(a) untreated B6 mice, (b) neutrophil depleted B6 mice, (c) macrophage depleted B6 
mice, and (d) NSG mice. IVIS Images are on the same scale and analyzed using Living 
Image Software. (e) Hematoxylin and eosin (H&E) stained histological sections of 
explanted Cy5-HA cryogels from the above groups, at days 1, 5, and 10 post-injection. 
Full view scale bar = 800μm, magnified scale bar = 100μm. (f) Quantification of cellular 
density in the sections from e. Data in a-d represent mean ± s.e.m. of n=4-9 and are 
representative of at least two separate experiments. Data in f represents mean ± s.d. of 
n=7-12 and were compared using student’s t-test.   
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Figure 2.3| Assessment of innate immune cell infiltration into Cy5-HA cryogels 
(a) Schematic for the quantification of innate immune cell content in Cy5-HA cryogels. (b) 
Representative flow cytometry plots depicting gating strategy to determine cellular identity 
of CD45+ CD11b+ F4/80+ (macrophage) cells, CD45+ CD11b+ F4/80- Ly6G+ (neutrophil) 
cells, and CD45+ CD11b+ F4/80- Ly6G- CD115+ (monocyte) cells in untreated B6 mice, 
anti-Ly6G and anti-rat κ immunoglobulin light chain antibody treated B6 mice, clodronate 
liposome treated B6 mice, and NSG mice. c-e Quantification of total number of (c) CD45+ 

CD11b+ (myeloid) cells, (d) macrophages, and (e) neutrophils infiltrating HA cryogels in 
untreated B6 mice, anti-Ly6G and anti-rat κ immunoglobulin light chain antibody treated 
B6 mice, clodronate liposome treated B6 mice, and NSG mice. (f) Infiltrating immune cell 
lineages plotted as a percentage of myeloid cells in untreated, neutrophil depleted, 
macrophage depleted, and NSG mice. (g) Schematic depicting workflow for in vivo Cy5-
HA cryogel degradation study with gp91phox- mice. (h) Representative IVIS fluorescence 
images of gel degradation and quantification by measuring total radiant efficiency 
normalized to initial day 3 timepoint of gp91phox- mice and B6 mice. IVIS Images are on 
the same scale and analyzed using Living Image Software. Data in c, d, e, f represents 
mean ± s.d. of n=7-10 Cy5-HA cryogels, are representative of at least two separate 
experiments. Data in c, d, e were compared using student’s t-test. Data in h represents 
mean ± s.e.m. of n=4-5 and were compared using two-way ANOVA with Bonferroni’s 
multiple comparison test. Parts of figures 3a and h were created with BioRender.com.  
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Figure 2.4| Degradation kinetics of HA cryogels is impaired during transient 
immunodeficiency following HSCT 
(a) Schematic depicting workflow for quantification of Cy5-HA cryogel degradation and 
innate immune cell infiltration in control (non-irradiated mice that do not receive a 
transplant) and post-HSCT B6 mice. (b) Representative IVIS fluorescence images of gel 
degradation in non-irradiated and post-HSCT mice. Tracking gel degradation by 
quantification of total radiant efficiency normalized to initial day 3 timepoint. (c) 
Photograph of Cy5-HA cryogels in non-irradiated mice 5- and 16-days post-injection and 
post-HSCT mice on days 5, 16, 21, and 26. d-f Cell infiltration of (d) CD45+CD11b+ 

(myeloid) cells, (e) CD45+CD11b+ F4/80+ (macrophage) cells, and (f) CD45+ CD11b+ 
F4/80- Ly6G+ (neutrophil) cells into HA cryogels in non-irradiated mice 5- and 16-days 
post-injection and 5-, 16-, 21-, and 26- days post-HSCT. Data in b represents mean ± 
s.e.m. of n = 7-9 mice and is representative of at least two separate experiments. Data in 
d, e, f represents mean ± s.d. of n = 6-10 HA cryogels and are representative of at least 
two separate experiments. Data in b were compared using two-way ANOVA with 
Bonferroni’s multiple comparison test. Data in d, e, f were compared using student’s t-
test. Part of figure 4a was created with BioRender.com. 
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Figure 2.5| Enhanced reconstitution of peripheral blood neutrophil cells 
(a) Schematic depicting outline of study to quantify Cy5 G-CSF release from HA cryogels 
in non-irradiated, non-transplanted B6 mice and post-HSCT B6 mice. (b) Representative 
IVIS fluorescence images of Cy5 G-CSF release from HA cryogels and quantification by 
measuring total radiant efficiency normalized to initial 8-hour timepoint. IVIS Images are 
on the same scale and analyzed using Living Image Software. (c) Time to 50% 
fluorescence intensity for Cy5 G-CSF encapsulated within HA cryogels in non-irradiated 
and post-HSCT mice. (d) Schematic depicting outline of study to quantify neutrophil 
reconstitution rate and Cy5-HA cryogel degradation rate in post-HSCT mice using G-CSF 
encapsulated Cy5-HA cryogels. (e) Peripheral blood reconstitution of neutrophils in post-
HSCT mice, normalized to pre-irradiation neutrophil counts from a random subset of mice.  
(f) Representative in vivo imaging system (IVIS) fluorescence images of gel degradation 
in mice and measuring Cy5-HA cryogel degradation in vivo by quantification of total 
radiant efficiency normalized to initial day 3 timepoint. IVIS Images are on the same scale 
and analyzed using Living Image Software. Data in b represents mean ± s.e.m. of n = 6-
9 mice. Data in c represents mean ± s.d. of n = 6 – 9 mice. Data in e represents mean ± 
s.d. of n = 11-15 mice and is representative of at least two separate experiments. Data in 
f represents ± s.e.m. of n = 11-14 Cy5-HA cryogels and is representative of at least two 
separate experiments. Data in b, f were compared using two-way ANOVA with 
Bonferroni’s multiple comparison test. Data in c were compared using student’s t-test. 
Data in e were compared using mixed-effect regression model with random intercepts.  
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2.5 Appendix  
 
 
Figure 2.S1| Supplementary HA cryogel materials characterization data 
(a) Volumetric swelling ratios for low- and high-DOS Cy5-HA cryogels. (b) Aqueous 
weight percentage of low- and high-DOS Cy5-HA cryogels. (c) Representative SEM 
image depicting low-DOS Cy5-HA cryogels. Top scale bar = 500μm, bottom scale bar = 
100μm. (d) Average pore diameters of HA cryogels made from low- and high-DOS Cy5-
HA cryogels measured from SEM images (20 measurements/cryogel, n = 3 each for low- 
and high-DOS HA cryogels). (e) Confocal microscopy images, overhead and side views, 
depicting low-DOS Cy5-HA cryogels both pre-injection and post-injection incubated with 
10μm FITC-labeled microparticles. Scale bar = 100μm. (f) Quantification of confocal 
images showing penetration of 10μm FITC-labeled microparticles into both low- and high-
DOS Cy5-HA cryogels pre- and post-injection. (g) Representative confocal microscopy 
images of low- and high-DOS Cy5-HA cryogels after thawing, after lyophilization, and 
after lyophilization and rehydration. (h) Average surface pore diameter of Cy5-HA 
cryogels measured from confocal images. Data in a and b represents mean ± s.d. of n=10 
Cy5-HA cryogels. Data in d represents mean ± s.d. of n=3 Cy5-HA cryogels and was 
compared using student’s t-test. Data in f represents mean ± s.d. of n=5 Cy5-HA cryogels. 
Data in h represents mean ± s.d. of n=3 HA cryogels and was compared using student’s 
t-test. 
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Figure 2.S2| Supplementary Cy5-HA cryogel degradation characterization data 
(a) Measuring low-DOS Cy5-HA cryogel degradation in vitro in hyaluronidase-2 (HYAL2) 
solution by quantification of Cy5-signal in supernatant at pre-determined timepoints 
normalized to total Cy5-signal in supernatant across all timepoints. (b)  Representative 
IVIS fluorescence images of gel degradation in mice and measuring low-DOS Cy5-HA 
cryogel degradation in vivo by quantification of total radiant efficiency normalized to the 
initial day 3 timepoint. (c) Measuring Cy5-HA cryogel degradation by quantification of total 
radiant efficiency normalized to initial day 3 timepoint. Data in a represents mean ± s.d. 
of n=4 HA cryogels. Data in b represents mean ± s.e.m. of n=4 HA cryogels. Data in c 
represents mean ± s.d. of n=4-5 HA cryogels and were compared using two-way ANOVA 
with Bonferroni’s multiple comparison test. 
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Figure 2.S3| Supplementary Cy5-HA cryogel degradation in immunodeficient mice 
characterization data  
Representative IVIS fluorescence images of gel degradation and quantification by 
measuring total radiant efficiency normalized to initial day 3 timepoint of (a) T cell depleted 
B6 mice and (b) B cell depleted B6 mice. c-d Representative gating strategy to determine 
identity of (c) innate immune cells and (d) adaptive immune cells in peripheral blood. (e) 
Representative flow cytometry plot of peripheral blood neutrophils pre- and post-
administration of neutrophil depleted mice and (f) peripheral blood neutrophil 
concentration. (g) Representative flow cytometry plot of peripheral blood monocytes pre- 
and post- administration clodronate liposomes to mice and (h) peripheral blood monocyte 
concentration. (i) Representative flow cytometry plot of peripheral blood T cells blood pre- 
and post- administration of anti-CD4 and anti-CD8 antibody treatment to mice and (j) 
peripheral blood T cell concentration. (k) Representative flow cytometry plot of peripheral 
blood B cells blood pre- and post- administration of anti-B220 antibody treatment to B6 
mice and (l) peripheral blood B cell concentration. (m) Overlay of normalized total radiant 
efficiency curves and time to 50% fluorescence intensity of untreated B6, neutrophil 
depleted, macrophage depleted, T cell depleted, and B cell depleted mice.  (n) 
Photograph of a Cy5-HA cryogel retrieved from NSG mice 3 months post-injection. Data 
in a, b represents mean ± s.e.m. of n=5 and are representative of at least two separate 
experiments. Data in f, h, j, l represents mean ± s.d. of n=4-5. Data in m represents mean 
± s.d. of n=4-9 and were compared using student’s t-test. 
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Figure 2.S4| Supplementary histomorphometric analysis of Cy5-HA cryogels 
retrieved from T- and B- cell depleted mice 
(a) Hematoxylin and eosin (H&E) stain of explanted Cy5-HA cryogels from T cell depleted 
and B cell depleted mice at days 1, 5, and 10. Scale bar left = 800μm, scale bar right = 
100μm. (b) Analysis of H&E stains to quantify cellular density in Cy5-HA cryogel. Data in 
b represents mean ± s.d. of n = 7-12 histological sections and was compared using 
student’s t-test.  
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Figure 2.S5| Supplementary analysis of myeloid cell infiltration of Cy5-HA cryogels 
retrieved from immunodeficient mice  
(a) Representative gating strategy to determine identity of innate immune cell infiltrates 
of HA cryogel. (b) Representative flow cytometry plots gated to determine cellular identity 
of CD45+ CD11b+ F4/80+ (macrophage) cells, CD45+ CD11b+ F4/80- Ly6G+ (neutrophil) 
cells, and CD45+ CD11b+ F4/80- Ly6G- CD115+ (monocyte) cells T cell depleted and B 
cell depleted mice. (c) Percent of AnnexinV- (live) cells within Cy5-HA cryogels one and 
ten days after implant from flow cytometry analysis. d-e Quantification of total number of 
(d) myeloid cells and (e) macrophages infiltrating Cy5-HA cryogels in untreated B6 mice, 
T cell depleted mice, and B cell depleted mice.  (f) Representative flow cytometry plots 
from neutrophil depleted mice with and without intracellular Ly6G staining. Plotted data 
assessing neutrophils as a percentage of total myeloid cells (CD45+CD11b+) with and 
without intracellular Ly6G staining. (g) Quantification of total number of neutrophils 
infiltrating Cy5-HA cryogels in untreated B6 mice, T cell depleted mice, and B cell 
depleted mice. h,i Quantification of total number of (h) monocytes and (i) infiltrating 
immune cell lineages plotted as a percentage of myeloid cells in untreated, T cell 
depleted, and B cell depleted mice. Data in e represents mean ± s.d. of n = 10. Data in c, 
d, e, g, h, i represents mean ± s.d. of n = 7-10 and are representative of at least two 
separate experiments. Data in d, e, f, g were compared using student’s t-test.  
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Figure 2.S6| Supplementary Immunohistochemical staining of Cy5-HA cryogels 
retrieved from untreated B6 and NSG mice  
(a) Immunohistochemistry (IHC) staining for Ly6G (neutrophils, top, scale bar = 1mm) 
and F4/80 (macrophages, bottom, scale bar = 60μm) of Cy5-HA cryogels excised from 
untreated B6 mice 1-, 5-, and 10-days after injection. IHC was conducted on the same 
Cy5-HA cryogels as in Fig. 2e. (b) IHC staining for Ly6G (top, scale bar = 1mm) and 
F4/80 (bottom, scale bar = 60μm) of Cy5-HA cryogels excised from macrophage 
depleted, neutrophil depleted, T cell depleted, and B cell depleted B6 mice 1-day after 
injection. IHC was conducted on the same Cy5-HA cryogels as in Fig. 2e. (c) IHC staining 
for Ly6G (top, scale bar = 1mm) and F4/80 (bottom, scale bar = 60μm) of Cy5-HA cryogels 
excised from NSG mice 1-, 5-, and 10-days after injection. IHC was conducted on the 
same Cy5-HA cryogels as in Fig. 2e. 
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Figure 2.S7| Supplementary data for degradation kinetics of HA cryogels post-
HSCT 
(a) Representative flow cytometry plots of bone marrow before and after lineage 
depletion. (b) Time to 50% fluorescence intensity of Cy5-HA cryogels in non-irradiated 
and post-HSCT mice. (c) Percent of AnnexinV- (live) cells within Cy5-HA cryogels 5- and 
16-days post injection in non-irradiated mice and 5-, 16-, 21-, and 26-days post-injection 
in post-HSCT mice. (d) Infiltrating immune cell lineages plotted as a percentage of 
myeloid cells in non-irradiated and post-HSCT mice. (e) Overlay of Cy5-HA cryogel 
degradation and neutrophil infiltration into in non-irradiated and post-HSCT mice from Fig. 
4b, f. (f) Schematic for tetrazine (Tz) and norbornene (Nb) functionalization of oxidized 
alginate (OxAlg), Cy5 functionalization of Nb functionalized OxAlg, and crosslinking of Tz 
functionalized HA with Cy5 functionalized OxAlg. (g) Measuring Cy5-OxAlg cryogel 
degradation in vitro by quantifying the Cy5-signal in supernatant at pre-determined 
timepoints normalized to total Cy5-signal in supernatant across all timepoints. (h) 
Representative in vivo imaging system (IVIS) fluorescence images of gel degradation in 
mice and measuring Cy5-tagged 40% oxidized alginate cryogel degradation in vivo by 
quantification of total radiant efficiency normalized to initial 2-hour timepoint. IVIS Images 
are on the same scale and analyzed using Living Image Software. Data in b represents 
n=7-9 Cy5-HA cryogels, is representative of at least two separate experiments and were 
compared using student’s t-test. Data in c, d represents mean ± s.d. of n=6-10 Cy5-HA 
cryogels and is representative of at least two separate experiments. Data in g represents 
mean ± s.d. of n=5 Cy5-OxAlg cryogels. Data in h represents mean ± s.e.m. of n=5 Cy5-
OxAlg cryogels and were compared using two-way ANOVA with Bonferroni’s multiple 
comparison test. 
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Figure 2.S8| Supplementary data for enhanced reconstitution of peripheral blood 
neutrophil cells 
Overlay of peripheral blood neutrophil recovery and Cy5-HA cryogel degradation in post-
HSCT mice from Fig. 5 e, f. 
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Supplementary Table 2.1 

 

Supplementary Table 2.2 

Depletion Type Depletion Agent Dose, Administration 
Route, Frequency 

Depletion Efficiency 

Neutrophil Depletion Anti-mouse Ly6G 
antibody (1A8, Bio X 

Cell) 
 

Anti-rat kappa 
immunoglobulin light 
chain antibody (MAR 

18.5, Bio X Cell) 

25µL anti-mouse Ly6G 
– IP administration – 
Everyday for 1 week 

 
50µL anti-mouse Ly6G 
– IP administration – 
Everyday after first 

week 
 

50µL anti-rat kappa 
immunoglobulin light 

chain – IP 
administration – Every 

other day 
 
 

Consistent – 98% 
Depletion of neutrophils 

in peripheral blood 
(Supplemental 5b, 5c) 

Macrophage/Monocyte 
Depletion 

Clodronate Liposomes 
(Liposoma) 

100µL – IP 
administration – 

2x/week 

Consistent – 80-95% 
Depletion of neutrophils 

in peripheral blood 
(Supplemental 5d, 5e) 

T-cell Depletion Anti-mouse CD4 
antibody (GK1.5, Bio X 

Cell) 
 

Anti-Mouse CD8α 
antibody (2.43, Bio X 

Cell) 

400µg anti-mouse CD4 
– IP administration – 

2x/week 
 

400µg anti-mouse 
CD8α – IP 

administration – 
2x/week 

Consistent – 99% 
Depletion of neutrophils 

in peripheral blood 
(Supplemental 5f, 5g) 

B-cell Depletion Anti-mouse 
B220/CD45R antibody 
(RA3.31, Bio X Cell) 

400µg anti-mouse 
B220/CD45R – IP 
administration – 

2x/week 

Transient – 99% 
Depletion of B-cells in 

peripheral blood 4 days 
after start of depletion. 
Full reconstitution of B-

cells by 3 weeks 
(Supplemental 5h, 5i) 

 

Supplementary Movie 2.1 

Link: https://aiche.onlinelibrary.wiley.com/doi/full/10.1002/btm2.10309 
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Supplementary Note 2.1 

The second order rate constant (k) for Tz-Nb reaction has been previously estimated to 

be 1.3 - 1.7 M-1s-1 at 21oC (room temperature).1,2 In our system, for high-DOS Tz-HA 

and Nb-HA the concentration is 0.55mM at the start of the reaction. The reaction rate 

can be calculated as: 

 

𝑟𝑎𝑡𝑒 = 𝑘[𝑁𝑏][𝑇𝑧] (1) 

 

We calculated the rate of reaction to be about 40µM/s from equation 1 and the time to 

completion to be about 46.3 minutes at 21oC. In our system, the initial temperature is 4oC 

and therefore the actual time for completion of the reaction would be significantly longer.  

 

As the solution cools and freezes during the crosslinking process, we estimated the 

freezing time. First, we determined the energy required to freeze 30uL of HA solution 

starting from 4oC and ending at 0oC using: 

 

Q =  
ΔH𝑖 −ΔH𝑓

𝜌𝑉
  (2) 

 

The energy required to freeze 30µL HA solution from 4oC to 0oC is 10.5J3. Since the HA 

solution is very dilute (0.6 wt%), we have approximated the enthalpy of formation and 

density to that of water. 
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To calculate the freezing time, we need to estimate the rate of energy extraction from 

the HA solution. Since the teflon cryomold is pre-cooled to -20oC and rests on a metal 

shelf in the freezer, we can estimate the rate of freezing using the thermal conductivity 

of teflon, thickness of teflon (25mm), and conductive heat transfer area (5.75mm) using 

equation 3. To simplify the analysis, we assume that convective heat loss at air-cryogel 

interface is negligible.  

 

𝑟𝑎𝑡𝑒 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 =
𝑘𝐴𝛥𝑇

𝐿
 (3) 

 

The rate of heat transfer is calculated to be 0.010J/s and therefore the time to reach 0oC 

is ~16.8 minutes. Since we are ignoring conductive heat loss through the edge of the 

cryogels and convective heat loss through the top, the calculated time represents an 

overestimation for the freezing time but is still significantly below that of the time to 

reaction completion. We have also experimentally verified that a 30uL drop of Tz-HA/Nb-

HA solution freezes in about 10 minutes.  

 

References:  

1. Vrabel M, Kölle P, Brunner KM, Gattner MJ, López-Carrillo V, de Vivie-Riedle R, 
Carell T. Norbornenes in inverse electron-demand Diels-Alder reactions. 
Chemistry. 2013;19(40):13309-12. 
 

2. Devaraj, N. K., Weissleder, R., & Hilderbrand, S. A. (2008). Tetrazine-based 
cycloadditions: application to pretargeted live cell imaging. Bioconjugate 
chemistry, 19(12), 2297–2299. https://doi.org/10.1021/bc8004446 

 
3. https://www.engineeringtoolbox.com/saturated-ice-steam-d_970.html  

https://doi.org/10.1021/bc8004446
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2.6 Methods 
 

2.6.1 General methods and statistics  
 

Sample sizes for animal studies were based on prior work without use of additional 

statistical estimations. Results were analyzed where indicated using student’s t-test and 

two-way ANOVA with Bonferroni’s test using Graphpad Prism software. Mixed-model 

linear regression was conducted using IBM SPSS statistical package. Alphanumeric 

coding was used in blinding for pathology samples and cell counting.  

2.6.2 Chemicals  
 

Sodium hyaluronate (MW 1.5-2.2 MDa, Pharma Grade 150, lot: 18011K) and sodium 

alginate (MW ~250 kDa, Pronova UP MVG) were purchased from NovaMatrix. (2-

morpholinoethanesulfonic acid (MES), sodium chloride (NaCl), sodium hydroxide 

(NaOH), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC), sodium periodate (311448) and ammonia borane (AB) complex 

(682098) were purchased from Sigma-Aldrich. (4-(1,2,4,5-tetrzain-3-

yl)phenyl)methanamine (tetrazine amine) was purchased from Kerafast (FCC659, lot: 

2014). 1-bicyclo[2.2.1]hept-5-en-2-ylmethanamine (norbornene amine) was purchased 

from Matrix Scientific (# 038023, lot: M15S). Cy5-tetrazine amine was purchased from 

Lumiprobe (lot: 9D2FH). 1kDa molecular weight cutoff (MWCO) mPES membrane was 

purchased from Spectrum (S02-E001-05-N). 

2.6.3 Derivatization of HA  
 

Tetrazine functionalized HA (HA-Tz) or norbornene functionalized HA (HA-Nb) were 

prepared by reacting tetrazine amine or norbornene amine to HA using EDC/NHS 

carbodiimide chemistry. Sodium hyaluronate was dissolved in a buffer solution (0.75% 
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wt/vol, pH ~ 6.5) of 100mM MES buffer. NHS and EDC were added to the mixture to 

activate the carboxylic acid groups on the HA backbone followed by either tetrazine amine 

or norbornene amine. HA was assumed to be 1.8 MDa for purposes of conjugation 

reactions. To synthesize 7% DOS HA-Tz (high-DOS), the molar ratios of 

HA:EDC:NHS:tetrazine are 1:25000:25000:2500. To synthesize 0.8% DOS HA-Tz (low-

DOS), the molar ratios of HA:EDC:NHS:tetrazine are 1:2860:2860:286. To synthesize 

HA-Nb, the molar ratios of HA:EDC:NHS:norbornene are 1:25000:25000:2500. Each 

reaction was stirred at room temperature for 24 hours and transferred to a 12,000Da MW 

cutoff dialysis sack (Sigma Aldrich) and dialyzed in 4L of NaCl solutions of decreasing 

molarity (0.125M, 0.100M, 0.075M, 0.050M, 0.025M, 0M, 0M, 0M, 0M) for 8 hours per 

solution. After dialysis, solutions containing HA-Tz or HA-Nb were frozen overnight and 

lyophilized (Labconco Freezone 4.5) for 48 hours. Cy5 conjugated HA-Nb (Cy5-HA-Nb) 

was synthesized following a previously described technique with some modifications 80. 

0.8mg of Cy5-Tz was reacted with 100mg of HA-Nb at 0.2 wt/vol in DI water for 24 hours 

at 37 oC and purified by dialysis in DI water using a 12,000Da MW cutoff dialysis sack for 

48 hours. Dialysis water bath was changed every ~8 hours. The Cy5-HA-Nb solution was 

then frozen overnight and lyophilized for 48 hours.  

2.6.4 Preparation of oxidized alginate  
 

Alginate was oxidized by mixing a 1% wt/vol solution of sodium alginate in DI water with 

an aqueous solution of 23 mM sodium periodate (Sigma Aldrich) to achieve a 1:586 molar 

ratio of alginate: periodate. The reaction was stirred in the dark at room temperature 

overnight. Sodium chloride (1.8 grams/gram of alginate) was added to solution to achieve 

a 0.3 M solution, followed by purification via tangential flow filtration (TFF) using a mPES 
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1kDa molecular weight cutoff (MWCO) membrane (Spectrum) and sequential solvent 

exchanges with 0.15 M – 0.10 M – 0.05 M and 0.0 M sodium chloride in DI water. The 

resulting solution was treated with ammonia borane (AB) complex (Sigma Aldrich) at 1:4 

alginate:AB molar ratio and stirred at room temperature overnight. Sodium chloride (1.8 

grams/gram of alginate) was added to solution to achieve a 0.3 M solution, followed by 

purification via TFF using a 1kDa MWCO mPES membrane and sequential solvent 

exchanges with 0.15 M – 0.10 M – 0.05 M and 0.0 M sodium chloride in DI water. The 

resulting solution was lyophilized to dryness.  

2.6.5 Derivatization of oxidized alginate  
 

To synthesize tetrazine and norbornene functionalized oxidized alginate (OxAlg-Tz, 

OxAlg-Nb respectively), oxidized alginate, prepared as described above, was solubilized 

in 0.1 M MES buffer,0.3 M sodium chloride, pH 6.5 at 1%wt/vol. NHS and EDC were 

added to the mixture followed by either tetrazine or norbornene. The molar ratio of 

oxidized alginate:NHS:EDC:tetrazine or norbornene was 1:5000:5000:1000. The reaction 

is stirred in the dark at room temperature overnight. The resulting solution is centrifuged 

at 4700 rpm for 15 minutes and filtered through a 0.2-micron filter. The solution is purified 

via TFF using a mPES 1kDa molecular weight cutoff (MWCO) membrane and sequential 

solvent exchanges with 0.15 M – 0.10 M – 0.05 M and 0.0 M sodium chloride in DI water. 

The purified solution is treated with activated charcoal (1 gram / gram of alginate) for 20 

minutes at room temperature. The slurry is filtered through 0.2-micron filter and the filtrate 

is lyophilized to dryness.  
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2.6.6 Endotoxin Testing  
 

Endotoxin testing of high-DOS HA-Tz and Cy5-HA-Nb were conducted using a 

commercially available endotoxin testing kit (88282, Thermo Fisher Scientific, lot: 

VH310729) and following manufacturer’s instructions. High-DOS HA-Tz and Cy5-HA-Nb 

were solubilized at 0.6 wt% in endotoxin free water and samples were tested in technical 

triplicates. To calculate endotoxin content of a single HA cryogel, the EU/mL 

concentration for high-DOS HA-Tz and Cy5-HA-Nb were divided by 2 (relative 

concentrations of HA-Tz and HA-Nb in HA cryogels are 0.3 wt%) and multiplied by 0.03 

(30uL of volume per HA cryogel). EU/kg was calculated based on 2 HA cryogels 

administered into a mouse with an average weight of 20 grams.   

2.6.7 Cryogel development  
 

We followed a previously described cryogelation method80-82. To form cryogels, aqueous 

solutions of 0.6% wt/vol HA-Tz and HA-Nb or OxAlg- Tz and OxAlg-Nb were prepared by 

dissolving lyophilized polymers into deionized water and left on a rocker at room 

temperature for a minimum of 8 hours to allow for dissolution. The aqueous solutions 

were then pre-cooled to 4oC before cross-linking to slow reaction kinetics. HA-Tz and HA-

Nb or OxAlg- Tz and OxAlg-Nb solutions were mixed at a 1:1 volume ratio, pipetted into 

30μL Teflon molds which were pre-cooled to -20 oC, and quickly transferred to a -20 oC 

freezer to allow for overnight cryogelation. Synthesis of Cy5-HA or Cy5-OxAlg cryogels 

follows the same protocol as above, substituting Cy5-HA-Nb for HA-Nb or Cy5-OxAlg-Nb 

for OxAlg-Nb. 

2.6.8 Pore size analysis of HA cryogels  
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For scanning electron microscopy (SEM), frozen HA cryogels were lyophilized for 24 

hours and in a petri dish. Lyophilized HA cryogels were adhered onto sample stubs using 

carbon tape and coated with iridium in a sputter coater. Samples were imaged using 

secondary electron detection on a FEI Quanta 250 field emission SEM in the Nano3 user 

facility at UC San Diego.  Fluorescence images of Cy5-HA cryogels were acquired using 

a Leica SP8 All experiments were performed at the UC San Diego School of Medicine 

Microscopy Core. Pore size quantification of SEM images and relative distribution of pore 

sizes of confocal images was doing using FIJI image processing package 83. 

2.6.9 HA cryogel pore-interconnectedness analysis 
 

Cy5-HA cryogels were synthesized with low- and high-DOS HA-Tz and incubated in 1mL 

of FITC-labeled 10µM diameter melamine resin micro particles (Sigma Aldrich) at 

0.29mg/mL concentration on a rocker at room temperature overnight. Fluorescence 

images of Cy5-HA cryogels with FITC-labeled microparticles were acquired using a Leica 

SP8 confocal. Interconnectedness of the HA cryogels was determined by generating 3D 

renderings of confocal z-stacks using FIJI imaging processing package and assessing 

fluorescence intensity of both the Cy5 and FITC channels with depth starting from the top 

of the HA cryogel. To determine the effect of injection on pore interconnectedness, HA 

cryogels were injected through a 16G needle prior to incubation in FITC-labeled 

microparticle solution. All experiments were performed at the UC San Diego School of 

Medicine Microscopy Core. 

2.6.10 In vitro degradation of Cy5-HA cryogels  
 

Cy5-HA cryogels synthesized with low- and high-DOS HA-Tz and placed into individual 

1.5mL microcentrifuge tubes (Thermo Scientific) with 1mL of 100U/mL Hyaluronidase 
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from sheep testes Type II (HYAL2, H2126, Sigma Aldrich, lot: SLBZ9984) in 1x PBS. 

Degradation studies were conducted in tissue culture incubators at 37 oC. Supernatant 

from samples were collected every 24 – 72 hours by centrifuging the samples at room 

temperature at 2,000G for 5 minutes and removing 0.9mL of supernatant. Cy5-HA 

cryogels were resuspended by adding 0.9mL of freshly made 100U/mL HYAL2 in 1x PBS. 

Fluorescence measurements were conducted using a Nanodrop 2000 

Spectrophotometer (Thermo Fisher Scientific) and these values were normalized to sum 

of the fluorescence values over the course of the experiment. All experiments were 

performed at UC San Diego.   

2.6.11 In vitro degradation of Cy5-OxAlg Cryogels  
 

Cy5-OxAlg cryogels were placed into individual 1.5mL microcentrifuge tube with 1mL of 

1x PBS. Degradation studies were conducted in tissue culture incubators at 37oC. 

Supernatant from samples were collected every 24 – 72 hours by removing visible Cy5-

OxAlg cryogel material with tweezers and transferring to new 1.5mL microcentrifuge tube 

with 1mL of 1x PBS. Fluorescence measurements were conducted using a Nanodrop 

2000 Spectrophotometer and these values were normalized to sum of the fluorescence 

values over the course of the experiment. All experiments were performed at UC San 

Diego. 

2.6.12 In vivo mouse experiments  
 

All animal work was conducted at the Moores Cancer Center vivarium at UC San Diego, 

except NSG mouse IVIS imaging experiments, which were conducted at the Harvard 

Biological Research Infrastructure vivarium at Harvard University and approved by the 

respective Institutional Animal Care and Use Committee (IACUC). All animal experiments 
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followed the National Institutes of Health guidelines and relevant AALAC-approved 

procedures. Female C57BL/6J (B6, Jax # 000664) and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG, Jax # 005557) mice were 6-8 weeks at the start of the experiments. Male B6.129S-

Cybbtm1Din (gp91phox-, Jax # 002365) mice were 6-8 weeks old at the start of experiments. 

All mice in each experiment were age matched and no randomization was performed. 

The pre-established criteria for animal omission were failure to inject the desired cell dose 

in transplanted mice and death due to transplant failure. Health concerns unrelated to the 

study (e.g. malocclusion) and known mouse-strain specific conditions that affected 

measurements (e.g. severe dermatitis and skin hyperpigmentation in B6 mice) were 

criteria for omission.  

2.6.13 Immune depletion in mice  
 

Neutrophil depletion in B6 mice was achieved by following the previously established 

protocol 28, 84. Briefly, 25μL of anti-mouse Ly6G antibody (1A8, Bio X Cell, lot: 737719A2)) 

was administered i.p. every day for the first week. Concurrently, 50μL of anti-rat κ 

immunoglobulin light chain antibody (MAR 18.5, Bio X Cell, lot: 752020J2) was 

administered every other day starting on the second day of depletion. After one week, the 

dose of the anti-mouse Ly6G antibody was increased to 50μL. Macrophage depletion in 

B6 mice was induced by i.p. administration of 100uL of clodronate liposomes (Liposoma, 

lot: C44J0920) every 3-days. B cell lineage depletion in B6 mice was induced by i.p. 

administration of 400μg of anti-mouse B220/CD45R antibody (RA3.31/6.1, Bio X Cell, lot: 

754420N1) once every 3-days. T cell lineage depletion in B6 mice was induced by i.p. 

administration of 400μg dose of anti-mouse CD4 antibody (GK1.5, Bio X Cell, lot: 

728319M2) and 400μg dose of anti-mouse CD8α antibody (2.43, Bio X Cell, 



62 
 

lot:732020F1) once every 3-days. For all lineage depletion models, mice received 

intraperitoneal injections of 0.1mL (400μg) of antibodies or 0.1mL of clodronate liposome 

solution 3 days before subcutaneous HA cryogel or Cy5-HA cryogel injection. Depletion 

started 3-days prior to Cy5-HA cryogel administration to mice and continued until 

complete cryogel degradation or until mice were euthanized and cryogels retrieved for 

analysis. All experiments were performed at the Moores Cancer Center vivarium at UC 

San Diego. 

2.6.14 Transplant models 

Irradiations were performed with a Cesium-137 gamma-radiation source irradiator (J.L. 

Shepherd & Co.). Syngeneic HSCT (B6 recipients) consisted of 1 dose of 1,000 cGy + 1 

x 105 lineage-depleted bone marrow cells from syngeneic B6 donors. Bone marrow cells 

for transplantation (from donors) or analysis were harvested by crushing all limbs with a 

mortar and pestle, diluted in 1x PBS, filtering the tissue homogenate through a 70 μm 

mesh and preparing a single-cell suspension by passing the cells in the flowthrough once 

through a 20-gauge needle. Total cellularity was determined by counting cells using a 

hemacytometer. Bone marrow cells were depleted of immune cells (expressing CD3ε, 

CD45R/B220, Ter-119, CD11b, or Gr-1) by magnetic selection using a Mouse 

Hematopoietic Progenitor Cell Enrichment Set (BD Biosciences # 558451, lot: 0114777). 

To confirm depletion, we incubated cells with a mix of Pacific Blue-conjugated lineage 

specific antibodies (antibodies to CD3, NK1.1, Gr-1, CD11b, CD19, CD4 and CD8) and 

with Sca-1 and cKit-specific antibodies for surface staining and quantification of Lineage- 

fraction of cells, which were > 87% lineage depleted. Subsequently, cells were suspended 

in 100μL of sterile 1x PBS and administered to anesthetized mice via a single retroorbital 
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injection.  All experiments were performed at the Moores Cancer Animal Facility at UC 

San Diego Health. All flow cytometry experiments were performed using an Attune® NxT 

Acoustic Focusing cytometer analyzer (A24858) at UC San Diego. 

2.6.15 Subcutaneous cryogel administration  
 

While mice were anesthetized, a subset received a subcutaneous injection of HA cryogel 

or OxAlg cryogel, which was suspended in 200μL of sterile 1x PBS, into the dorsal flank 

by means of a 16G needle positioned approximately midway between the hind- and 

forelimbs. The site of injection was shaved and wiped with a sterile alcohol pad prior to 

gel injection.  

2.6.16 In vivo degradation  
 

In vivo Cy5-HA cryogel degradation was performed with Cy5-HA cryogels synthesized 

with low- and high-DOS Tz-HA in untreated B6 mice, immune deficient B6 mice, NSG 

mice, and gp91phox- mice. In vivo Cy5 OxAlg cryogel degradation was performed in non-

irradiated, non-transplanted B6 mice and B6 mice post-HSCT. In all cases, cryogels were 

administered into the dorsal flank of an anesthetized mouse and the fluorescent intensity 

of the Cy5-HA cryogel was quantified using an IVIS spectrometer (PerkinElmer) at 

predetermined timepoints and analyzed using LivingImage software (PerkinElmer). At 

each timepoint, mice were anesthetized and the area around the subcutaneous cryogel 

was shaved to reduce fluorescence signal attenuation. Fluorescence radiant efficiency, 

the ratio of fluorescence emission to excitation, was measured longitudinally as a metric 

to quantify fluorescence from subcutaneous cryogels. These values were normalized to 

the measured signal on day 3. All experiments were performed at the Moores Cancer 

Microscopy Core Facility at UC San Diego Health, with the exception of NSG mouse in 
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vivo degradation experiments, which were performed at the Harvard Biology Research 

Infrastructure vivarium using an IVIS spectrometer (PerkinElmer). 

2.6.17 Flow cytometry analysis 
 

Anti-mouse antibodies to CD45 (30-F11, lot: B280746), CD11b (M1/70, lot: B322056), 

CD4 (RM4-5, lot: B240051), CD8α (53-6.7, lot: B266721), B220 (RA3-6B2, lot: B298555), 

Ly6-G/Gr-1 (1A8, lot: B259670), lineage cocktail (17A2/RB6-8C5/RA3-6B2/Ter-

119/M1/70, lot: B266946), Ly-6A/E/Sca-1 (D7, lot: B249343), and CD117/cKit (2B8, lot: 

B272462) were purchased from Biolegend. Anti-mouse F4/80 (BM8, lot: 2229150) and 

was purchased from eBioscience. All cells were gated based on forward and side scatter 

characteristics to limit debris, including dead cells. AnnexinV (Biolegend, lot: B300974) 

stain was used to separate live and dead cells. Antibodies were diluted according to the 

manufacturer’s suggestions. Cells were gated based on fluorescence-minus-one 

controls, and the frequencies of cells staining positive for each marker were recorded. To 

quantify T cells, B cells, monocytes, and neutrophils in peripheral blood, blood was first 

collected from the tail vein of mice into EDTA coated tubes (BD). Samples then underwent 

lysis of red blood cells and were stained with appropriate antibodies corresponding to cell 

populations of interest. To quantify infiltrating immune cells within Cy5-HA cryogels, mice 

were sacrificed, cryogels removed, and HA cryogels crushed against a 70-micron filter 

screen before antibody staining. Absolute numbers of cells were calculated using flow 

cytometry frequency. Flow cytometry was analyzed using FlowJo (BD) software. All flow 

cytometry experiments were performed using a Attune® NxT Acoustic Focusing cytometer 

analyzer (A24858) at UC San Diego. 
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2.6.18 Histology  
 

After euthanasia, HA cryogels were explanted and fixed in 4% paraformaldehyde (PFA) 

for 24 hours. The fixed HA cryogels were then transferred to 70% ethanol solution. 

Samples were routinely processed and sections (5μm) were stained and digitized using 

an Aperio AT2 Automated Digital Whole Slide Scanner by the Tissue Technology Shared 

Resource at the Moores Cancer Center at UC San Diego Health. Digital slides were 

rendered in QuPath and positive cell detection was used to quantify the total number of 

mononuclear cells within each image. Quantification of mononuclear cell density was 

determined for each histological section.  

2.6.19 Immunohistochemistry (IHC)  
 

Paraffin embedded HA cryogel sections were baked at 60 oC for 1 hr. Tissues were then 

rehydrated through successive washes (3x xylene, 2x 100% ethanol, 2x 95% ethanol, 2x 

70% ethanol, di-water). After rehydration, antigen retrieval was conducted using 

Unmasking solution (Citrate based, pH 6) (Vector Laboratories, H-3300) at 95 oC for 30 

minutes. Staining was performed using Intellipath Automated IHC Stainer (Biocare). A 

peroxidase block, Bloxall (Vector Laboratories, SP-6000) was performed for 10 minutes, 

followed by 2x washes in 1x tris-buffered saline with 0.1% Tween 20 (TBST, Sigma 

Aldrich), and a blocking step using 3% Donkey Serum for 10 minutes. Samples were 

stained using anti-Ly6G primary antibody (Rabbit, Cell Signaling Technology, 87048S) at 

1:100 concentration for 1 hr. Samples were washed twice in TBST and anti-rabbit HRP 

polymer (Cell IDX, 2HR-100) was added for 30 minutes. Samples were washed twice in 

TBST and DAB (brown) Chromogen (VWR, 95041-478) was added for 5 minutes. This 

was followed by 2x washes in di-water, 5-minute incubation with Mayer’s Hematoxylin 
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(Sigma, 51275), 2x washes in TBST, and 1x wash in di-water. Mounting was performed 

using a xylene-based mountant. IHC was performed by the Tissue Technology Shared 

Resource at the Moores Cancer Center at UC San Diego Health. 

2.6.20 G-CSF encapsulation  
 

To quantify G-CSF release from HA cryogels, recombinant human G-CSF (300-23, 

Peprotech, lots: 041777 and 041877) was reacted with sulfo-Cy5 NHS ester (13320, 

Lumiprobe, lot 7FM7C) at a 1:250:25 molar ratio of G-CSF:EDC:sulfo-Cy5 NHS ester in 

MES buffer to form Cy5 G-CSF. Unreacted EDC and sulfo-Cy5 NHS ester was removed 

by overnight dialysis on a 10kDa dialysis membrane. 1μg of Cy5 G-CSF was added to 

0.6% wt/vol HA-Tz solution before mixing with HA-Nb and cryogelation as described 

above. To track Cy5-HA cryogel degradation in mice which received G-CSF loaded Cy5-

HA cryogels, the same protocol is followed substituting G-CSF for Cy5 G-CSF and Cy5-

HA-Nb for HA-Nb.   

2.6.21 Neutrophil reconstitution models  
 

Mice were irradiated and administered an autologous HSCT as described above. PEG 

G-CSF (MBS355608, MyBioSource, lot: R15/2020J) or G-CSF was injected i.p. Cy5-HA 

cryogel encapsulating G-CSF was injected subcutaneously as described above, 24 hours 

post-HSCT. Mice were bled at predetermined timepoints and relevant immune subsets 

were stained for flow cytometry.   
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CHAPTER 3 

COMBINING THERAPEUTIC VACCINES WITH CHEMO- AND IMMUNOTHERAPIES 
IN THE TREATMENT OF CANCER 

 

3.0 Abstract 
 

Breakthroughs in cancer immunotherapy have spurred interest in the development of 

vaccines to mediate prophylactic protection and therapeutic efficacy against primary 

tumors or to prevent relapse. However, immunosuppressive mechanisms employed by 

cancer cells to generate effective resistance has hampered clinical translation of 

therapeutic cancer vaccines. To enhance vaccine efficacy, the immunomodulatory 

properties of cytoreductive therapies such as chemotherapy and radiation could amplify 

a cancer-specific immune response. In pre-clinical and clinical applications, key 

considerations have been identified in the application of combination therapies. Along 

with checkpoint inhibitors, the development of combination cancer therapies has been a 

key focus area to enhance a durable anti-tumor immune response.  

In this review, we discuss therapeutic cancer vaccines that harness whole cells and 

antigen targeted vaccines. First, recent advancements in both autologous and allogenic 

whole cell vaccines and combinations with checkpoint blockade and chemotherapy are 

reviewed. Next, tumor antigen targeted vaccines using peptide-based vaccines and DNA-

vaccines are discussed. Finally, combination therapies using antigen targeted vaccines 

are reviewed. These sections discuss both pre-clinical research and clinical trials that test 

combination chemo- and immunotherapies for multiple types of cancers.  

A deeper understanding of the immunostimulatory properties of cytoreductive therapies 

has supported their utility in combination therapies involving cancer vaccines as a 

potential strategy to induce a durable anti-tumor immune response for multiple types of 
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cancers. Based on current evidence, combination therapies may have synergies which 

depend on the identity of the cytotoxic agent, vaccine target, dosing schedule, and cancer 

type. Together, these observations suggest that combining cancer vaccines with 

immunomodulatory cytoreductive therapy, including checkpoint blockade and 

chemotherapy, is a promising strategy for cancer therapy.  

3.1 Introduction 

Harnessing the immune system for cancer therapy has long been the goal in oncology 

and is now being realized in clinical practice with cancer immunotherapy [1]. Recent 

clinical successes have transformed the treatment of aggressive and difficult-to-treat 

cancers, such as melanoma and lymphoma [2]. Most notable has been the ability of the 

checkpoint inhibitors to achieve a significant increase in survival for patients with 

metastatic cancer, for which conventional therapies have failed [3]. In the context of 

advances towards understanding how tolerance, immunity and immunosuppression 

regulate antitumor immune responses, alongside the advent of targeted therapies, these 

successes suggest that active immunotherapy represents a path to obtain a robust and 

long-lasting response in cancer patients [4].  

The discovery of CD8+ and CD4+ T cells specific for cancer-testis or differentiation 

antigens expressed in patient tumor samples was the harbinger of systematic efforts to 

characterize tumor-specific or tumor-associated antigens to broaden the effectiveness of 

immunotherapies using cancer vaccines [5-7]. These efforts focused on actively helping 

educate the immune system to identify and eliminate cancer cells. Histopathological 

evaluations of tumor sections have indicated a strong positive association between 

patient survival, the presence of intratumoral T cells and production of the cytotoxic 
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molecule interferon-γ (IFN-γ) [8-10]. Vaccination might reasonably be expected to amplify 

the frequency and strength of these pre-existing responses or perhaps induce de novo 

reactions. Similar to conventional vaccines for preventing infectious disease, some 

cancer vaccines have been developed as effective prophylactic (or preventative) agents. 

This strategy has been deployed with considerable success in the clinic for the prevention 

of cancers of viral origin, such as hepatitis B virus and human papillomavirus (HPV), 

where the etiological agent is known, and is now part of the recommended vaccination 

schedule in children and young adults [11-13]. 

In contrast, the development of therapeutic vaccines as a monoagent to treat existing 

disease has proved elusive. Unlike prophylactic cancer vaccines, which confer protection 

against a known agent, therapeutic vaccines seek to activate an immune response 

against tumor antigens expressed selectively or exclusively by cancer cells [14]. In 

designing therapeutic cancer vaccines, the greatest difficulty has been in identifying the 

combinations of tumor antigens that might be incorporated in a vaccine formulation as 

expression on cancer cells alone may be inadequate for predicting the ability of a vaccine 

to generate a protective T cell response [15]. Even when an antigen is identified, it may 

not be sufficiently immunogenic or uniformly expressed on the tumor to generate a potent 

and durable immune response [16]. Beyond expression of checkpoint molecules and the 

mutational burden in cells comprising the tumor, the determinants of an immune response 

are not well understood [17]. Additionally, the optimal adjuvant that can be used safely 

and effectively in a cancer vaccine formulation in humans is not yet clear [18]. The desired 

adjuvant (or adjuvant combination) will be one capable of triggering the maturation of 

dendritic cells to a state where they can facilitate the generation of tumor-reactive, 
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cytotoxic T cells [19]. Finally, although it is likely that formulations for human immunization 

will eventually be optimized, the effectiveness of a tumor-specific T cell may still be limited 

by the immunosuppression mechanisms deployed by tumors to escape immune cells 

[20].  

Despite the current limitations, conferring immunity against cancer relapse in patients that 

are in remission can be lifesaving. Therefore, oncologists are employing the strategy of 

using two or more therapeutic agents to target multiple cancer cell survival pathways, 

which has been successfully employed as a standard treatment regimen for multiple types 

of cancers for decades [21]. For example, in advanced non-small cell lung cancer 

(NSCLC) patients, 42% of patients with programmed death ligand 1 (PD-L1) expressing 

tumors fail to respond to anti PD-L1, Pembrolizumab [22,23]. However, checkpoint 

inhibitor in combination with chemotherapy is associated with significantly longer overall 

survival and progression-free survival as compared to chemotherapy or PD-1 inhibition 

alone in NSCLC patients [24]. Similarly, in a recent phase III clinical trial (NCT00861614), 

patients with castration-resistant prostate cancer that had metastasized to the bone 

marrow after unsuccessful docetaxel treatment, received a combination administration of 

a single dose of bone directed radiotherapy with anti-cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4), Ipilimumab, or placebo every 3 weeks for up to 4 doses [25]. Patients 

that were co-administered Ipilimumab exhibited a survival benefit as compared to the 

placebo arm [26]. Furthermore, the effect of cytotoxic chemotherapy and radiation on the 

cells of the immune system or in modifying the tumor microenvironment to enhance the 

immune clearance of tumor cells is only now being characterized [27]. Although 

conventional wisdom might suggest that non-specific cytotoxic chemotherapy might have 
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deleterious effect on immune mechanisms, such effects may be more nuanced than 

previously believed and strongly drug-, dose- and/or schedule-dependent [28,29]. The 

use of combinations of these therapies, in a scientifically guided manner has proved to 

broaden the anti-tumor response.  

To stimulate a durable immune response, the combination of therapeutic cancer vaccines 

with traditional cancer treatments including radiation and chemotherapy, or targeted 

immunotherapies is a promising strategy. Towards the goal of enhancing immune 

responses as potentially curative therapies, a number of cancer vaccine platforms 

including irradiated whole cancer-cell vaccines, peptide-based vaccines, and virus-vector 

vaccines, in combination with immunotherapies, are in various phases of clinical and pre-

clinical development. Combination strategies with radiation and chemotherapy have been 

demonstrated to induce tumor cell death and enhance breadth of tumor-specific T cell 

response and those with immune checkpoint blockade act to accentuate the vaccine 

mediated cytotoxic T cell response. As the same agent may prove inhibitory, benign or 

even stimulatory depending on the stage of immune response being targeted and the 

dose/schedule being used, great care must be exercised when designing strategies and 

suboptimal dosing schedules. In this review, we examine existing cancer vaccine 

approaches and highlight the enhanced therapeutic potential of combination cancer 

vaccine strategies. We first discuss existing cancer vaccine approaches including those 

that failed to show efficacy in clinical trials. We then discuss various combination 

approaches involving both pre-clinical cancer vaccine platforms and existing vaccines 

platforms. Lastly, we conclude with some thoughts on the future directions for both cancer 

vaccines as monotherapies and cancer vaccine combinations.  
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3.2 Engineered cell-based combination cancer vaccines 

Dendritic cells (DC) are specialized immune cells that play a vital role in promoting an 

antigen-specific immune response [30-33]. Cancer vaccines that harness DCs have been 

developed to initiate and shape the tumor-specific immune response and/or boost existing 

spontaneous antitumor T cell responses. The common strategy for cancer vaccination is 

to harness the DC function of priming naïve T cells and boost a memory T cell response 

against tumor associated antigens (TAAs) that are expressed by cancer cells. While there 

are a variety of different DC vaccine formulations, common elements include – (i) a source 

of TAAs such as tumor cell lysate or irradiated tumor cells and (ii) a pro-inflammatory 

chemoattractant, such as granulocyte-macrophage colony stimulating factor (GM-CSF), 

to recruit and activate DCs.   

3.2.1 Autologous DC vaccines 

Autologous DC vaccines, derived from patient-specific immune cells, are currently the 

only type of FDA approved cell-based cancer vaccine. An example of this approach is 

Provenge, which is approved for the treatment of castration-resistant metastatic prostate 

cancer (mCRPC) [34]. It is a patient-specific cell therapy in which the patient’s peripheral 

blood mononuclear cells (PBMCs) are cultured with a recombinant fusion protein 

comprised of prostatic acid phosphatase (PAP) and GM-CSF, which induces dendritic 

cell (DC) differentiation and presentation of PAP-derived epitopes. These PAP-epitope 

derived DCs are administered to patients and induce a PAP-specific cytotoxic T cell 

response [34-36]. Using autologous DCs mitigates concerns of off-target immune 

responses and reduces the risk of the development of autoimmune-like disorders, which 

is observed with PD-1/PD-L1 or CTLA-4 checkpoint blockade therapy [37,38]. While this 
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approach has been shown to improve overall survival as compared to chemotherapy 

alone, the therapy has limited scalability, since PBMCs must first be isolated from the 

patient and differentiated into DCs in vitro. 

For hematological malignancies, such as acute myeloid leukemia (AML), AML-DCs have 

the advantage of expressing the full spectrum of antigens [39]. In this approach, 

hybridomas of AML cells and autologous patient derived DCs have been developed as a 

potential cell-based cancer vaccine. Notably, among 17 patients vaccinated in complete 

remission after chemotherapy, 12 (71%) remain in remission at a median follow-up of 57 

months. Vaccination was associated with expansion of TAA-specific T cells that lasted 

more than 6 months [40]. The multicenter study testing this approach is ongoing 

(NCT01096602) and is estimated to be completed in 2024.  

Tumor biopsies are often used to assess the histopathology of the tumor. In addition to 

characterizing the cytological composition of the tumor, such biopsies may also be used 

as a source for collecting tumor cells for a cell-based vaccine. The subsequent 

formulation may be deployed via an injection or implantation [41-43]. One of the major 

benefits of this approach is that it eschews the need for defined TAAs and could promote 

a cytotoxic T cell response against multiple TAAs. To manufacture autologous DC 

vaccines at scale, Ali et al. developed a macroporous  poly(lactic-co-glycolic acid) (PLG) 

scaffold, designed to mediate sustained release of GM-CSF to recruit DCs [44]. Cytosine-

guanosine oligonucleotide (CpG-ODN) was incorporated onto the PLG matrix to enhance 

the fraction of plasmacytoid DCs (pDCs) and promoted local production of tumor necrosis 

factor α (TNF- α) nd IFN-γ. Tumor cell lysates from freeze-thawing murine B16 melanoma 

cells were loaded into these scaffolds and resulted in systemic cytotoxic T cell response 



86 
 

against melanoma antigens. This scaffold was able to mediate prophylactic protection 

against B16 melanoma if administered before B16 melanoma inoculation and provide 

therapeutic protection against B16 melanoma if administered after inoculation [45]. This 

platform, termed WDVAX, in now in phase I clinical trials (NCT01753089) for metastatic 

melanoma.  

3.2.2 Allogeneic DC vaccines 

Allogenic DC vaccines are an alternative approach to autologous vaccines. The main 

advantage of this approach is that it precludes the need for isolation and transformation 

of PBMCs into DCs prior to each administration, allowing for less patient-to-patient 

variability and enhanced scalability. However, they differ from autologous vaccines in that 

they do not necessarily contain patient specific TAAs. Thus, even if they can induce an 

immune response, they may not be able to mediate effective tumor lysis. Commonly used 

allogenic cells are established cancer cell lines known to express specific TAAs. These 

allogenic cells are generally transfected to express chemoattractant molecules, such as 

GM-CSF, prior to administration. The first GM-CSF transfected allogenic pancreatic 

cancer vaccine, termed GVAX was studied in a 2001 phase I clinical trial. In this dose 

escalation study, patients with pancreatic cancer were administered irradiated GM-CSF 

expressing pancreatic cancer cell doses ranging from 1 x 107 to 5 x 108 cells. The highest 

dose was determined to increase eosinophil and macrophage infiltration into tumors and 

did not cause any significant adverse effects [46]. As a result of this successful phase I 

clinical trial, a phase II clinical trial was initiated in which patients with pancreatic cancer 

received 5 x 108 irradiated GM-CSF secreting allogenic pancreatic cancer cells 

administered to 3 different lymph node regions. Patients were administered 5 doses over 
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the course of a year. The overall survival (OS) of patients administered the allogeneic 

cancer vaccine was 15 to 20 months which is comparable to standard tumor resection. 

Further, it was found that the vaccine lead to increased induction and maintenance of 

mesothelin specific T cells which was correlated with longer disease-free survival [47]. 

However, despite promising phase II clinical data, two phase III clinical trials (Identifiers: 

NCT00089856, NCT00133224) did not demonstrate therapeutic efficacy and were halted 

early. 

Cancer vaccines against hematological cancers are an attractive therapeutic option, 

especially for older patients who have fewer treatment options available and are at a 

higher risk of treatment-related mortality from allogenic hematopoietic stem cell 

transplantation. For the treatment of acute myeloid leukemia (AML), an allogeneic DC 

cancer vaccine, DCP-001, was developed by differentiating CD34+ acute myeloid 

leukemia (AML) cells into DCs. These AML-derived DCs are morphologically and 

phenotypically identical to myeloid derived-DCs and induced a strong antigen-specific 

immune response against AML-associated antigens [48]. A phase I clinical trial 

(NCT01373515) initiated to determine the safety profile of this vaccine when administered 

intradermally to AML patients within 2 months after having achieved complete remission 

or patients who have stable disease for at least two months. Patients received 4 bi-weekly 

vaccinations of DCP-001 cells and T cell reactivity to AML-related antigens WT-1, 

PRAME, NY-ESO-1, and MAGE-A3 were accessed by IFNγ ELISpot analysis. WT-1 and 

PRAME are both expressed by DCP-001, and NY-ESO-1 and MAGE-A3 were included 

to access epitope spreading. Four of eight patients showed DCP-001 induced or 

enhanced T cell response to at least one of the AML-associated antigens. Further, 



88 
 

antibody responses against blast antigens were evaluated in ten patients, five of whom 

showed vaccination-induced humoral responses. Overall, patients whose immune-

monitoring data demonstrated positive response to the vaccine showed statistically 

significant improvement in survival over patients who did not respond favorably . As a 

result of these promising phase I clinical trial results, a phase II clinical trial 

(NCT03697707) was initiated in 2018.  

3.2.3 Combination DC cancer vaccines and approved chemo/immune therapies 

Promoting tumor-specific immunity with a vaccine and subsequent amplification of tumor-

specific T cells with checkpoint blockade therapy is an attractive hypothesis. The 

effectiveness of such an approach has been tested using clinically approved PD-1/PD-L1 

and CTLA4 blockade using Pembrolizumab or Ipilimumab respectively with cell-based 

vaccines in preclinical mouse studies and early stage clinical trials [50-53]. In pre-clinical 

studies, anti-CTLA-4 checkpoint therapy in combination with cancer vaccines (e.g. GVAX) 

demonstrated synergistic reduction in tumor size and increase in the antitumor immune 

response in a mouse model of melanoma and prostate cancer. The timing of the 

combination of anti-CTLA-4/GVAX vaccine has been identified as an important parameter 

in cancer vaccines. For example, in the prostate cancer model Pro-TRAMP, it has been 

demonstrated that anti-CTLA-4 mAbs should be administered after vaccination for an 

additive effect. The effect of timing on treatment efficacy is likely due to higher anti CTLA-

4 mAb concentrations in sites of high CTLA-4 expression, such as the gut, since the 

expression of CTLA-4 on TAA-specific T cells is not upregulated until after vaccination. 

Therefore, if anti CTLA-4 is administered before or concurrent to vaccination, the anti 

CTLA-4 mAbs may be unavailable to bind to TAA-specific T cells. Furthermore, the 
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addition of low-dose cyclophosphamide depletes immune cells, including regulatory T 

cells (Tregs), and thereby augments the anti-tumor efficacy of GVAX + anti-CTLA-4 

combination therapy [51]. In the CT26 murine model of colorectal cancer, dual PD-1 and 

CTLA-4 checkpoint blockade in combination with GVAX lead to tumor rejection of 100% 

of mice. This same combination leads to rejection of ID8-VEGF ovarian carcinoma in 75% 

of mice [52]. Results from mouse studies suggests that anti-CTLA-4 and anti-PD-1 mAbs 

increase the frequency of activated T cells and the effector T cell/Treg ratio in vaccinated 

tumors. While studies have focused on the scheduling of anti-CTLA-4 mAbs with 

vaccination, this variable has been less studied for the combination of anti-PD-1 mAbs 

and vaccine [54]. The pre-clinical studies with combination checkpoint blockade and 

GVAX supported clinical trials for patients with metastatic pancreatic cancer 

(NCT01417000, NCT02243371, NCT02004262) with several that are still ongoing 

(NCT03161379, NCT03190265, NCT03153410, NCT03006302, NCT02648282, 

NCT02451982) in which GVAX was combined with cyclophosphamide and/or nivolumab 

seem promising.  

There are also a number of clinical trials in which Provenge is used in combination with 

cytoreductive therapies including chemotherapy, radiation, immune checkpoint blockade 

and secondary hormone therapy to better treat mCRPC (NCT00779402, NCT02793765, 

NCT01807065). Cytoreductive strategies provide a transient decrease in tumor size 

whereas the Provenge cancer vaccine decreases tumor growth rate. The combination of 

these approaches could allow for better therapeutic outcomes than a monotherapy. 

However, many cytoreductive therapies impair immune cell number and function. 
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Therefore the timing and dose of combination therapies will be an important factor to 

consider when designing clinical studies [55]. 

3.3 Cancer-antigen specific subunit cancer vaccines 

While whole-cancer cell vaccines are promising, their manufacturing process is labor-

intensive and has limited scalability. For example, Provenge is administered intravenously 

in a three-dose schedule at two-week intervals. Each dose requires leukapheresis three 

days prior to administration to allow time to differentiate peripheral blood monocytes into 

DCs. This manufacturing process is not only time consuming and expensive, but also 

operationally prohibitive in many clinical settings, especially in low-resource settings. As 

an alternative, peptide and DNA-based cancer vaccines are a potentially cheaper, and 

more accessible treatment option than whole cell-based vaccines. These vaccines 

operate in a manner similar to cell-based cancer vaccines, that is, by recruiting DCs and 

facilitating the expansion of cytotoxic T cells against TAAs. In contrast to whole cell-based 

vaccines, antigen targeted cancer vaccines are defined and might be manufactured at 

scale for off-the-shelf use, without the need for cell collection from the patient. However, 

antigen targeted cancer vaccines require that patient tumors express specific TAAs, 

which in most types of cancers limits their utility to a subset of patients. Further, the initial 

cytotoxic T cell response from an antigen targeted vaccine is more restricted than that 

from whole cell-lysate. Most TAA targets for antigen-targeted cancer vaccines can be 

grouped into the categories: oncofetal mutations, germline/cancer testis mutations, and 

lineage differentiation antigens [56].  
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3.3.1 Oncofetal mutations 

Oncofetal antigens are primarily expressed during fetal development but may be mutated 

and/or over-expressed by cancer cells and is associated with head-and-neck [57], 

hepatocellular [58], colorectal [59], squamous esophageal [60], and breast carcinoma 

[61]. Oncofetal TAA targets for vaccine development include carcinoembryonic antigen 

(CEA), insulin-like growth factor II mRNA-binding protein 3 (IMP-3) [62] and alpha-

fetoprotein (AFP) [63]. In a recent pre-clinical study, Hirayama et al. generated IMP3 

derived long peptides (IMP-3-LPs) capable of eliciting both TAA specific effector and 

helper T cells. IMP-3-LPs-specific Th-cells responded to autologous DCs loaded with the 

recombinant IMP-3 proteins in vitro, suggesting that these IMP-3-LPs can be successfully 

processed by DCs. Co-culturing IMP-3 specific Th-cells with IMP-3 effector T cells on 

autologous DCs pulsed with both short peptides derived from IMP-3 and IMP-3-LPs 

augmented the expansion of IMP-3 effector T cells. Further, IMP-3-LPs were able to 

induce IMP-3 specific Th-cells from PBMCs isolated from head-and-neck cancer patients 

[62]. Together, these results highlight the potential for IMP-3 derived peptide-based 

cancer vaccines in the treatment of head-and-neck cancer. In a separate study, Hensel 

et al. developed a recombinant adeno-associated virus vector encoding CEA (rAAV-CEA) 

to mediate prophylactic protection against CEA syngeneic MC38-CEA colon 

adenocarcinoma model. The rAAV-CEA was administered intramuscularly, followed by 

multiple administrations of GM-CSF encoding plasmid to the same intramuscular site. 

Subsequent MC38-CEA tumor challenge in mice resulted in tumor free survival. Notably, 

tumor challenge in mice with MC38 cells which did not express CEA did not result in 

enhancement in survival, indicating CEA specific immunity [64].  
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3.3.2 Germline/cancer testis mutations 

Similar to oncofetal mutations, germline/cancer testis mutations may be upregulated by 

cancer cells and is generally restricted to immune privileged germline cells. Common 

therapeutic vaccine target mutations include Wilms tumor 1 (WT1) protein, melanoma-

associated antigen (MAGE) superfamily, and cancer/testis antigen 1 (NY-ESO-1). A 

National Cancer Institute consensus study on prioritization of cancer antigens ranked the 

WT1 protein as the top immunotherapy target in cancer, which is overexpressed on 

multiple tumor types, including acute myeloid leukemia [65,66]. A multivalent WT1 peptide 

vaccine (galinpepimut-S) has been developed and tested in acute myeloid leukemia 

(AML) patients in phase 1 and 2 clinical trials [67]. In the most recent phase 2 trial 

(NCT01266083), patients in complete remission received 6 vaccinations administered 

over 10 weeks with the potential to receive 6 additional monthly doses if they remained 

in remission. Immune responses (IRs) were evaluated after the 6th and 12th vaccinations 

by CD4+ T cell proliferation, CD8+ T cell IFN-γ secretion, or the CD8-relevant WT1 

peptide major histocompatibility complex tetramer assay. In terms of compliance, 14 

patients (64%) completed ≥6 vaccinations, and only 9 (41%) received all 12 vaccine 

doses. Fifteen patients (68%) relapsed, and 10 (46%) died. The vaccine was well 

tolerated, with the most common toxicities being grade 1/2 injection site reactions (46%), 

fatigue (32%), and skin induration (32%). Median disease-free survival from first complete 

remission was 16.9 months, whereas the overall survival from diagnosis was estimated 

to be ≥ 5 years. Nine of 14 tested patients (64%) had an IR in ≥1 assay (CD4 or CD8) 

[67].  
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There has been extensive pre-clinical research showing efficacy of MAGE-based 

therapeutic peptide cancer vaccines in the treatment of cancers including melanoma [68-

70], NSCLC [71], and breast cancer [72,73].  Deuperret et al. developed a MAGE-A 

immunogen with cross-reactivity for multiple MAGE-A isoforms. The general domain 

structure of MAGE-A family is conserved between mice and humans; however, the 

sequence homology is poor. As a result, separate consensus vaccines were developed 

for proof-of-concept murine cancer models and for human pre-clinical studies. Mice were 

vaccinated with the murine MAGE-A consensus vaccine, and the vaccine induced robust 

CD8+ IFNγ responses to all 6 isoforms predicted to cross-react with this vaccine. To test 

the antitumoral response, melanoma was induced in Tyr::CreER;BrafCA/þ;Ptenlox/lox 

mice by administration of topical 4-OHT (tamoxifen). In this melanoma model, the murine 

MAGE-A consensus vaccine was able to extend survival by 50 days as compared to 

control cohort [74]. Similar to targeting MAGE epitopes, pre-clinical studies with NY-ESO-

1 derived peptides have been conducted in combination with an adjuvant [75-78]. In one 

study, Albershardt et al. engineered a lentiviral vector, LV305, to deliver NY-ESO-1 to 

dendritic cells in vivo. Mice immunized with LV305 developed NY-ESO-1 specific 

cytotoxic T cells within 2 weeks post-immunization, which conferred protection against 

NY-ESO-1 expressing CT26 lung metastasis. Further, adoptive cell transfer of NY-ESO-

1 cytotoxic T cells conferred protection in tumor-bearing recipient mice, confirming 

transferable immunity [78]. Notably, in 2014 a phase I clinical trial (NCT02122861) to 

determine the safety profile of LV305 therapeutic cancer vaccine was initiated. There 

were no significant side effects noted in any of the 30 patients as a result of the cancer 

vaccine. Anti-NY-ESO-1 specific Th-cells and cytotoxic T cells were induced in 57% of 
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evaluable sarcoma patients and one patient with synovial sarcoma achieved a partial 

response lasting more than 3 years. Further, the induction of anti-NY-ESO-1 immune 

response was found to improve 1-year survival over patients in which vaccination failed 

to elicit a T cell response [79].  

3.3.3 Cell lineage differentiation antigens   

Cell lineage differentiation antigens are among the first identified cancer antigens. These 

include MART-1, gp100, prostate-specific antigen (PSA), and tyrosinase (Tyr). 

Expression of MART-1 and gp100 is most associated with melanoma. It was first 

recognized in 1994 that HLA-A*02 restricted cytotoxic T cells derived from tumor 

infiltrating lymphocytes (TILs) of melanoma patients recognized nonmutated proteins 

expressed by most melanoma cells. The most frequently recognized proteins were 

MART-1 and gp100, which was recognized by TILs from 90% and 40% patients, 

respectively [80,81]. As a result of these early investigations, the MART-127-35 peptide, 

AAGIGLTV, was among the first to be employed in humans in 1999. In a phase I clinical 

trial, 23 HLA-A*0201 patients with metastatic melanoma received subcutaneous 

administration of the MART-127-35 peptide, doses ranging from 0.1 to 10mg, emulsified 

in incomplete Freund’s adjuvant (IFA). Dosing schedule consisted of 4 doses separated 

by 3-week intervals. While the phase I clinical trial did not induce any clinically significant 

toxicities, it also failed to demonstrate any therapeutic efficacy at all doses. Furthermore, 

an analysis of PBMCs from the peripheral blood indicated that there was no correlation 

between MART-1 specific T cell activation and vaccine dose [82]. Given current 

understanding of tolerogenic immune cells, in particular the role of myeloid derived 

suppressor cells (MDSCs) and the role of regulatory T cells in the maintenance of the 
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immunosuppressive tumor microenvironment, the lack of clinical efficacy might not be 

surprising.  

Despite these suboptimal initial results, the development of cell lineage differentiation 

targeted vaccines has persisted due to their expression on a variety of cancers. In 

melanoma, recent studies have focused on developing vaccine strategies which both 

expand cancer antigen-specific T cells while also suppressing MDSCs. In a pre-clinical 

study, Yan et al. developed a novel synthetic consensus DNA vaccine against Tyr and 

tested its efficacy in the highly metastatic and poorly immunogenic B16-F10 murine 

melanoma model. The DNA vaccine was administered three times at 2-week intervals 

either in a prophylactic setting 7 days prior B16-F10 inoculation or in a therapeutic setting 

7 days after B16-F10 inoculation. The induction of IFN-γ producing T cells by vaccination 

was assessed by ELISpot assay with T cells isolated from spleen of transfected mice. 

These studies confirmed the vaccine was able to illicit expansion of Tyr-specific T cells, 

with Tyr epitopes ‘DWRDAEKCDICTDEY’ and ‘AKHTISSDYVIPIGT’ being dominant. In 

a prophylactic setting, the vaccine slowed the recruitment of MDSCs to the tumor and 

was associated with a reduction in the concentration of immunosuppressive IL-10, and 

MDSC chemoattractant molecules MCP-1 and CXCL5, and decreased tumor growth rate. 

In a therapeutic setting, similar effects contributed to improving overall survival [83].  

3.4| Co-administration of cancer antigen vaccines with immunomodulators 

TAA targeted cancer vaccines have been shown to induce antigen specific T cell and 

antibody responses in pre-clinical studies and in clinical trials. Recent efforts have 

focused on characterizing the effects of combining TAA targeted cancer vaccines with 
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existing cancer therapeutics which can modulate the immunosuppressive tumor 

microenvironment and further improve outcomes. 

The presence of TILs is correlated with favorable outcomes with checkpoint blockade 

therapy, which is a logical prelude for combination with TAA targeted cancer vaccines 

[84]. Conniot et al. combined a nanoparticle-based cancer vaccine with PD-1 blockade 

and OX40 co-stimulation. The nanoparticle delivered the Melan-A/MART-126-35 MHC I-

restricted peptide and Melan-A/MART-151-73 MHC II-restricted peptide to DCs in the 

draining lymph nodes, which were shown to potentiate cytotoxic and helper T cell 

responses, respectively. OX40 is a co-stimulatory receptor member of the TNF family, 

expressed on activated T cells. Once activated, OX40 induces expansion, trafficking, and 

pro-inflammatory cytokine production by effector T cells. In mice inoculated with Ret-

melanoma cells, this combination therapy restricted melanoma growth and prolonged 

survival when administered as a prophylactic. When administered as a therapeutic, it was 

found that the infiltration of MDSCs compromises the effect of the combination therapy. 

To overcome this limitation, ibrutinib, a small molecule inhibitor which has been shown to 

limit the generation and migration of MDSCs, was utilized to enhance the effect of the 

combination therapy. The combination of nanoparticle vaccine, anti-PD-1, OX-40 

stimulation, and ibrutinib was able to greatly extend survival in both the ret-melanoma 

and B16-F10 models of murine melanoma as compared to the combination therapy 

without ibrutinib [85]. In another study, Sahin et al. developed a personalized melanoma 

vaccine by developing a computational model to predict cancer neo-epitopes in 

melanoma patients. First, non-synonymous mutations were identified by comparative 

exome and RNA sequencing of tumor biopsies and healthy blood cells. The mutations 
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were ranked according to expression level of mutation-encoding RNA and predicted high 

binding affinity to autologous HLA class I / class II. 10 mutations were selected per patient 

and engineered into synthetic RNAs and used as the basis of an RNA vaccine to be 

administered to DCs in draining lymph nodes, which in mouse studies, showed efficient 

uptake by DCs and antigenicity [86]. In clinical trials, the vaccine was well tolerated in all 

patients, with each patient developing T cells against at least 3 mutations and pre-existing 

weak responses against 1/3 of immunogenic neo-epitopes were augmented upon 

vaccination. One patient experienced multiple relapses and progressing metastases at 

the start of vaccination despite a strong T cell response against six neo-antigens. For this 

patient, a compassionate pembrolizumab treatment program was initiated which, 

strikingly, lead to an 80% decrease in size of multiple melanoma lesions and, eventually, 

complete response. Notably, neo-epitope specific T cell subsets were PD-1+ and post-

vaccine lesions were shown to upregulate PD-L1 [87].  

Combination therapies involving chemotherapeutics have also shown promise in treating 

various types of cancers. For example, numerous clinical studies have shown that 

checkpoint inhibitors in combination with chemotherapy are associated with significantly 

longer overall survival and progression-free survival as compared to chemotherapy alone 

in patients with advanced non-small cell lung carcinoma [24]. This is not entirely 

unexpected as many chemotherapeutics increase the number of tumor infiltrating 

cytotoxic T cells or reduce the number of Tregs [88-90]. Therefore, combining 

chemotherapeutics and TAA-targeted cancer vaccines may have a synergistic effect 

which is corroborated by the results of recent pre-clinical studies [91-93]. In one such 

study, Shah et al. developed an AML-vaccine comprised of a macroporous PEG-alginate-
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based scaffold and incorporation of GM-CSF, CpG-ODN, and AML-associated antigens 

in the form of either freeze-thaw lysates derived from bone marrow of AML-infected mice 

or WT1 peptide [93]. Both vaccine formulations were associated with expansion of WT1 

tetramer specific cytotoxic T cells in the peripheral blood within a week of vaccination. 

Notably, both vaccine formulations provided prophylactic protection against MLL-AF9 

AML in 100% of mice when administered 10 days prior to AML inoculation and mice 

survived an AML re-challenge approximately 3 months later. Next, the WT1 AML-vaccine 

was tested in a therapeutic model of established AML in combination with standard 

induction chemotherapy (iCt) regimen of cytarabine (Ara-C) and doxorubicin [94]. 

Leukemia burden was reduced in mice after iCt treatment, but AML relapsed between 

day 25 and 35. The WT1 AML-vaccine alone provided prolonged survival, but ultimately 

did not improve overall survival. However, the iCt and WT1 AML-vaccine combination 

therapy was effective in mediating therapeutic protection in 100% of mice. Interestingly, 

combining iCt with an antigen-free vaccine durably depleted leukemia in all mice, 

dependent on both encapsulation and release of GM-CSF and CpG-ODN, and in which 

immunogenic cell death of AML cells recruited to the cryogel scaffold may have 

contributed to the efficacy of this strategy.  

In a study to stimulate the endogenous immune response to overcome established 

advanced tumors, Moynihan et. al. used combination cancer vaccine and immunotherapy 

to potentiate an immune response [95]. The study was motivated by the development of 

a strategy to efficiently target peptide vaccines to lymph nodes, and the clinical success 

with checkpoint blockade therapy [96]. The combinations consisted of A (tumor-antigen-

specific antibody), I (MSA–IL-2), P (anti-PD-1) and V (amphiphile–vaccine). Component 
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V was a potent lymph-node (LN)-targeted vaccine composed of peptide antigens and 

CpG DNA conjugated to albumin-binding lipids that reversibly bind to interstitial albumin 

and efficiently traffic to LNs, leading to robust T cell responses. In multiple syngeneic 

tumor models, this quaternary combination immunotherapy cured a majority of mice with 

established tumors and elicited long-lived protective T cell memory responses. Notably, 

all four components incorporated in AIPV were required for treatment of several difficult-

to-treat tumor models. The results from the multiple tumor models revealed distinct 

hierarchies of importance for the four components. For example, the monoclonal antibody 

component was a critical contributor to efficacy in the B16F10 model, but it was the least 

important component in the DD-Her2/neu model. A key aspect of AIPV treatment was 

that this set of four agents collectively mounted an integrated response that overcomes 

tumor resistance mechanisms in all of the models evaluated here, suggesting that the 

appropriate combination of immune effectors can overcome a range of obstacles present 

in tumor microenvironments. 

3.4 Conclusions 

The studies reviewed here highlight advances in the development of cancer vaccines and 

synergies afforded by combining cancer vaccines with chemotherapy and immune 

checkpoint blockade. Therapeutic cancer vaccinations strategies can be broadly 

categorized by their delivery vehicle and antigen target, each with their own distinct 

properties.  
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DC vaccines induce expansion of T cells with a broad T cell receptor repertoire, allowing 

for a more sustained and robust immune response. Thus far, the only FDA approved DC 

vaccine formulation is Provenge [34]. While this is an attractive personalized cancer 

vaccine cell therapy, the labor-intensive manufacturing process and a modest 

improvement in overall survival has hindered its applicability. Vaccines such as WDVAX 

and allogenic DC vaccines such as GVAX and DCP-001 are attractive alternatives as 

they avoid the need for personalized cell-manufacturing, and are scalable therapies [44-

46]. Further, new DC vaccine formulations preclude identification of specific cancer 

antigens, which may broaden their applicability to a larger number of cancer patients.  

DNA- or peptide-based cancer antigen targeted vaccines act on DCs in the lymph nodes. 

The vaccines expand antigen specific T cells which mediate cancer cell lysis, which in 

turn allows for DC priming of tumor-associated antigens in a manner analogous to DC 

vaccines. While these therapies are generally scalable, their scope is limited by variability 

in expression levels of antigen targets and are therefore available to a subset of cancer 

patients. In addition, since distribution of expressed cancer antigens is dependent on the 

cancer type, different formulations must be designed and tested to treat different cancers. 

To allow antigen targeted vaccines to reach more patients, the development of 

personalized cancer vaccine strategies is an important research area [87,97]. Beyond 

reaching more patients, personalized vaccines incorporate multiple antigen targets, thus 

enhancing T cell receptor repertoire of initial immune response. However, since the 

antigen targets of these vaccines would likely differ between patients, the regulatory 

approval of such an approach may require a new mechanism.   
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In many of the clinical studies, cancer vaccines elicited a robust T cell response but were 

unable to mediate sustained tumor regression, in part, due to the immunosuppressive 

tumor microenvironment. Thus, combining cancer vaccines with immunomodulators such 

as chemotherapy or checkpoint blockade was thought to enhance their efficacy. Indeed, 

pre-clinical and early clinical data suggests that combining therapeutic cancer vaccines 

with either chemotherapy or checkpoint blockade allows for enhanced synergy when 

compared to a monotherapy. Based on existing research, the combination of cancer 

vaccines with chemotherapy or immune checkpoint blockade represent the most probable 

path towards clinical translation of therapeutic cancer vaccines.   

3.5 Expert Opinion 

Vaccination as a means to prevent cancer or cancer relapse has been a long-sought goal 

of cancer therapy, supported by decades of research in preclinical models and in patients 

that T cells can be educated to target tumor cells. For cancers with a microbial etiology, 

vaccination has been highly effective in reducing the incidence of disease [98]. However, 

vaccination against established malignancy has been largely disappointing [99]. Until 

recently, it was generally believed that when used in combination with a cancer vaccine, 

cytoreductive therapy would invariably have a negative effect on vaccine-mediated 

immune responses and antitumor activity. However, a greater depth of understanding has 

suggested that the immunomodulatory properties of cytoreductive regimens might be 

exploited to enhance vaccine-mediated antitumor effects [100]. This synergy can be 

mediated by multiple mechanisms, depending on the type of cytotoxic agent and the 

specific vaccine employed, as well as the dosing schedule of each modality. Therefore, 

an increasing amount of clinical and pre-clinical data supports the use of a combination 
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approach involving immunotherapy and front-line chemotherapy drugs as the standard 

method to effectively treat multiple types of cancers [101]. Therapeutic cancer vaccines 

have been shown to be immunogenic in clinical trials, and many of them have 

demonstrated efficacy in at least small numbers of patients [102]. Dendritic cell-based 

therapeutic cancer vaccines have been approved for clinical use, and their combination 

with checkpoint inhibitors is highly developed for clinical applications. Cancer-specific 

subunit cancer vaccines offer the possibility of an off-the-shelf approach for therapeutic 

cancer vaccines. Cancer vaccines are an effective means to address 'immune ignorant' 

tumors, which have a poor prognosis regardless of any current intervention. The efficient 

delivery of vaccine components will support the successful development of methods to 

activate tumor specific immune responses [103].  

Given the complex interactions between cancer cells and the many components of their 

environment, it is reasonable to postulate that the future of immunotherapy lies in the 

combination of complementary immunotherapeutic strategies with chemotherapeutics or 

other oncogenic pathway inhibitors. The optimal approach will likely vary substantially 

between tumor types and may even be patient specific. This is a particularly important 

consideration as the rate of progress in the understanding of tumor immunology and 

clinical application of immunomodulatory agents has varied substantially between 

different types of cancers [104]. Tumors may be heterogeneous and develop clinical 

resistance to monotherapies and efficient antitumor strategies must focus on hitting 

different targets concurrently. In general, greater host and disease heterogeneity are 

associated with fewer options and poorer outcomes. Combination strategies will need to 

account for the unique genetic, epigenetic, and complexity of the cancer. By modulating 
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inhibitory molecules, regulatory immune cells, and the metabolic resources and demands 

of T cells, vaccine-stimulated T cells might be induced to be fully functional within the 

immunosuppressive tumor microenvironment. In making therapy decisions identifying 

reliable biomarkers to improve patient selection, standardizing metrics for monitoring 

toxicities and comprehensive knowledge about the timing and dose of combination 

therapies will be important factors for successful development. The process will likely be 

iterative, as new cancer vaccine technologies are developed and more targeted 

immunotherapies are available which may lower toxicities while providing durable 

protection against cancer relapse.  
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3.6 Figure 
 

Figure 3.1| Targets of Cancer Immunotherapies 
To generate a sustained T cell response against tumors, dendritic cells (DCs) uptake 
and present cancer antigens to T cells. Subsequently, T cells migrate to the tumor site 
and seek to induce cancer cell death. (1) Cancer vaccines aim to facilitate the process 
of antigen presentation of DCs by providing an initial source of cancer antigens. T cells 
that recognize these cancer antigens are activated and migrate to the tumor site to 
initiate cancer-cell lysis. (2) Many cancer cells upregulate immunosuppressive 
checkpoint blockade ligands to inactivate T cells. Thus, combining therapeutic cancer 
vaccines with checkpoint blockade therapy may enhance anti-tumoral efficacy and allow 
for better clinical outcomes. (3) Chemotherapies are generally cytoreductive and may 
enhance the effect of cancer vaccines by reducing concentration of immunosuppressive 
regulatory T cells within the tumor microenvironment thereby accentuating the vaccine 
mediated cytotoxic T cell response. 
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3.7 Table 

Table 3.1| Selected Pre-Clinical Cancer Vaccine Results 

PLG, poly(lactic-co-glycolic acid); GM-CSF, granulocyte-macrophage colony stimulating 
factor; CpG-ODN, Cytosine-guanosine oligonucleotide; CTLA-4, cytotoxic T-
lymphocyte-associated protein 4; CEA, carcinoembryonic antigen; NY-ESO-1, 
cancer/testis antigen 1; WT1, Wilms tumor 1 
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Components  Cancer Type Key Takeaways Reference Number 

PLG scaffold loaded 
with tumor lysis, GM-
CSF, and CpG-ODN Melanoma (B16-F10) 

Vaccine formulation 
was able to provide 

both prophylactic and 
therapeutic protection 

in mice. 45 

GVAX cancer vaccine 
and anti-CTLA-4 

combination 
Prostate cancer (Pro-

TRAMP) 

Timing of checkpoint 
blockade and cancer 

vaccine administration 
are important. 

Administration of anti-
CTLA-4 before or 

concurrent to GVAX 
showed no 

enhancement in anti-
tumoral response 

whereas administration 
after GVAX showed 
improved survival. 51 

Viral vector encoding 
CEA and GM-CSF 

plasmid 
Colon adenocarcinoma 

(MC38-CEA) 

Viral vector encoding 
CEA administered in 
combination with GM-

CSF plasmid can 
provide prophylactic 
protection against 
MC38-CEA colon 
adenocarcinoma 

model. 64 

Lentiviral vector 
encoding NY-ESO-1 

Lung Cancer (CT26 
expressing NY-ESO-1) 

Viral vaccine generated 
NY-ESO-1 specific T-
cells and was able to 
provide prophylactic 

protection against NY-
ESO-1 expressing lung 

cancer model. 78 

DNA vaccine against 
tyrosinase Melanoma (B16-F10) 

DNA vaccine was 
effective in both 
prophylactic and 

therapeutic setting 
against B16-F10 

melanoma. 83 

Alginate-based scaffold 
loaded with GM-CSF, 
CpG-ODN, and WT1 

peptide in combination 
with cytarabine and 

doxorubicin 
Acute myeloid leukemia 

(MLL-AF9) 

Vaccine was able to 
provide prophylactic 

protection against MLL-
AF9 acute myeloid 

leukemia. In 
therapeutic setting, it 
was able to provide 

complete protection if 
administered alongside 

standard induction 
chemotherapy regimen 

of cytarabine and 
doxorubicin. 94 
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CHAPTER 4 
 

BIODEGRADABLE SCAFFOLDS FOR ENHANCING VACCINE EFFICACY 
 

4.0 Abstract 

Sustained release of vaccine components is a potential method to boost efficacy 

compared to traditional bolus injection. Here, we show that a biodegradable hyaluronic 

acid (HA)-scaffold, termed HA cryogel, mediates sustained antigen and adjuvant release 

in vivo leading to a durable immune response. Sustained release of vaccines components 

from HA cryogels was assessed and a formulation which enhanced the immune response 

while minimizing the inflammation associated with the foreign body response was 

identified, termed CpG-OVA-HAC2. Dose escalation studies with CpG-OVA-HAC2 

demonstrated that both the antibody and T cell responses were dose-dependent and 

strongly dependent on competency of neutrophils to perform oxidative burst. In 

immunodeficient post-hematopoietic stem cell transplanted mice, immunization with 

CpG-OVA-HAC2 elicited a strong antibody response, three orders of magnitude higher 

than dose-matched bolus injection. In a melanoma model, CpG-OVA-HAC2 induced 

dose-responsive prophylactic protection, slowing the tumor growth rate and enhancing 

overall survival. Upon rechallenge, none of the mice developed new tumors suggesting 

the development of robust immunological memory and long-lasting protection against 

repeat infections. CpG-OVA-HAC2 also enhanced survival in mice with established 

tumors. The results from this work support the potential for CpG-OVA-HAC2 to enhance 

vaccine delivery. 
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4.0.1 Translational Impact Statement 

Biomaterials have been shown to be effective at mediating potent immune responses. 

While sustained delivery is desirable to achieve a durable immune response, the 

biomaterial components may induce a foreign body response that could limit clinical 

utility. Here, we show that a biodegradable hyaluronic acid-based vaccine mediates 

strong cellular and humoral immunity with a well-tolerated foreign body response. The 

results support the potential of hyaluronic acid-based scaffolds in immunotherapy. 

4.1 Introduction 

Biomaterial-based vaccines have been used to potentially address challenges with 

conventional bolus vaccination strategies. In particular, biomaterials focused on 

sustained release of vaccine components antigen and adjuvant have been demonstrated 

to induce a more potent, durable protective immune response compared to bolus 

vaccination1–8. These studies have strongly supported a key role of sustained release of 

vaccine components in enhancing the immune response. While effective at inducing an 

immune response, the formulation itself could include components that could result in a 

persistent foreign body response (FBR), such as those that use long-lasting 

polymers2,9,10, that could be limiting in clinical settings9,11. On the other hand, a 

degradable biomaterial-based vaccine which maximizes activation of the adaptive 

immune responses while avoiding a long-lasting FBR could be a potential alternative.  

Hyaluronic acid (HA) is a polysaccharide-based polymer that is abundant in tissues 

including skin, cartilage, and synovial fluid. It has been widely studied in biomedical 

applications including drug delivery as HA can be modified to form a matrix to encapsulate 

drugs, such as growth factors and chemotherapeutic agents, and release them in a 
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sustained manner via controlled degradation12. We have previously demonstrated that 

the degradation of HA can be immune-responsive, mediated by oxidative burst of 

neutrophils12, and is also processed by endogenous hyaluronidases13,14 (HYAL). The 

degradation generates low molecular weight HA fragments which have been shown to 

activate toll-like receptors (TLRs) and act as adjuvants in vaccine formulations4–6.  

Here, we hypothesized that a HA-based vaccine formulation would enhance immune cell 

activation and sustain release of encapsulated vaccine components to generate a durable 

protective immune response. We had previously developed a macroporous injectable HA 

hydrogel, termed HA cryogel, made with bioorthogonal crosslinking chemistry12. HA 

cryogels mediated sustained release of protein therapeutics to enhance innate immune 

cell regeneration12. In this work, we extend our previous findings to further develop HA 

cryogels as depots for sustained release of vaccine components. After evaluating cryogel 

formulations generated from commercially sourced HA by immunophenotypic and 

histological assessments, we selected low endotoxin HA, termed HAC2 for evaluation 

with encapsulated model antigen OVA, adjuvants CpG-ODN 1826 (CpG) and granulocyte 

macrophage colony stimulating factor (GM-CSF). Both CpG and GM-CSF comparably 

enhanced the response to the vaccine, but GM-CSF increased inflammation and the FBR 

at the injection site. We selected CpG-loaded OVA-HAC2 (CpG-OVA-HAC2) for dose 

ranging studies. The intensity of the adaptive immune response was dose dependent on 

CpG-OVA-HAC2 and significantly delayed in settings of neutrophil dysfunction. In post-

hematopoietic stem cell transplant (HSCT) mice, CpG-OVA-HAC2 enhanced antibody 

induction three orders of magnitude greater than dose-matched bolus vaccination. In a 
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B16-OVA melanoma mouse model, prophylactic and therapeutic administration of CpG-

OVA-HAC2 slowed the tumor growth rate and enhanced overall survival.  

4.2 Results  

4.2.1 Synthesis and characterization of HA cryogels 

HA cryogels are formulated by first conjugating either tetrazine (Tz) amine or norbornene 

(Nb) methylamine to HA to form tetrazine-functionalized HA (HA-Tz) and norbornene-

functionalized HA (HA-Nb). Vaccine components were solubilized with the polymer 

solution prior to mixing and overnight incubation at -20oC to form HA cryogel vaccines 

(Fig. 4.1a). HA was initially sourced from two commercial suppliers and resulting HA 

cryogels are referred to as HAC1 and HAC2 for HA sourced from supplier 1 and 2 

respectively.  For confocal imaging and in vivo degradation tracking, HA-Nb was reacted 

with Tz-Cy5 to form Cy5-labeled HA-Nb (Cy5-HA-Nb) which was mixed with HA-Tz to 

form Cy5-labeled HA cryogels, referred to as HAC1:Cy5 and HAC2:Cy5 (Supplementary 

Fig. 4.1a). To visualize pores and assess pore interconnectedness, HAC1:Cy5 and 

HAC2:Cy5 were incubated with fluorescein isothiocyanate (FITC)-labeled 10μm diameter 

melamine resin particles and imaged using confocal microscopy. FITC-particles were co-

localized with Cy5-labled HA polymer to the confocal depth limit for HAC1:Cy5 and 

HAC2:Cy5 (Fig. 4.1b). Next, we lyophilized HA cryogels and measured surface porosity 

using scanning electron microscopy (SEM) (Fig. 4.1c). Average pore diameter for HAC1 

and HAC2 were found to be 59.5 ± 19.4 and 53.8 ± 15.8 μm, respectively 

(Supplementary Fig. 4.1b).  

To test the magnitude of an adaptive immune response to the HA cryogel alone, 100 μg 

of OVA was encapsulated in HAC1 and HAC2 (OVA-HAC1 and OVA-HAC2) and in vitro 
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degradation kinetics of OVA-HAC1 and OVA-HAC2 were assessed by incubating 

cryogels in hyaluronidase 2 (HYAL2) solution. The degradation profiles of of OVA-HAC1 

and OVA-HAC2 were comparable, with most of the degradation occurring within the first 

week and full degradation occurring over the course of three weeks (Fig. 4.1d). To 

characterize in vivo degradation profile of OVA-encapsulated HAC1:Cy5 (OVA-

HAC1:Cy5) and OVA-encapsulated HAC2:Cy5 (OVA-HAC2:Cy5) we utilized in vivo 

imaging system (IVIS). A single OVA-HAC1:Cy5 or OVA-HAC2:Cy5 was injected 

subcutaneously in the hind flank of C57Bl/6J (B6) mice. Strikingly, OVA-HAC1:Cy5 

degraded over the course of 5 weeks whereas OVA-HAC2:Cy5 degraded over the course 

of 3 months (Fig. 4.1e, f). The degradation half-life of OVA-HAC1:Cy5 and OVA-

HAC2:Cy5, as determined by the time to achieve a 50% reduction in fluorescence 

intensity was 20 ± 2 and 54 ± 5 days, respectively (Supplementary Fig. 4.1c). 

We next sought to quantify the effect of degradation on OVA release. In vitro release 

assays for OVA-HAC1 and OVA-HAC2 were conducted with or without HYAL2 solution 

in phosphate buffered saline (PBS). In HYAL2 solution, 88.8 ± 6.6% and 86.3 ± 6.8% of 

OVA released from OVA-HAC1 and OVA-HAC2, respectively, over the first day with the 

remaining OVA released throughout the course of the study until the gels were fully 

degraded (Fig. 4.1g). In PBS, 22.2 ± 2.8% and 23.0 ± 0.7% of OVA burst release from 

OVA-HAC1 and OVA-HAC2, respectively, within the first day with minimal release over 

the rest of the study (Fig. 4.1g). The encapsulation efficiency of OVA, based on in vitro 

release, was 77.8% for OVA-HAC1 and 77.0% for OVA-HAC2. To determine in vivo OVA 

release kinetics, OVA was functionalized with Cy5 (OVA:Cy5) prior to encapsulation 

within HAC1 (OVA:Cy5-HAC1) and HAC2 (OVA:Cy5-HAC2) and measured using IVIS 
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Release was quantified by measuring the attenuation of the fluorescence signal relative 

to the initial measurement. The release of OVA:Cy5 from HAC1 and HAC2 was sustained 

over multiple weeks with accelerated OVA:Cy5 release from HAC1 as compared to HAC2 

(Fig. 4.1h, i). 

4.2.2 HAC1 and HAC2 are infiltrated with a distinct innate immune cell profile  
 

As endotoxin content of polymers is known to influence the immune response, the 

endotoxin content of HAC1 and HAC2 was quantified by measuring lipopolysaccharide 

(LPS) content. Endotoxin content was measured to be 7.3 x 10-3 EU and 6.7 x 10-4 EU 

for HAC1 and HAC2 respectively (Table 4.1). Innate immune cells infiltrating OVA-HAC1 

and OVA-HAC2 were assessed 7-days post-injection using flow cytometry (Fig. 4.2a, b; 

Supplementary Fig. 4.2a). The viability of infiltrating cells (Aqua Zombie negative) was 

consistently greater than 95% in OVA-HAC1 and OVA-HAC2 (Supplementary Fig. 

4.2b).  Total CD45+CD11b+ (myeloid) cells were 2.4-fold higher in OVA-HAC1 compared 

to OVA-HAC2 (Fig. 4.2c). Notably, CD45+CD11b+Ly6G+ (neutrophil) cells constituted 

most of the cellular infiltrates in OVA-HAC1 but were nearly absent in OVA-HAC2 (Fig. 

4.2d, e). Conversely, OVA-HAC1 had minimal CD45+CD11b+Ly6G-CD115+ (monocyte) 

and CD45+CD11b+Ly6G-CD115-F4/80+ (macrophage) cells whereas monocytes and 

macrophages constituted a majority of cellular infiltrates in OVA-HAC2 (Fig. 4.2d, f, g). 

CD45+CD11b+Ly6G-CD115-F4/80-CD11c+ (dendritic) cells (DCs) were sparsely found in 

both OVA-HAC1 and OVA-HAC2 (less than 3% of total myeloid cells), but on average 

higher in OVA-HAC2 (Fig. 4.2d, h).  

Cryogels were explanted from mice 7-days post-injection for histomorphometric analysis 

using hematoxylin and eosin (H&E). Both OVA-HAC1 and OVA-HAC2 were infiltrated and 
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encased in a fibrotic capsule (Fig. 4.2i). Cellularity and capsule thickness were increased 

in OVA-HAC1 (Fig. 4.2j, k). In a separate cohort of mice, we measured the host immune 

response to OVA-HAC1 and OVA-HAC2. Mice received a single subcutaneous injection 

of OVA-HAC1 or OVA-HAC2 each in a prime and boost setting 11-days apart and were 

bled at pre-determined timepoints post-prime. OVA-HAC1 induced higher anti-OVA IgG1 

antibody titers compared to OVA-HAC2 (Fig. 4.2l).    

Next, we sought to determine whether the aforementioned differences in innate immune 

cell infiltration and anti-OVA antibody titers might be due to differences in endotoxin 

content. We added LPS, the major constituent of endotoxin, in HA-Tz and Cy5-HA-Nb 

from to generate OVA-HAC2 with endotoxin content of 5.2 x 10-3 EU (low-LPS) and 5.2 x 

10-2 EU (high-LPS), corresponding to approximately 80% and 800% of OVA-HAC1 

endotoxin content (Supplementary Table 4.1). Innate immune cell infiltration into OVA-

HAC2 with LPS was assessed 7-days post-injection and compared to OVA-HAC2 without 

added LPS. Inclusion of LPS had no effect on total myeloid, neutrophil, monocyte, 

macrophage, or DC infiltration in OVA-HAC2 (Supplementary Fig. 4.2c-h). Mice were 

administered OVA-HAC2, low-LPS OVA-HAC2, and high-LPS OVA-HAC2 in a prime and 

boost setting 11-days apart and were bled at pre-determined timepoints. No significant 

differences were quantified with anti-OVA IgG1 antibody titers between any of the test 

groups (Supplementary Fig. 4.2i). Based on these results, we selected HAC2 for further 

assessment. 

4.2.3 Encapsulation of adjuvants enhances HA cryogel-based vaccine efficacy 
and alters foreign body response  
 

To assess the effect of including an adjuvant in OVA-HAC2, we selected CpG-ODN 1826 

(CpG, 100 μg), a TLR9 agonist15–17, and granulocyte-colony stimulating factor (GM-CSF, 
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1 μg), a DC maturation factor18–21 and alternative adjuvant22–24.  GM-CSF and CpG were 

encapsulated in OVA-HAC2 (GMCSF-CpG-OVA-HAC2) and in vitro release studies were 

conducted with or without HYAL2 solution in PBS. In HYAL2 solution, 88.7 ± 4.5% and 

97.1 ± 0.4% of CpG and GM-CSF, respectively, released from OVA-HAC2 over the first 

day with the remaining release throughout the course of the study with cryogel 

degradation (Supplementary Fig. 4.3a, b). In PBS, 53.8 ± 7.1% and 15.8 ± 3.6% of CpG 

and GM-CSF, respectively, burst release from the cryogels over the course of the first 

day with minimal release over the rest of the study (Supplementary Fig. 4.3a, b). From 

the release in PBS, encapsulation efficiency was calculated to be 46.2% and 84.2% for 

CpG and GM-CSF, respectively. 

Three OVA-HAC2 adjuvanted formulations were made by inclusion of either CpG (CpG-

OVA-HAC2), GM-CSF (GMCSF-OVA-HAC2), or both (GMCSF-CpG-OVA-HAC2) and 

degradation kinetics were assessed and compared to OVA-HAC2:Cy5 (Fig. 4.3a). All 

components were tested for endotoxin content (Supplementary Table 4.2). Mice were 

administered a prime and boost with adjuvanted OVA-HAC2:Cy5 formulations or OVA-

HAC2:Cy5 11-days apart. Degradation profile was comparable between all groups and 

cryogels were fully degraded 10-weeks post-injection (Fig. 4.3b-e).  

Innate immune cell infiltrates in the HAC2 and OVA-HAC2 vaccine formulations were 

compared 10-days and 21-days after injection (Fig. 4.4a). The viability of infiltrating cells 

was consistently greater than 93% in al groups 10-days after injection (Supplementary 

Fig. 4.4a). In cryogels removed 10-days after injection, total myeloid cell infiltration was 

similar between HAC2, OVA-HAC2, and all adjuvanted OVA-HAC2 formulations (Fig. 

4.4b). The fraction of Ly6G+ neutrophils was enhanced in both GMCSF-OVA-HAC2 and 
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GMCSF-CpG-OVA-HAC2 and constituted the majority of infiltrating cells in GMCSF-CpG-

OVA-HAC2 (Fig. 4.4c). Neutrophil cell counts were 14.5- and 83.2-fold higher in GMCSF-

OVA-HAC2 and GMCSF-CpG-OVA-HAC2 respectively, compared to OVA-HAC2 (Fig. 

4.4d). On the other hand, neutrophil count in CpG-OVA-HAC2 and OVA-HAC2 was 

similar (Fig. 4.4d). Monocytes were lower in all adjuvanted OVA-HAC2 formulations 

compared to OVA-HAC2. However, GMCSF-CpG-OVA-HAC2 had the lowest number of 

monocytes (Fig. 4.4e). Macrophage infiltration was modestly lower in GMCSF-CpG-OVA-

HAC2, but similar in the other formulations (Fig. 4.4f). DC infiltration was similar between 

the test groups and constituted less than 3% of total cellular infiltrates in all formulations 

(Fig. 4.4c, g). In the cryogel formulations removed 21-days after injection, live cell 

percentages were greater than 75% on average in all groups. Myeloid cell infiltration and 

the constituent cells of the infiltrates were similar between groups (Supplementary Fig. 

4.4b-h). 

HAC2, OVA-HAC2, and adjuvanted OVA-HAC2 formulations were administered in mice 

and removed 10-days post injection for histomorphometry-based H&E staining. All 

formulations were infiltrated with cells and encased in a fibrotic capsule (Fig. 4.4h). The 

cellularity was greater the OVA-HAC2 vaccine formulations which included GM-CSF as 

a constituent (Fig. 4.4i). However, only mice which received GMCSF-CpG-OVA-HAC2 

had increased capsule thickness (Fig. 4.4j).  

Initial immunization studies were conducted without HA in which mice received a single 

prime and boost bolus subcutaneous injection of vaccine components 11-days apart. 

Mice received either (i) OVA only, (ii) OVA + GM-CSF, (iii) OVA + CpG, or (iv) OVA + 

GM-CSF + CpG and periodically bled post-prime to assess anti-OVA IgG1 antibody 
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concentrations (Supplementary Fig. 4.5a). OVA + GM-CSF and OVA + GM-CSF + CpG 

enhanced antibody titers compared to OVA only (Supplementary Fig. 4.5b). OVA + CpG 

generated a minimal antibody response, comparable to mice which received OVA only 

(Supplementary Fig. 4.5b).  

Next, the aforementioned OVA-HAC2 vaccine formulations were administered to mice in 

a prime and boost 11-days apart. Assessments of anti-OVA IgG1 antibody titers showed 

a significant difference between OVA-HAC2 and all other adjuvanted formulations (Fig. 

4.4k). There was no difference in antibody titers between any adjuvanted OVA-HAC2 

formulations (Fig. 4.4k). The same cohorts of mice were used to measure degradation of 

the OVA-HAC2:Cy5 formulations using IVIS. In a separate study, mice were administered 

prime and boost adjuvanted OVA-HAC2 and OVA-HAC2 only and sacrificed 3-weeks 

post prime to assess CD45+B220-CD8+SIINFEKL+ cells (OVA-specific cytotoxic T cell) in 

both the draining axillary lymph nodes (LNs) and spleen (Supplementary Fig. 4.5c, d). 

The test groups and unvaccinated mice had comparable antigen-specific cytotoxic T cells 

in the lymph node and spleens (Supplementary Fig. 4.5e, f).  

We concluded that all adjuvanted OVA-HAC2 vaccine formulations comparably 

enhanced antigen-specific adaptive immune response. However, formulations that 

included GM-CSF were associated with an exacerbated the foreign body response. 

Therefore, we selected CpG-OVA-HAC2 for further studies. 

4.2.4 CpG-OVA-HAC2 induces a dose dependent adaptive immune response 
 

We evaluated the release of CpG from CpG-OVA-HAC2 in vivo. Cy5-labeled CpG 

(Cy5:CpG) was encapsulated within OVA-HAC2 to from CpG:Cy5-OVA-HAC2. Release 

was assessed using IVIS. CpG:Cy5 release was sustained over a period of three weeks 
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with 85.0 ± 3.1% of release occurring within the first week (Fig. 4.5a). The effect of 

vaccine dose escalation on the adaptive immune response was assessed by increasing 

the number of CpG-OVA-HAC2 administered. Mice received either a single dose prime, 

two-dose prime, single dose prime and boost, or two-dose prime and boost. Assessment 

of anti-OVA IgG1 antibody titers showed that a single prime vaccination induced 

significantly lower antibody titers than mice which received higher doses (Fig. 4.5b). 

Notably, there was no difference in anti-OVA IgG1 antibody titers in mice which received 

any of the other higher vaccine doses (Fig. 4.5b). CD45+B220-CD8+SIINFEKL+ cells 

(OVA-specific cytotoxic T cells) were assessed 3-weeks post-prime in the draining axillary 

lymph nodes (LNs) (Fig. 4.5c). Only mice which received two CpG-OVA-HAC2 as both a 

prime and boost had a significantly elevated percentage of OVA-specific cytotoxic T cells 

in axillary LN compared to other groups (Fig. 4.5d). There was no difference in OVA-

specific cytotoxic T cell percentage in any of the groups in the spleen 3-weeks post prime 

(Supplementary Fig 4.6). 

To better study the effect of polymer degradation and the development of an adaptive 

immune response, we utilized gp91phox- mice which have neutrophils that lack the ability 

to perform oxidative burst12,25,26. We have also previously demonstrated that HA cryogel 

degradation in this model is impaired12. Two CpG-OVA-HAC2:Cy5 were administered in 

gp91phox- or B6 mice as a prime and boost 11-days apart. IVIS measurements on mice 

showed minimal degradation of CpG-OVA-HAC2:Cy5 in gp91phox- mice and complete 

degradation in B6 mice (Fig. 4.5e). The same cohorts of mice were bled at pre-

determined timepoints for assessment of anti-OVA IgG1 antibody titers. There was a 



135 
 

significant delay in the development of anti-OVA IgG1 antibodies in gp91phox- mice with 

none having detectable anti-OVA IgG1 antibody titers two-weeks post prime (Fig. 4.5f).  

To demonstrate the utility of CpG-OVA-HAC2 in mediating enhanced immunity, we 

measured the effect of treating immunodeficient mice post autologous hematopoietic 

stem cell transplant (HSCT) in B6 mice. Mice received lethal radiation followed by HSCT 

consisting of both 15M whole bone marrow cells and 10M splenocytes 2-days later (Fig. 

4.5g). Two CpG-OVA-HAC2:Cy5 or bolus CpG + OVA were administered to mice in a 

prime and boost 11-days apart and bled at pre-determined timepoints (Fig. 4.5g). Mice 

that received CpG-OVA-HAC2 had measurable anti-OVA IgG1 antibody titers whereas 

there were no detectable anti-OVA IgG1 antibodies in mice which received bolus 

vaccination (Fig. 4.5h). The immunization study was repeated in the context of post-

allogenic HSCT, with BALB/cJ donor mice and B6 recipients. All the mice in this study 

succumbed to graft-versus-host disease-like pathology within 5-weeks post-HSCT. Blood 

was collected once at 2-weeks post prime, 4-weeks post-HSCT. There were no 

detectable anti-OVA IgG1 antibodies in either group.  

4.2.5 CpG-OVA-HAC2 mediates prophylactic protection in a B16-OVA melanoma 
mouse model 
 

We sought to assess whether CpG-OVA-HAC2 enhanced prophylactic protection in a 

mouse melanoma model. Mice were administered either one or two CpG-OVA-HAC2 or 

two bolus CpG + OVA injections in a prime and boost setting. Mice received one hundred 

thousand B16-OVA cells administered subcutaneously 3-weeks post prime or in 

unvaccinated mice and tumor growth rate and survival were compared (Fig. 4.6a). In all 

unvaccinated mice, tumors were visible two-weeks post tumor inoculation with rapid 

tumor growth thereafter (Fig 4.6b, c). In mice that received two bolus CpG + OVA 



136 
 

injections, tumor growth was delayed and were visible in all mice three-weeks post tumor 

inoculation (Fig. 4.6b). In contrast, only 60% of the mice that received a single CpG-OVA-

HAC2 as prime and boost had visible tumors. 40% of the mice that received two CpG-

OVA-HAC2 as prime and boost each had visible tumors four-weeks post tumor 

inoculation (Fig. 4.6b). In all vaccinated mice, tumor growth rate was significantly reduced 

and increased the mean survival time (Fig. 4.6c). Overall survival was dose responsive 

to CpG-OVA-HAC2. Mice that received two CpG-OVA-HAC2 as a prime and boost had 

the highest overall survival of 60% (Fig. 4.6d). Mice that received a single CpG-OVA-

HAC2 had an overall survival of 40% whereas mice receiving bolus vaccination and 

unvaccinated mice all succumb to B16-OVA melanoma (Fig. 4.6d). Vaccinated mice were 

bled six-weeks post prime, three-weeks post tumor inoculation, and mice which received 

bolus CpG-OVA-HAC2 had lower anti-OVA IgG1 antibody titers than mice which received 

CpG-OVA-HAC2 (Fig. 4.6e). Mice which survived B16-OVA melanoma challenge were 

re-challenged with 100K B16-OVA cells three-months post initial inoculation. All mice 

survived rechallenge without visible tumors for at least 40 days post re-challenge. Next, 

we assessed whether CpG-OVA-HAC2 would provide therapeutic protection against 

murine melanoma. Mice were administered one hundred thousand B16-OVA cells 

administered subcutaneously 3-days prior to one or two CpG-OVA-HAC2 in a prime and 

boost setting (Fig. 4.6f). CpG-OVA-HAC2 administered therapeutically slowed tumor 

growth and prolonged survival as compared to unvaccinated mice (Fig. 4.6g, h). Mice 

that received a single CpG-OVA-HAC2 as a prime and boost survived 45.9 ± 13.8 days 

and mice that received two CpG-OVA-HAC2 as a prime and boost survived 45.5 ± 12.0 
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days post-tumor challenge. In contrast, unvaccinated mice only survived 28.5 ± 5.3 days 

post-tumor challenge. (Fig. 4.6h).  

 

 

4.3 Discussion 
 

 Here, we demonstrate that a hyaluronic acid cryogel-based biodegradable vaccine 

mediates sustained release of vaccine components, enhances antigen-specific adaptive 

immunity in healthy and immunodeficient mice, and provides protection against B16-OVA 

melanoma in a vaccine dose-dependent manner. The source of material and selection of 

adjuvants had a significant impact on the infiltrating innate immune cell subsets that 

constitute the FBR. We demonstrate that CpG-OVA-HAC2 formulation enhances anti-

OVA adaptive immune response without significantly altering the FBR and that the 

adaptive immune response was enhanced with escalating vaccine doses. The effect of 

high-dose Cpg-OVA-HAC2 was studied in immune deficient models. In gp91-phox mice, 

the degradation of CpG-OVA-HAC2 was delayed which resulted in slowed activation of 

the adaptive immunity. In post-HSCT mice, adaptive immune activation with CpG-OVA-

HAC2 was greatly enhanced as compared to bolus CpG+OVA vaccination, highlighting 

the enhancement in adaptive immune response even in immunodeficient contexts. Lastly, 

enhancement in immune response was assessed in both prophylactic and therapeutic 

vaccine studies involving B16-OVA melanoma, in which the CpG-OVA-HAC2 slowed 

tumor growth and enhanced survival relative to unvaccinated mice and mice receiving 

bolus vaccination. 

HA was selected as the polymer as it is ubiquitous in the ECM and has a long history of 

use as a biodegradable material to effectively facilitate sustained drug delivery. As an 
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ECM component, HA provides cues to regulate inflammation and tissue repair27. In the 

context of tissue damage or injury, HA undergoes degradation resulting in the production 

of low molecular weight fragments28,29. These fragments are known to activate innate 

immune cells, particularly monocytes, macrophages, and DCs, through the activation of 

TLR2 and TLR44,29–32. The downstream signaling of TLR activation results in secretion of 

TNF-α, IL-12 and IL-1β which promote inflammation33,34. Additionally, HA fragments have 

been shown to induce expression of matrix metalloproteinases, which degrade ECM 

components and facilitate tissue remodeling35,36. Thus, the use of HA in biomaterials-

based vaccine not only provides sustained release of vaccine components but also 

potentially offers additional cues to regulate inflammation. The use of HA is further 

supported by other pre-clinical vaccine studies which have utilized HA as an adjuvant in 

their vaccine formulations4–6.  Consistent with prior work, our results showing that HA 

cryogel encapsulating OVA alone elicits anti-OVA IgG1 antibody titers without an 

additional adjuvant4.  

Seeking to assess the effect of HA from different sources, we tested the effect of 

formulating HA cryogels from two commercial vendors. HA cryogels from both vendors 

had comparable pore size and morphology, in vitro degradation kinetics, and in vitro OVA 

release kinetics. There were differences in endotoxin levels, as determined by measuring 

LPS content, with HAC1 having 10.8-fold higher endotoxin levels than HAC2. However, 

the endotoxin levels of HAC1 and HAC2 were well below FDA guidelines for implantable 

devices37,38. When cryogels were administered, OVA-HAC1 induced higher anti-OVA 

IgG1titers than OVA-HAC2 but was associated with a neutrophil dominated FBR with 

enhanced capsule thickness. However, when we added external LPS into HAC2 such 
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that the resulting endotoxin levels were ~80% and 800% of those in HAC1, there were no 

significant differences in anti-OVA IgG1 antibody titers and FBR when compared to OVA-

HAC2 without added LPS. These results suggest that increased LPS content alone in 

OVA-HAC1 cannot explain the differences in anti-OVA IgG1 antibody titers and FBR. 

These results suggest the potential of other components that constitute endotoxin which 

can also act as TLR agonists39–41.  

Inspired by previously reported biomaterial-based vaccine formulations, we tested the 

effect of encapsulating the adjuvants CpG and GM-CSF1,2,9,42. CpG is a clinically 

approved TLR9 agonist and has also been extensively studied for use in other vaccine 

formulations43,44. GM-CSF is a clinically approved agent for bone marrow recovery and 

has also been studied as a potential adjuvant in vaccine formulations 45. In contrast to 

other common TLR agonists such as Monophosphoryl-Lipid A (MPLA) or squalene, CpG 

and GM-CSF are water soluble and amenable for encapsulation in HA cryogels. Avoiding 

the need for organic solvents, solubilizers and stabilizers reduces interference with the 

crosslinking process. If needed, encapsulating multiple TLR agonists, for example CpG 

and poly(I:C), may represent a strategy for improving immunogenicity of the HAC2-based 

vaccine formulation46,47.  

In our studies, inclusion of either GM-CSF or CpG into OVA-HAC2 enhanced anti-OVA 

IgG1 antibody titers comparably and inclusion of both did not further enhance anti-OVA 

IgG1 antibody titers. When we assessed innate immune cell infiltration in the various 

vaccine formulations, inclusion of GM-CSF lead to enhanced neutrophil infiltration, 

consistent with other reports. Supporting these results, analysis of H&E stained HAC2 

vaccine formulations showed an increase in cellularity with formulations including GM-
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CSF. As the inclusion of GM-CSF in the vaccine increased inflammation at the injection 

site and did not further improve the immune response, CpG-OVA-HAC2 was chosen for 

further evaluation.  

Our previous finding of the importance of degradation in mediating release of 

encapsulated components12 was further validated in the present work. In vitro release in 

PBS and HYAL2 solutions showed an initial burst release followed by a period of 

sustained release. Burst release in PBS is expected and is observed in nearly all cryogel-

based drug delivery systems. The burst release in HYAL2 solution can be attributed to 

rapid initial degradation of the HA cryogels, during which approximately 50% of gel 

degraded after first 9-hours for HAC1:Cy5 and HAC2:Cy5, respectively. In vivo, the 

slower rate of degradation of HA cryogels corresponded to more sustained release of 

encapsulated vaccine components.  

CpG-OVA-HAC2 was administered in immunodeficient mice to assess the mechanism 

and potential enhancement of vaccine efficacy. Consistent with our previous work, the 

degradation of HA cryogels in gp91phox- mice was impaired12. Moreover, the induction of 

anti-OVA IgG1 antibody titers in the gp91phox- were significantly delayed, supporting the 

need for release of vaccine components. Post-HSCT Mice which received CpG-OVA-

HAC2 injections developed robust anti-OVA IgG1 antibody titers starting two-weeks post-

prime whereas mice which received bolus vaccination only developed failed to develop a 

detectable adaptive immune response until 6-weeks post-prime. These results support 

the utility of CpG-OVA-HAC2 in generating a robust adaptive immune response in 

immunodeficient mice.    

Although two dose prime and boost was more effective at inducing a greater cellular 
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and humoral immune response than a single dose prime and boost, the enhancement 

did not significantly change the efficacy of prophylactic prevention and therapeutic 

treatment of tumors between the two groups, as measured by overall survival. This 

observation might reflect a limitation in the effectiveness of CpG-OVA-HAC2 alone as a 

monotherapy and is consistent with past reports of other cancer vaccines 7,48–50. To 

potentially improve cancer vaccine efficacy, particularly in established tumors, 

combining standard-of-care therapy, for example chemotherapy or checkpoint inhibitors, 

with cancer vaccines has proven to be an effective strategy to prolong survival 

compared to either therapy alone2,51,52. The distinct mechanisms by which these agents 

operate might leverage both pre-existing tumor-specific immune cells and generate new 

anti-tumor immunity for a potentially stronger and more durable response.   

The results from this study show that by sustaining release of vaccine components, CpG-

OVA-HAC2 induce a more potent adaptive immune response compared to conventional 

bolus vaccination. These results are consistent with those from other biodegradable 

injectable scaffold systems. This includes an in situ crosslinked polymer-nanoparticle 

hydrogel-based vaccine platform which shows sustained OVA release and enhanced 

anti-OVA adaptive immune response relative to bolus control1. A potential advantage of 

HA cryogel-based vaccines is that the gels are pre-formed and injected individually, 

allowing for more control of dosing and less inter-operator variability. Our results are also 

consistent with another approach using nanocellulose hydrogels, which shows sustained 

release of OVA provides stronger protection against murine lymphoma, than bolus 

vaccination53. However, nanocellulose hydrogels are surgically implanted, whereas HA 

cryogel-based vaccination is administered with a syringe. Similar to other biomaterial-
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based vaccines, the HA cryogel-based vaccine allows for incorporating a range of 

adjuvants and antigens with the advantage of leveraging an established bioorthogonal 

crosslinking chemistry that reduces the potential for inactivating vaccine components54,55. 

The results support the development of a HAC2-based vaccine for protection against 

infections or cancers, including in settings of immunodeficiency. However, owing to its 

xenogeneic origin, OVA can be inherently more immunostimulatory than antigens that 

might be associated with cancer cells. HAC2-based vaccine formulations could be 

designed to utilize tumor cell lysate as a source of tumor antigen, precluding the need to 

identify a specific tumor antigen and potentially allowing for testing the formulation in 

multiple tumors types56,57. Alternatively, HAC2-based subunit vaccines could be 

developed that contain known tumor antigens such as Trp2 and gp10058,59. HAC2-based 

cancer neoantigen vaccines would likely require optimization with multiple TLR agonists 

and multiple antigen targets to improve vaccine efficacy and breadth of the adaptive 

immune response. Further, efficacy of HAC2-based neoantigen vaccines could be 

assessed in combination with checkpoint inhibitor or chemotherapy52,60,61. Taken 

together, our results demonstrate the development of a degradable, biocompatible 

vaccination platform which may be leveraged to provide greater protection against 

infections or cancers, including in settings of immunodeficiency.  
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4.4 Figures 
 

Figure 4.1| Synthesis and characterization of HA cryogels 
(a) Schematic depicting HA cryogel vaccine formulation. (b) Confocal microscopy images, 
overhead and side views, depicting hydrated Cy5-conjugated HAC1 (HAC1:Cy5) and 
HAC2:Cy5 incubated with 10 μm FITC-labeled microparticles. Scale bar = 100 μm. (c) 
Scanning electron microscope (SEM) images of HA cryogels, HAC1 and HAC2. Left scale 
bar = 2 mm, right scale bar = 300 μm. (d) In vitro degradation kinetics of OVA-
encapsulated Cy5-labeled HAC1 (OVA-HAC1:Cy5) and HAC2 (OVA-HAC1:Cy5) in 
hyaluronidase 2 (HYAL2) solution. (e) Representative in vivo imaging system (IVIS) 
fluorescence images of OVA-HAC1:Cy5 and OVA-HAC2:Cy5 degradation. (f) Measuring 
OVA-HAC1:Cy5 and OVA-HAC2:Cy5 degradation in vivo by quantification of total radiant 
efficiency normalized to initial day 3 timepoint. (g) Quantification of in vitro OVA release 
from OVA-encapsulated HAC1 (OVA-HAC1) and OVA-HAC2 in either phosphate 
buffered saline or HYAL2 solution. (h) Representative IVIS fluorescence images of Cy5-
conjugated OVA (OVA:Cy5) encapsulated HAC1 (OVA:Cy5-HAC1) and OVA:Cy5-HAC2. 
(i) Measuring OVA:Cy5 release from HAC1 and HAC2 by quantification of total radiant 
efficiency normalized to initial 6-hour timepoint. Data in d, g represents mean ± s.d. of 
n=4 cryogels. Data in f represents mean ± s.e.m. of n=5 mice. Data in i represents mean 
± s.e.m. of n=4 mice. Data in d, f, g, i compared using two-way ANOVA with Bonferroni’s 
multiple comparison test. In g comparison of PBS and HYAL2 release was conducted by 
pooling measurements for OVA-HAC1 and OVA-HAC2. Figure 1a created using 
Biorender.    
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Figure 4.2| Assessment of innate immune cell response to HAC1 and HAC2 
(a) Workflow schematic for assessing innate immune cell infiltration in OVA-HAC. (b) 
Representative flow cytometry plots depicting gating strategy to determine cellular identity 
of CD45+CD11b+Ly6G+ (neutrophil), CD45+CD11b+Ly6G-CD115+ (monocyte), 
CD45+CD11b+Ly6G-CD115-F4/80+ (macrophage), and CD45+CD11b+Ly6G-CD115-

F4/80-CD11c+ dendritic cells (DCs). (c) Quantification of total CD45+CD11b+ (myeloid) 
cells. (d) Infiltrating immune cells plotted as a percentage of myeloid cells. e-h 
Quantification of total numbers of (e) neutrophils, (f) monocytes, (g) macrophages, and 
(h) DCs. (i) Hematoxylin and eosin (H&E) stained histological sections of explanted OVA-
HAC1 and OVA-HAC2 7-days post-injection. Full view scale bar = 800 μm, magnified 
scale bar = 100 μm. (j) Quantification of cellular density in the sections from H&E slides. 
(k) Quantification of fibrotic capsule thickness in the sections from H&E slides. (l) 
Assessment of anti-OVA IgG1 antibody titers in serum of mice which received a single 
injection of OVA-HAC1 or OVA-HAC2, administered in a prime and boost setting 11 days 
apart. Data in c-h represents mean ± s.d. of n = 9 cryogels. Data in j represents mean ± 
s.d. of n = 4 cryogels. Data in k represents mean ± s.d. of n = 12 measurements (4 
measurements per cryogel). Data in l represents mean ± s.d. of n=5 mice. Data in c, e-
h, j, k compared using student’s t-test. Data in l compared using two-way ANOVA with 
Bonferroni’s multiple comparison test. Figure 2a created using Biorender.    
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Figure 4.3| HA cryogel degradation is independent of encapsulated adjuvants  
(a)  Overview schematic depicting for in vivo degradation study. b-e Representative IVIS 
fluorescence images of cryogel degradation and quantification by measuring total radiant 
efficiency normalized to initial day 3 timepoint of (b) OVA-HAC2, (c) GMCSF-OVA-HAC2, 
(d) CpG-OVA-HAC2, and (e) GM-CSF and CpG encapsulated OVA-HAC2 (GMCSF-
CpG-OVA-HAC2). Data in e-h represents mean ± s.e.m. of n = 5 mice. Data in e-h 
compared two-way ANOVA with Bonferroni’s multiple comparison test on prime vaccine 
degradation curves. Figure 3a created using Biorender.    
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Figure 4.4| Encapsulation of adjuvants alters foreign body response  
(a) Workflow schematic for assessing innate immune cell infiltration in HAC2, OVA-HAC2, 
GM-CSF and OVA encapsulated HAC2 (GMCSF-OVA-HAC2), CpG and OVA 
encapsulated HAC2 (CpG-OVA-HAC2), and GM-CSF, CpG, and OVA encapsulated 
HAC2 (GMCSF-CpG-OVA-HAC2). (b) Quantification of total CD45+CD11b+ (myeloid) 
cells in cryogels removed 10-days post-injection. (c) Infiltrating immune cell lineages 
plotted as a percentage of myeloid cells in cryogels removed 10-days post-injection. d-g 
Quantification of total numbers of (d) CD45+CD11b+Ly6G+ (neutrophils), (e) 
CD45+CD11b+Ly6G-CD115+ (monocytes), (f) CD45+CD11b+Ly6G-CD115-F4/80+ 
(macrophages), and (g) CD45+CD11b+Ly6G-CD115-F4/80-CD11c+ (dendritic) cells (DCs) 
in cryogels removed 10-days post-injection. (h) Hematoxylin and eosin (H&E) stained 
histological sections of explanted OVA-HAC2, GMCSF-OVA-HAC2, CpG-OVA-HAC2, 
and GMCSF-CpG-OVA-HAC2 10-days post-injection. Full view scale bar = 800 μm, 
magnified scale bar = 100 μm. (i) Quantification of cellular density in the sections from 
H&E slides. (j) Quantification of fibrotic capsule thickness in the sections from H&E slides. 
(k) Assessment of anti-OVA IgG1 antibody titers in serum of mice which received OVA-
HAC2, GMCSF-OVA-HAC2, CpG-OVA-HAC2, or GMCSF-CpG-OVA-HAC2 
administered in a prime and boost setting 11-days apart. Data in b-g represents mean ± 
s.d. of n = 5 cryogels. Data in i represents mean ± s.d. of n = 8-10 cryogels. Data in j 
represents mean ± s.d. of n = 20 measurements (4 measurements per cryogel). Data in 
k represents mean ± s.d. of n = 5 mice. Data in b, e-g, i, j compared using one-way 
ANOVA with Dunnet’s multiple comparison. Data in d was compared using Kruskal-Wallis 
test with Dunnet’s multiple comparison. Data in k was compared using two-way ANOVA 
with Bonferroni’s multiple comparison test. Figure 4a created using Biorender.    
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Figure 4.5| Adaptive immune response to HA cryogel vaccine is dose-responsive 
(a) Representative in vivo imaging system (IVIS) fluorescence images of Cy5-labeled 
CpG (CpG:Cy5) and OVA encapsulated within HA cryogels from supplier 2 (CpG:Cy5-
OVA-HAC2) and measuring degradation by quantification of total radiant efficiency 
normalized to initial 6-hour timepoint. (b) Assessment of anti-OVA IgG1 antibody titers in 
serum of mice which received CpG-OVA-HAC2 administered as a single dose prime, two-
dose prime, single dose prime and boost administered 11-days apart, or two-dose prime 
and boost administered 11-days apart. (c) Representative flow cytometry plots in axillary 
draining lymph nodes (LNs) to depicting gating strategy to assess CD45+B220-

CD8+SIINFEKL+ cells (OVA-specific cytotoxic T cells). (d) Percentage of OVA-specific 
cytotoxic T cells of total CD45+B220-CD8+ cells (cytotoxic T cells) in axillary draining LNs. 
(e) Representative IVIS fluorescence images of CpG and OVA encapsulated within Cy5-
conjugated HAC2 (CpG-OVA-HAC2:Cy5) in B6 and gp91phox- mice. (f) Assessment of 
anti-OVA IgG1 antibody titers in serum of B6 and gp91phox- mice which received 2 CpG-
OVA-HAC2:Cy5 as a prime and boost. (g) Overview schematic for assessing anti-OVA 
IgG1 antibody titers post autologous hematopoietic stem cell transplant (HSCT) mice (h) 
Anti-OVA IgG1 antibody titers in serum of mice following 2 prime and boost vaccination 
of either 2 bolus CpG + OVA vaccination or 2 CpG-OVA-HAC2 post-HSCT. Data in a 
represents mean ± s.e.m. of n=5 mice. Data in b, d, f represents mean ± s.d. of n=5 mice. 
Data in h represents mean ± s.d. of n=7 mice. Data in b, f, h were compared pairwise 
using two-way ANOVA with Bonferroni’s multiple comparison test. Data in d was 
compared using one-way ANOVA with Dunnet’s multiple comparison. Figure 5g created 
using Biorender.      
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Figure 4.6| CpG-OVA-HAC2 provides protection against B16-OVA melanoma 
(a) Overview schematic for assessing prophylactic immunization in mediating protection 
against B16-OVA melanoma. b-d (b) Progression-free survival, (c) tumor volume 
measured in individual mice, and (d) overall survival. Mice were inoculated with 100K 
B16-OVA melanoma cells administered subcutaneously either in unvaccinated mice, or 
after two-dose bolus, single dose CpG-OVA-HAC2, and two-dose CpG-OVA-HAC2 
administered as a prime and boost. (e) Quantification of anti-OVA IgG1 antibody titers in 
serum of vaccinated mice 6-weeks post prime and 3-weeks post tumor inoculation. (f) 
Overview schematic for assessing therapeutic immunization in mediating protection 
against B16-OVA melanoma. g, h (g) Tumor volume measured in individual mice and (h) 
overall survival. Data in b, c, d represents n=10 mice. Data in e represents mean ± s.d. 
of n=10 mice. Data in g, h represents n=8-10 mice. Data in b, d, h were compared 
pairwise using log-rank test. Data in c, g was compared using Kruskal-Wallis test with 
Dunnet’s multiple comparison of area under the curve. Data in e was compared using 
one-way ANOVA with Dunnet’s multiple comparison. Figure 6a, f created using 
Biorender.      
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4.5 Table 

Table 4.1 | Endotoxin Content of HAC1 and HAC2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



153 
 

4.6 Appendix 
 

Supplementary Figure 4.1| Extended HA cryogel characterization 
(a) Schematic for tetrazine (Tz) and norbornene (Nb) functionalization of HA polymer, 
Cy5 functionalization of Nb functionalized HA polymer (Cy5-HA-Nb) and crosslinking of 
Tz functionalized HA polymer (HA-Tz) with Cy5-HA-Nb to make crosslinked Cy5-labled 
HA cryogels. (b) Quantification of pore diameter in HA cryogels from supplier 1 (HAC1) 
and supplier 2 (HAC2). (c) Time to 50% fluorescence intensity for OVA-HAC1:Cy5 and 
OVA-HAC2:Cy5. Data in b represents mean ± s.d. of n=3 cryogels. Data in c represents 
mean s.d. of n=5 cryogels. Data in b, c compared using student’s t-test on pooled 
measurements.  
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Supplementary Figure 4.2| Extended innate immune cell infiltration 
characterization in OVA-HAC1 and OVA-HAC2 
(a) Representative gating strategy to determine identity of innate immune cells. (b) 
Percentage of Aqua Zombie- (live) cells within OVA-HAC1 and OVA-HAC2. c-g 
Quantification of (c) total CD45+CD11b+ (myeloid), (d) CD45+CD11b+Ly6G+ (neutrophil), 
(e) CD45+CD11b+Ly6G-CD115+ (monocyte), (f) CD45+CD11b+Ly6G-CD115-F4/80+ 
(macrophage), and (g) CD45+CD11b+Ly6G-CD115-F4/80-CD11c+ (dendritic) cells (DCs) 
in LPS-doped OVA-HAC2. (h) Infiltrating immune cell lineages plotted as a percentage of 
myeloid cells in LPS-doped OVA-HAC2. (i) Assessment of anti-OVA IgG1 antibody titers 
in serum of mice which received a single OVA-HAC2, 0.0052EU (low) LPS-doped OVA-
HAC2, or 0.0533EU (high) LPS-doped OVA-HAC2 administered in a prime and boost 
setting 11-days apart. Data in b represents mean ± s.d. of n = 9 cryogels. Data in c-h 
represents mean ± s.d. of n = 5 cryogels. Data in i represents mean ± s.d. of n = 5 mice. 
Data in b compared using student’s t-test. Data in c-g compared with one-way ANOVA 
with Dunnet’s multiple comparison. Data in i compared using two-way ANOVA with 
Bonferroni’s multiple comparison test. 
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Supplementary Figure 4.3| In vitro release profile of CpG and GM-CSF  
(a) Quantification of in vitro CpG release from CpG and OVA encapsulated HA cryogel 
from supplier 2 (CpG-OVA-HAC2) in both 1x PBS and hyaluronidase 2 (HYAL2) solution. 
(b) Quantification of in vitro GM-CSF release from GM-CSF and OVA encapsulated HAC2 
(GMCSF-OVA-HAC2) in both 1x PBS and HYAL2 solution. Data in a, b represents mean 
± s.d. of n = 4 cryogels. Data in a, b compared using two-way ANOVA with Bonferroni’s 
multiple comparison test.  
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Supplementary Figure 4.4| Extended characterization of innate immune cell 
infiltration in adjuvanted OVA-HAC2  
a,b Percentage of Aqua Zombie- (live) cells within OVA-encapsulated HA cryogel from 
supplier 2 (OVA-HAC2), GM-CSF and OVA encapsulated HAC2 (GMCSF-OVA-HAC2), 
CpG and OVA encapsulated HAC2 (CpG-OVA-HAC2), and GM-CSF, CpG, and OVA 
encapsulated HAC2 (GMCSF-CpG-OVA-HAC2) (a) 10-days and (b) 21-days after 
injection. c-g Quantification of (c) total CD45+CD11b+ (myeloid) cells, (d) 
CD45+CD11b+Ly6G+ (neutrophils), (e) CD45+CD11b+Ly6G-CD115+ (monocytes), (f) 
CD45+CD11b+Ly6G-CD115-F4/80+ (macrophages), and (g) CD45+CD11b+Ly6G-CD115-

F4/80-CD11c+ (dendritic) cells in cryogels removed 21-days after injection. (h) Infiltrating 
immune cell lineages plotted as a percentage of myeloid cells in cryogels removed 21-
days after injection. Data in a-g represents mean ± s.d. of n = 5 mice. Data in a-g was 
compared using one-way ANOVA with Dunnet’s multiple comparison.   
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Supplementary Figure 4.5| Extended characterization assessing vaccine efficacy 
of bolus vaccine formulations 
(a) Overview schematic for assessing bolus vaccine formulations. (b) Assessment of anti-
OVA IgG1 antibody titers in serum of mice which received a single bolus OVA, bolus GM-
CSF + OVA, bolus CpG + OVA, or bolus GM-CSF + CpG + OVA injection administered 
in a prime and boost setting 11-days apart. c,d Representative gating strategy to 
determine identity of adaptive immune cells in (c) draining axillary lymph nodes (LNs) and 
(d) spleen. e, f Percentage of CD45+B220-CD8+SIINFEKL+ (OVA-specific cytotoxic T 
cells) of total CD45+B220-CD8+ cells (cytotoxic T cells) in (e) axillary lymph nodes and (f) 
spleen. Data in b, e, f represents mean ± s.d. of n = 5 mice. Data in b was compared 
using two-way ANOVA with Bonferroni’s multiple comparison test. Data in e, f were 
compared using one-way ANOVA with Dunnet’s multiple comparison. Figure 5a created 
using Biorender.      
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Supplementary Figure 4.6| Supplementary data for dose escalation studies 
Percentage of CD45+B220-CD8+SIINFEKL+ cells (OVA-specific cytotoxic T cells) of total 
CD45+B220-CD8+ cells (cytotoxic T cells) in spleen. Data in represents mean ± s.d. of 
n=5 mice and was compared using one-way ANOVA with Dunnet’s multiple comparison.  
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4.7 Methods 
 

4.7.1 General methods and statistics  
 

Sample sizes for animal studies were based on prior work without use of additional 

statistical estimations12. Results were analyzed where indicated using student’s t-test, 

one-way ANOVA with Dunnett’s multiple comparison, Kruskal-Wallis test with Dunnet’s 

multiple comparison, two-way ANOVA with Bonferroni’s test, and log-rank test using 

Graphpad Prism software. Alphanumeric coding was used in blinding for pathology 

samples and cell counting.  

4.7.2 Reagents  
 

Sodium hyaluronate was purchased from Acros Organics (MW 1.5-2.2MDa, lot: 

A0405554, Supplier 1) and NovaMatrix (MW 1.2-1.9 MDa, Pharma Grade 150, lot: 

18011K, Supplier 2). (2-morpholinoethanesulfonic acid (MES), sodium chloride (NaCl), 

sodium hydroxide (NaOH), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC), sodium periodate (311448) and 

ammonia borane (AB) complex (682098) were purchased from Sigma-Aldrich. (4-

(1,2,4,5-tetrzain-3-yl)phenyl)methanamine (tetrazine amine) was purchased from 

Kerafast (FCC659, lot: 2014). 1-bicyclo[2.2.1]hept-5-en-2-ylmethanamine (norbornene 

amine) was purchased from Matrix Scientific (# 038023, lot: M15S). Cy5-tetrazine amine 

was purchased from Lumiprobe (lot: 9D2FH). 1kDa molecular weight cutoff (MWCO) 

mPES membrane was purchased from Spectrum (S02-E001-05-N). GM-CSF was 

purchased from PeproTech (AF-315-03, lot: 081955). CpG (CpG ODN 1826, 5′-TCC ATG 

ACG TTC CTG ACG TT-3′) was purchased from Integrated DNA Technologies (lots: 

480037977, 513470982). CpG:Cy5 (CpG ODN 1826, 5′-Cy5 TCC ATG ACG TTC CTG 
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ACG TT-3′) was purchased from Integrated DNA Technologies (lot: 526167013). Vaccine 

grade OVA was purchased from Invivogen (vac-pova-100, lot: 5822-04-01). 

Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich (L3012-5MG, lot: 

0000091258).  

4.7.3 Derivatization of HA 
 

Tetrazine functionalized HA (HA-Tz) or norbornene functionalized HA (HA-Nb) were 

prepared by reacting tetrazine amine or norbornene amine to HA using EDC/NHS 

carbodiimide chemistry. Sodium hyaluronate was dissolved in a buffer solution (0.75% 

wt/vol, pH ~ 6.5) of 100mM MES buffer. NHS and EDC were added to the mixture to 

activate the carboxylic acid groups on the HA backbone followed by either tetrazine amine 

or norbornene amine. HA from both suppliers was assumed to be 1.8 MDa for purposes 

of conjugation reactions. To synthesize HA-Tz, the molar ratios of HA:EDC:NHS:tetrazine 

are 1:25000:25000:2500. To synthesize HA-Nb, the molar ratios of 

HA:EDC:NHS:norbornene are 1:25000:25000:2500. Each reaction was stirred at room 

temperature for 24 hours and transferred to a 12,000Da MW cutoff dialysis sack (Sigma 

Aldrich) and dialyzed in 4L of NaCl solutions of decreasing molarity (0.125M, 0.100M, 

0.075M, 0.050M, 0.025M, 0M, 0M, 0M, 0M) for 8 hours per solution. After dialysis, 

solutions containing HA-Tz or HA-Nb were frozen overnight and lyophilized (Labconco 

Freezone 4.5) for 48 hours. Cy5 conjugated HA-Nb (Cy5-HA-Nb) was synthesized 

following a previously described technique12. 0.8mg of Cy5-Tz was reacted with 100mg 

of HA-Nb at 0.2 wt/vol in DI water for 24 hours at 37 oC and purified by dialysis in DI water 

using a 12,000Da MW cutoff dialysis sack for 48 hours. Dialysis water bath was changed 
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every ~8 hours. The Cy5-HA-Nb solution was then frozen overnight and lyophilized for 

48 hours.  

4.7.4 Cryogel formation 
 

We followed a previously described cryogelation method12. To form cryogels, aqueous 

solutions of 0.6% wt/vol HA-Tz and Cy5-HA-Nb were prepared by dissolving lyophilized 

polymers into deionized water and left on a rocker at room temperature for a minimum of 

8 hours to allow for dissolution. The aqueous solutions were then pre-cooled to 4oC before 

crosslinking to slow reaction kinetics. HA-Tz and HA-Nb solutions were mixed at a 1:1 

volume ratio, pipetted into 30μL Teflon molds which were pre-cooled to -20 oC, and 

quickly transferred to a -20 oC freezer to allow for overnight cryogelation. To form OVA-

HA cryogels, HA-Tz and Cy5-HA-Nb were solubilized in 3.33mg/mL OVA solution in DI 

water prior to crosslinking. To form HA cryogel vaccines, 1μL/cryogel of CpG (100mg/mL 

concentration) and/or GM-CSF (1mg/mL concentration) was added to HA-Tz or Cy5-HA-

Nb solubilized in OVA solution prior to crosslinking.   

4.7.5 Endotoxin Testing 
 

Endotoxin testing was conducted using a commercially available endotoxin testing kit 

(88282, Thermo Fisher Scientific, lot: VH310729) and following manufacturer’s 

instructions. HA-Tz and Cy5-HA-Nb from both suppliers were solubilized at 0.3 wt% in 

endotoxin free water and samples were tested in technical triplicates. To calculate 

endotoxin content of a single HA cryogel, the EU/mL concentration for HA-Tz and Cy5-

HA-Nb were multiplied by 0.03 (30uL of volume per HA cryogel). Other components of 

the HA cryogel vaccine formulations tested for endotoxin included CpG (100μg/mL 
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concentration), OVA (100μg/mL concentration), GM-CSF (1μg/mL concentration), and 

RO water which was used to solubilize all vaccine components.  

4.7.6 Pore size analysis of HA cryogels 
 

For scanning electron microscopy (SEM), frozen HA cryogels were lyophilized for 24 

hours in their molds. Lyophilized HA cryogels were adhered onto sample stubs using 

carbon tape and coated with iridium in a sputter coater. Samples were imaged using 

secondary electron detection on a FEI Quanta 250 field emission SEM in the Nano3 user 

facility at UC San Diego.  Fluorescence images of Cy5-labled HA cryogels were acquired 

using a Leica SP8 All experiments were performed at the UC San Diego School of 

Medicine Microscopy Core. Pore size quantification of SEM images was quantified using 

FIJI image processing package54. 

4.7.7 LPS doping of HAC2 
 

LPS was added to HA-Tz and HA-Nb solutions from supplier 2 at either 12.5ng/100mg or 

1.25ng/100mg. The mixtures were stirred for 24 hours and then frozen overnight and 

lyophilized for 48 hours. Lyophilized polymers were rehydrated to assess endotoxin 

concentration prior to conducting in vivo studies.   

4.7.8 HA cryogel pore-interconnectedness analysis 
 

Cy5-labeled HA cryogels were incubated in 1mL of FITC-labeled 10µM diameter 

melamine resin micro particles (Sigma Aldrich) at 0.29mg/mL concentration on a rocker 

at room temperature overnight. Fluorescence images of HA cryogels with FITC-labeled 

microparticles were acquired using a Leica SP8 confocal. Interconnectedness of the HA 

cryogels was determined by generating 3D renderings of confocal z-stacks using FIJI 

imaging processing package and assessing fluorescence intensity of both the Cy5 and 
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FITC channels with depth starting from the top of the HA cryogel. All experiments were 

performed at the UC San Diego School of Medicine Microscopy Core. 

4.7.9 In vitro degradation of HA cryogels  
 

Cy5-labled HA cryogels were placed into individual 1.5mL microcentrifuge tubes (3448, 

Thermo Scientific, lot: 20430852) with 1mL of 100U/mL Hyaluronidase from sheep testes 

Type II (HYAL2, H2126, Sigma Aldrich, lot: SLBZ9984) in 1x phosphate buffered saline 

(PBS). Degradation studies were conducted in tissue culture incubators at 37 oC. 

Supernatant from samples were collected by centrifuging the samples at room 

temperature at 2,000G for 5 minutes and removing 0.9mL of supernatant. HA cryogels 

were resuspended by adding 0.9mL of freshly made 100U/mL HYAL2 in 1x PBS. 

Fluorescence measurements were conducted using a Nanodrop 2000 

Spectrophotometer (Thermo Fisher Scientific) and these values were normalized to sum 

of the fluorescence values over the course of the experiment.   

4.7.10 In vitro release assays 
 

OVA-HAC1, OVA-HAC2, CpG-OVA-HAC2, or GMCSF-OVA-HAC2 were placed into 

individual 1.5mL microcentrifuge tubes in either 1mL of 1x PBS or 100U/mL HYAL2 

solubilized in 1x PBS. Quantification of in vitro OVA release was conducted using a Micro 

BCA kit (Thermo Fisher Scientific, lot: UD277184) on supernatant samples. Absorbance 

values of 100U/mL HYAL2 solution was assessed and subtracted from absorbance 

values in supernatant containing HYAL2 solution. Quantification of in vitro CpG release 

was conducted using OliGreen Assay kit (Thermo Fisher Scientific, lot: 2471822). 

Quantification of in vitro GM-CSF release was conducted using Murine GM-CSF ELISA 

kit (Peprotech, lot: 1010055).   
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4.7.11 Cell lines and cell culture 
 

The B16-OVA cell line was obtained from Professor Liangfang Zhang’s laboratory 

(University of California, San Diego). The cells were cultured in Dulbecco’s modified eagle 

medium (DMEM, Gibco, lot: 2060444) supplemented with 10% fetal bovine serum 

(Gibco), 1% penicillin-streptomycin (Corning, lot: 30002357), and 300μg/mL hygromycin 

B (Corning, lot: 30240136, selective antibiotic for OVA-expressing cells).   

4.7.12 In vivo mouse experiments 
 

All animal work was conducted at the Moores Cancer Center vivarium at UC San Diego 

and approved by the Institutional Animal Care and Use Committee (IACUC) under 

protocol number S17160. All animal experiments followed the National Institutes of Health 

guidelines and relevant AALAC-approved procedures. Female C57BL/6J mice (B6, Jax 

# 000664) and BALB/cJ mice (Jax # 000651) were 6-8 weeks at the start of the 

experiments. Male B6 and B6.129S-Cybbtm1Din (gp91phox-, Jax # 002365) mice were 6-

8 weeks old at the start of experiments. All mice in each experiment were age and sex 

matched and no randomization was performed. This work did not assess if there are sex-

differences associated with the observed effects. Female mice are commonly used in 

mouse model of melanoma. Previous studies have shown sex-based differences in 

adaptive immune response to both vaccination and tumor growth rate63,64. Females 

typically develop higher antibody titers than males and tumor growth rate in murine 

melanoma is slowed in female mice due to a more robust adaptive immune response. It 

is unknown if there are sex-differences in the mouse HSCT model described in this work. 

Male mice were used in the gp91phox- studies as the mutation is X-linked and males but 

not females lack superoxide production65,66. 
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4.7.13 Subcutaneous cryogel administration 
 

HA cryogels suspended in 200μL of sterile 1x PBS were administered into the dorsal flank 

of mice by means of a 16G needle positioned approximately midway between the hind- 

and forelimbs. The site of injection was shaved and wiped with a sterile alcohol pad prior 

to gel injection.  

4.7.14 In vivo cryogel degradation 
 

In vivo OVA-HAC1:Cy5 and OVA-HAC2:Cy5 degradation studies were performed in B6 

mice and gp91phox- mice. In all cases, Cy5-labeled cryogels were administered into the 

dorsal flank of an anesthetized mouse and the fluorescent intensity of the HA cryogel was 

quantified using an IVIS spectrometer (PerkinElmer) at predetermined timepoints and 

analyzed using LivingImage software (PerkinElmer). At each timepoint, mice were 

anesthetized and the area around the subcutaneous cryogel was shaved to reduce 

fluorescence signal attenuation. Fluorescence radiant efficiency, the ratio of fluorescence 

emission to excitation, was measured longitudinally as a metric to quantify fluorescence 

from subcutaneous cryogels. These values were normalized to the measured signal on 

day 3. All experiments were performed at the Moores Cancer Microscopy Core Facility at 

UC San Diego Health using an IVIS spectrometer. 

4.7.14 In vivo release 
 

For in vivo release assays, OVA:Cy5 was prepared by reacting OVA with sulfo-Cy5 NHS 

ester (Lumiprobe, lot: lot: 7FM7C) at a 1:50:5 molar ratio of OVA:EDC:Sulfo-Cy5 NHS 

ester in MES buffer to form OVA:Cy5. Unreacted EDC and sulfo-Cy5 NHS ester were 

removed by overnight dialysis using a 12kDa MWCO dialysis membrane (D6191, Sigma 

Aldrich, lot: SLCL5005). 100μg of OVA:Cy5 was added to either HAC1 or HAC2 polymer 
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mixture prior to crosslinking. To make CpG:Cy5-OVA-HAC2, 100μg of CpG:Cy5 was 

added to OVA-HAC2 polymer mixture prior to crosslinking. For all in vivo release assays, 

release was assessed normalized to a 6-hour initial timepoint in an analogous manner to 

in the in vivo cryogel degradation studies in the previous section.  

4.7.15 Detection of serum anti-OVA IgG1 antibody titers 
 

Blood was first collected from the tail vein of mice into EDTA coated tubes (365974, BD, 

lot: 2181885). Blood was centrifuged at 2,000G for 10 minutes at room temperature for 

serum collection. Anti-OVA IgG1 antibody titers were quantified using ELISA following 

established protocol42. High-binding (3590, Corning) ELISA plates were coated with 

1μg/mL OVA in PBS at 4 °C overnight. Serum samples were diluted ranging from 1:8 to 

1:1:163840 and incubated with the plates at room temperature for 1.5 hours before 

staining for mouse IgG1 (406604, Biolegend, lot: B270354). The anti-OVA titer was defied 

as the lowest serum dilution with an optical density value above 0.2. 

4.7.16 Flow cytometry analysis 
 

Anti-mouse antibodies to CD45 (30-F11, lot: B280746), CD11b (M1/70, lot: B322056), 

Ly6-G/Gr-1 (1A8, lot: B259670), CD115 (CSF-1R, lot: B291837), CD11c (N418, lot: 

B346713), CD4 (RM4-5, lot: B240051), CD8α (53-6.7, lot: B266721), and B220 (RA3-

6B2, lot: B298555) were purchased from Biolegend. Anti-mouse F4/80 (BM8, lot: 

2229150) and was purchased from eBioscience. SIINFEKL tetramer (lot: 57396) was 

sourced from the NIH tetramer core. All cells were gated based on forward and side 

scatter characteristics to limit debris, including dead cells. Aqua Zombie fixable viability 

kit (423102, Biolegend, lot: B348291) was used to separate live and dead cells. 

Antibodies were diluted 1:400 v/v in staining buffer in and added to cells in 1:1 v/v ratio. 
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Cells were gated based on fluorescence-minus-one controls, and the frequencies of cells 

staining positive for each marker were recorded. To quantify infiltrating immune cells 

within HA cryogels, spleen, and axillary LNs, mice were sacrificed, organ or HA cryogel 

was removed, and crushed against a 70-micron filter screen before antibody staining. All 

flow cytometry experiments were performed using a Attune® NxT Acoustic Focusing 

cytometer analyzer (A24858) at UC San Diego. Flow cytometry was analyzed using 

FlowJo (BD) software. 

4.7.17 Histology 
 

After euthanasia, HA cryogels were explanted and fixed in 4% paraformaldehyde (PFA) 

for 24 hours. 4% PFA was prepared by diluting 16% PFA stock (28908, Thermo Fisher 

Scientific, lot: XB340632) in 1x PBS. The fixed HA cryogels were then transferred to 70% 

ethanol solution. Samples were routinely processed, and sections (5μm) were stained 

and digitized using an Aperio AT2 Automated Digital Whole Slide Scanner by the Tissue 

Technology Shared Resource at the Moores Cancer Center at UC San Diego Health. 

Digital slides were rendered in QuPath and positive cell detection was used to quantify 

the total number of mononuclear cells within each image. Quantification of mononuclear 

cell density was determined for each histological section. To quantify fibrotic capsule 

thickness, Qupath was used to measure the epithelial cell layer starting at the edge of the 

cryogel. Four measurements per cryogel were taken and all measurements were pooled 

for analysis.  

4.7.18 Hematopoietic stem cell transplant 
 

Irradiations were performed with a Cesium-137 gamma-radiation source irradiator (J.L. 

Shepherd & Co.). Syngeneic HSCT (B6 donor and recipient) and allogenic HSCT (BalbC 
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donors, B6 recipients) consisted of 2 doses of 5000 cGy 6-hours apart + 15M whole bone 

marrow cells and 10M splenocytes. Bone marrow cells for transplantation (from donors) 

were harvested by crushing all limbs with a mortar and pestle, diluted in 1× PBS, filtering 

the tissue homogenate through a 70 μm mesh and preparing a single-cell suspension by 

passing the cells in the flowthrough once through a 20-gauge needle. Splenocytes were 

collected by crushing spleens against a 70 μm mesh and preparing a single-cell 

suspension by passing the cells in the flowthrough once through a 20-gauge needle. Total 

cellularity was determined by counting cells using a hemacytometer. Subsequently, cells 

were suspended in 100 μl of sterile 1× PBS and administered to anesthetized mice via a 

single retroorbital injection. All experiments were performed at the Moores Cancer Animal 

Facility at UC San Diego Health.  

4.7.19 Prophylactic immunization  
 

CpG-OVA-HAC2 were administered to mice in a prime and boost schedule 11-days apart. 

Unvaccinated mice were used as a control. Mice were challenged 21 days post-prime 

with 100 thousand B16-OVA cells in 100μL cold PBS injected subcutaneously below the 

neck using an insulin syringe. Tumor growth was monitored using calipers. Tumor volume 

was calculated assuming an ellipsoid (Volume = 4/3 * π * long axis/2 * short axis/2 * 

height/2). Mice were euthanized when the tumor volume exceeded 1200mm3.  

4.7.20 Therapeutic immunization  
 

100K B16-OVA cells in 100 μL cold PBS injected subcutaneously below the neck using 

an insulin syringe. CpG-OVA-HAC2 were administered to mice 3-days post tumor 

inoculation in a prime and boost schedule 11-days apart. Tumor growth was monitored 

using calipers. Tumor volume was calculated assuming an ellipsoid (Volume = 4/3 * π * 
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long axis/2 * short axis/2 * height/2). Mice were euthanized when the tumor volume 

exceeded 1200 mm3. 
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 

5.1 Overview 
 

This chapter is organized into two major parts. First, a summary of research and 

major conclusions is overviewed. Second, future research directions stemming from the 

conclusions of this work are discussed. 

5.2 Summary 
 

 The thesis focused on the development of biodegradable hyaluronic acid scaffolds 

for the sustained release of immunomodulators to enhance immunity. In Chapter 2, click-

crosslinked HA cryogels are introduced and their utility as a drug delivery platform is 

established. From studies comparing HA cryogel degradation kinetics in immune 

competent and immune deficient mouse models, particularly NSG and gp91-phox, we 

determined that degradation of the HA cryogels was primarily driven by oxidative burst of 

neutrophils. In post-HSCT mice, HA cryogel degradation was delayed for 3-weeks and 

coincided with peripheral blood neutrophil reconstitution and HA cryogel infiltration. This 

data supported the finding that neutrophils are primarily responsible for HA cryogel 

degradation. Leveraging these findings, G-CSF was encapsulated within the HA cryogel 

and the delayed degradation in HSCT settings sustained the release of G-CSF from HA 

cryogels and accelerated neutrophil reconstitution. 

 In Chapter 3, cancer vaccine strategies involving both allogenic and autologous 

engineered whole cell-based vaccines were discussed. Peptide-based and DNA-based 

tumor antigen targeted subunit vaccines are reviewed. Clinical results for cancer vaccines 
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and newer strategies combining cancer vaccines with chemotherapy or immune 

checkpoint blockade are emphasized.  

 Chapter 4 combined the system developed in Chapter 2 with the concept of cancer 

vaccines reviewed in Chapter 3. HA sourced from different suppliers and formulated into 

cryogels termed HAC1 and HAC2. OVA was encapsulated in the cryogels and differences 

in degradation kinetics, innate immune response to the cryogels, and anti-OVA IgG1 titers 

were assessed. From these studies, we chose to proceed with HAC2 and incorporated 

additional adjuvants CpG and/or GM-CSF into OVA-HAC2. Both GM-CSF and CpG 

enhanced adaptive immune response to vaccination comparably. Inclusion of GM-CSF 

increased inflammation at the injection site. In contrast, CpG enhanced adaptive immune 

response while foreign body response at the biomaterial site was unaffected. As a result, 

CpG-OVA-HAC2 formulation was further assessed in both prophylactic and therapeutic 

studies using a melanoma model. CpG-OVA-HAC2 conferred protection in these models 

supporting its potential as an immunotherapeutic agent in cancer.  

5.3 Future Directions 
 

 This work has established the HA cryogel platform as a biodegradable drug 

delivery device. There is potential to further expand the use cases and address limitations 

of this platform in vaccination settings. Several proposed follow-up studies are 

overviewed in the following sub-sections.  

5.3.1 Subunit Vaccination Against Melanoma Antigens  
 

 The HA cryogel vaccine formulation, OVA-CpG-HAC2, induces an adaptive 

immune response against a model antigen OVA. A potential direction is to induce an 

adaptive immune response to melanoma specific antigens such as glycoprotein 100 
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(gp100)9 or tyrosinase-related protein 2 (trp2)10. Adjuvant dose, antigen dose, and 

combination of melanoma antigens are all parameters which can be modified to maximize 

the adaptive immune response. This approach could potentially be combined with 

immune checkpoint blockade or chemotherapy to better mimic clinical strategies for 

deploying therapeutic cancer vaccines.   

5.3.2 Subunit Vaccination Against Infectious Diseases 

 Vaccination with the HA cryogel platform can be expanded beyond cancer to 

prevent viral infections such as influenza or SARS-CoV-2. As compared to bolus 

vaccination, the HA cryogel system sustains the release of antigen and adjuvant over a 

prolonged period which enhances the adaptive immune response and may preclude 

necessity of booster vaccinations. Antigen and adjuvant identity and dosing may need to 

be modified to ensure robust adaptive immune response following long-term room 

temperature lyophilization and storage.  

5.4 Concluding Remarks 
 

 The work presented in this thesis has resulted in the development of HA cryogels 

as a biodegradable drug delivery platform. The neutrophil responsive degradation of HA 

cryogels represents a new mechanism of drug release which can be leveraged to improve 

delivery. HA cryogels are amenable to the encapsulation of a range of immunomodulatory 

agents which could be explored in further research. The flexibility could also be leveraged 

for developing personalized immunotherapies.  
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