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IL-1, and TNF-. In contrast, functionalization of the 20:80 CPTEG:CPH nanoparticles led to 

the up-regulation of cytokine release by DCs, resulting in significantly higher amounts of IL-6, 

IL-1, and TNF- as compared to non-functionalized 20:80 CPTEG:CPH nanoparticles. This 

suggests that the functionalized 20:80 CPTEG:CPH nanoparticles would induce a more robust 

signal 3, likely through a bystander effect, which is consistent with previous studies that showed 

that the 20:80 CPTEG:CPH formulation induced more robust T cell responses (43).
 
Altogether, 

these data demonstrate that nanoparticle chemistry itself can differentially regulate DC cytokine 

production. More importantly, our data also shows that surface modification of polyanhydride 

nanoparticles can affect cytokine production in a chemistry-dependent manner.  For 

completeness, the cell surface marker expression and cytokine secretion data for the non-serum-

adsorbed particles are shown in the Supporting Information section. 

Dendritic cell maturation is triggered by signals received during its interactions with the 

antigen or pathogen and the environmental milieu in which encounter occurs. Some of these 

interactions are mediated by plasma membrane receptors including PRRs, CLRs, Fc gamma 

receptors, and complement (C) receptors (44). Some of these receptors recognize foreign 

molecules while others recognize host proteins, namely serum proteins. Serum proteins adsorbed 

onto our nanoparticles will likely modulate the way the nanoparticles interact with DCs. 

Moreover, we hypothesize that chemistry and surface modification of the nanoparticles would 

lead to differential interactions with serum proteins and may contribute to the differences in 

internalization, DC surface receptor expression, and cytokine production.  Following analysis of 

adsorbed serum protein onto our different nanoparticle formulations, we determined (as 

expected) that the more hydrophobic 20:80 CPTEG:CPH nanoparticles adsorbed two-to-four 

fold greater amounts of protein regardless of functionalization as compared to the 20:80 CPH:SA 
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5.3.16 Statistical analysis 

Statistical analysis was used to analyze the cell surface marker expression and cytokine 

secretion data. Two-way ANOVA and Dunnett’s test were used to determine statistical 

significance among treatments and p-values < 0.05 were considered significant. 

5.4 Results 

5.4.1 Functionalization and characterization of carbohydrate-modified nanoparticles 

Our previous work has shown that amphiphilic nanoparticle chemistries were suitable for 

protein stabilization (16; 24; 28; 38; 39), demonstrated potent adjuvant responses (20), and were 

effectively taken up by and activated APCs (6; 17; 24; 40). Therefore, the 50:50 CPTEG:CPH 

nanoparticle formulation was chosen to perform the carbohydrate functionalization and to 

evaluate safety upon in vivo administration.  

Particle morphology was characterized using scanning electron microscopy, as shown by 

the photomicrographs in Figure 5.1. The size of these particles was measured using ImageJ 

software (version 1.47v, NIH, Bethesda, MD). The diameter of the non-functionalized 50:50 

CPTEG:CPH nanoparticles was 182 ± 59 nm. After functionalization, the diameter increased to 

223 ± 61 nm, 228 ± 43 nm, and 236 ± 55 nm, for linker-, galactose-, and di-mannose-modified 

particles, respectively. In addition, the ζ-potentials and the surface concentration of the sugars for 

each formulation were measured and are shown in Figure 5.1. The NF particles are negatively 

charged, consistent with the presence of carboxylic acid moieties with a ζ-potential of -21 ± 3.2 

mV, while the addition of the amine linker to which the neutral sugar moieties (i.e., galactose 

and di-mannose) were attached resulted in a positively charged surface with ζ-potentials of 18 ± 

2.5 mV, 16 ± 2.1 mV and 19 ± 1.9 mV, respectively. After the carbohydrate modification was 
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completed, quantification of the amount of sugar linked to the particle surface was measured 

using a phenol sulfuric acid assay and indicated that 15 ± 5.5 μg of galactose or 19 ± 2.4 μg of 

di-mannose were present per milligram of particles.  

5.4.2 Kidney histological evaluation and renal function 

Following subcutaneous administration of 5 mg of particles to mice, serum, urine, and 

kidney samples were collected at 7 and 30 days. Histological evaluation of the tissue sections 

was performed and renal function biomarker levels were analyzed. Blood urea nitrogen (BUN) 

was measured in serum samples, while creatinine and total protein were quantified in urine 

samples. As shown in the representative histological images in Figure 5.2A, the inflammatory 

changes in the kidney during the period of the study were unremarkable as no significant 

differences were observed between the histological scores of mice treated with saline and the 

animals treated with the various nanoparticle formulations. Using a five point scale, the 

inflammatory infiltration scores ranged from 0-2, in all groups, with an average of 0.67, and 

these levels did not worsen between 7 to 30 days post-administration indicating that no acute or 

chronic inflammation was induced (Figure 5.2B). The distribution of the cellular infiltration had 

an average score of ~1.67, with only one mouse that was administered the galactose 

nanoparticles receiving a score of 3 at 7 days post-administration. In summary, these studies 

show that there was no histological evidence of tissue damage in the kidneys. Figure 5.2C shows 

renal function biomarker levels, BUN, and creatinine, both indicative of normal glomerular 

filtration rate. For the two biomarkers assessed and the total protein/creatinine ratio in the urine, 

there were no significant differences in urine samples collected at 7 or 30 days post-

administration from mice that were treated with saline and samples from mice that received any 

of the nanoparticle treatments. Both BUN and creatinine levels were within previously reported 
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significant compared to that in animals that received saline. D) CD8
+
 T cells from all the animals 

exhibited little cytokine production at this time point. Error bars represent standard error of 

mean. N = 12 mice per group. * represents statistical significance (p < 0.05) compared with the 

saline treatment group.   

 

Figure 8.3 Antibody titers from immunized animals at days 21 and 35 post-immunization. A) 

Nanovaccine formulations induced significant total IgG production, with the combination 

nanovaccine leading the way. B) Most of the antibody titers in animals immunized by the various 

vaccine formulations is specific to IgG1. C) Nanovaccine formulations induce statistically 
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significant class switching to IgG2a at Day 35. N = 12 mice per group. P values less than 0.05 

are significant from each other.  Groups that have different letters are statistically significant at 

that time point. 

 

Figure 8.4 Viral titers are highest in mice treated only with saline solution and nearly 

undetectable in mice receiving the combination nanovaccine. N = 6 mice per group. P values less 

than 0.05 are significant from each other as represented by the different letters. 
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Figure 8.5 Average body weight loss in each treatment group following infection with the H1N1 

virus. Mice treated with saline lost nearly 20% of their body weight eight days after infection, 

which mice receiving the nanovaccine formulations on average never lost weight. Saline is 

statistically significant from every other group starting at Day 4. N = 6 mice per group. 
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Figure 8.6 Non-specific and antigen-specific CD4
+
 and CD8

+
 cytokine production in the lungs 

of mice immunized with various formulations eight days after viral infection. A) CD4
+
 T cells 

from mice receiving saline exhibit the largest cytokine production upon non-specific stimulation. 
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B) None of the mice immunized with various formulations showed antigen-specific cytokine 

production in CD4
+
 T cells. C) & D) Mice receiving saline produced overwhelming amounts of 

pro-inflammatory cytokines in CD8
+
 T cells upon both non-specific and antigen specific 

stimulation. E) & F) The CD8
+
 T cells from mice receiving saline also produced granzyme B 

upon both non-specific and antigen specific stimulation. In contrast, there is no CD4
+
 or CD8

+
 

cytokine production upon stimulation in the lungs of mice immunized with the nanovaccine 

formulations. N = 6 mice per group. P values less than 0.05 are significant from each other as 

represented by the different letters.  

 



257 

 

 

 

CHAPTER 9: CONCLUSIONS AND ONGOING/FUTURE WORK 

9.1 Conclusions 

A significant component of this thesis has been dedicated to the rational design of 

nanovaccines that are capable of targeting their payloads to specific receptors on antigen 

presenting cells (APCs). There is evidence in the literature on the use of functionalized vaccines 

to augment the immunogenicity of an antigen by stimulating its uptake and processing as well as 

triggering proinflammatory transcription factors through intracellular signaling (1-3). Chapters 4, 

5, and 6 investigated a specific class of receptors, known as C-type Lectin receptors (CLRs) that 

are present on APCs such as dendritic cells. Nanoparticles were functionalized with di-mannose 

in order to target the macrophage mannose receptor. Early results conducted on primary dendritic 

cells in vitro suggested that these di-mannose modified nanoparticles were readily internalized 

by the cells, induced elevated cytokine secretion, and stimulated surface marker expression (4). 

In vivo studies in Chapter 5 showed that both functionalized and non-functionalized 

polyanhydride nanoparticles were safe for subcutaneous and intranasal administration. There was 

no histological damage in kidney, liver, or lung tissue of mice upon administration of these 

nanoparticles and no significant upregulation of serum biomarkers that would indicate tissue 

damage was observed (5). The efficacy of the carbohydrate-functionalized nanoparticles was 

tested with additional in vivo studies in Chapter 6. In these studies, it was observed that 

carbohydrate-functionalized nanoparticles encapsulated with ovalbumin did not stimulate a 

robust CD8
+
 T cell response in mice and induced similar long-lived antibody titers as those 

induced in animals receiving non-functionalized nanoparticles.  
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Another core component of this thesis evaluated the ability of polyanhydride 

nanoparticles to protect mice against influenza A virus. In Chapter 8, nanoparticles were loaded 

with the hemagglutinin (HA) and nucleoprotein (NP) antigens. Protection against influenza is 

known to depend strongly on the antibody response against HA, but the NP was added in order 

to help stimulate a stronger cell-mediated immune response (6). Pentablock copolymer hydrogels 

were used as adjuvants in combination with the nanoparticles to replace the carbohydrate-

functionalized nanoparticles because previous results have suggested that this combination 

induced synergistic in vivo immune responses against influenza (7). HA- and NP-based 

nanovaccine formulations consisted of nanoparticles alone, hydrogel alone, and a combination 

formulation in which nanoparticles were combined with hydrogels. The combination 

nanovaccine induced the best cell-mediated immune response as evidenced by the increased 

number of activated T cells. In addition, all nanovaccine formulations generated strong antibody 

titers. Mice treated with the nanovaccines had reduced clinical morbidity after viral infection, 

which was exemplified by almost no weight loss and lower viral titer in their lungs post-

infection. All the mice immunized with the combination nanovaccine completely cleared the 

virus, while all the mice receiving saline and soluble antigens had significantly higher viral 

nucleic acids in their lungs. 

Overall, this thesis demonstrates the enhanced properties of polyanhydride nanoparticles 

as nano-adjuvants that can induce both antibody- and cell-mediated immune responses against 

viral pathogens such as influenza A. This work also developed a new high throughput 

methodology for efficient synthesis and functionalization of these nanoparticles. Although the 

carbohydrate-functionalized nanoparticles performed similarly to the non-functionalized 

nanoparticles in terms of inducing in vivo adaptive immune responses, insightful information 
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was still obtained from these studies that provides some new directions for using functionalized 

polyanhydrides as an adjuvant/delivery platform. Targeting CLRs for drug delivery is still a 

nascent field. The concept of lectins recognizing specific glycan moieties was discovered in the 

1980s and the structure and function of many lectins are still unknown (8). Future research will 

undoubtedly illuminate the targeting capabilities of this class of receptors. The in vivo influenza 

challenge studies in Chapter 8 showed that polyanhydride nanoparticles provide an enhanced 

immune response and when used in combination with the pentablock copolymer hydrogels, they 

provide synergistically enhanced immune responses, which significantly reduced clinical 

morbidity. All of these studies with the nanovaccines have motivated several ongoing research 

directions and future studies, which are described below.  

9.2 Ongoing Research and Future Studies 

There are several ongoing studies with our collaborators that are further evaluating the 

efficacy of polyanhydride nanoparticles as vaccine delivery vehicles, particularly against 

influenza A virus. These studies illustrate the potential breadth of the advantages provided by the 

polyanhydride nanoparticles for the development of influenza vaccines. For example, 

preliminary data generated together with our collaborators, Drs. Legge and Waldschmidt, at the 

University of Iowa has indicated that nanovaccine formulations based on polyanhydride 

nanoparticles have the ability to provide heterosubtypic protection. Ongoing studies with our 

collaborator, Dr. Kohut in the Department of Kinesiology at Iowa State University, show that 

nanovaccines may induce efficacious immune responses in aged mice in addition to young adult 

mice. Finally, ongoing studies with our collaborator, Dr. Gourapura, at Ohio State University are 

evaluating whether polyanhydride nanoparticles can protect pigs from influenza viral challenge. 

All of these studies are described below. 
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In our collaborative studies with researchers at the University of Iowa, 20:80 

CPTEG:CPH nanoparticles were synthesized with 1 wt.% HA, 1 wt.% NP, and 1.67 wt.% CpG 

ODN 1668 in the presence of 0.2 wt.% Span 80 as a surfactant. CpG is a TLR 9 agonist known 

for stimulating the NF-κB transcription factor triggering a release of proinflammatory cytokines 

and kick starting the adaptive immune response (9; 10). The NP antigen contains several 

conserved epitopes recognized by T cells (11). The hypothesis here is that the presence of the NP 

will stimulate a cell-mediated immune response and help protect the mice from heterologous 

challenge as these epitopes tend to be more conserved across strains (12). Collaborators at the 

University of Iowa intranasally immunized BALB/c mice with 500 μg of nanoparticles 

containing 2.5 μg each of HA and NP along with 2.5 μg of soluble HA and NP. The mice were 

boosted with the same dose on day 14, and at day 46 they were challenged with either the 

homologous H1N1 A/PR/8/34 or the heterologous H3N2 A/HK/68 virus. All the mice receiving 

the nanovaccine immunization survived the homologous challenge, losing approximately 10% of 

their body weight before recovering (Figure 9.1A & 9.1B). In contrast, naïve control mice that 

were infected but not vaccinated on average lost over 25% of their body weight and after 18 days 

post-infection resulted in 100% death. Heterologous challenge resulted in the immunized mice 

losing about 20% of their body weight, and 80% of the mice survived the challenge (Figure 9.1C 

& 9.1D). Again, the naïve control mice lost over 25% of their body weight with only 20% 

survival post-challenge. Future studies are underway to demonstrate reproducibility as well as to 

probe the mechanisms of the role of CD8
+
 T cells and the kinetics of the B cell response in 

inducing protection following nanovaccine immunization.  

Other collaborative studies here at ISU are analyzing the ability of polyanhydride 

nanovaccines to induce an efficacious immune response in aged mice. It is known that the 
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strength of the immune response to a new antigen is strongly correlated with age (13). The 

elderly generally have a reduced adaptive immune response when immunized with a new antigen 

(14). It has been shown that the elderly on average have higher basal levels of proinflammatory 

cytokines and need more antigen than a healthy young adult to stimulate cytokine production 

against that antigen (15). Our collaborative studies with Dr. Kohut analyzed the ability of 

polyanhydride nanoparticles to stimulate an efficacious cell-mediated immune response against 

ovalbumin (Ova). In these studies, 2 wt.% of Ova was encapsulated into 20:80 CPTEG:CPH 

nanoparticles using a solid/oil/oil double emulsion. Pentablock copolymer hydrogels with a 

composition of 15 wt.% poly(vinyl alcohol) (PVA), 5.9 wt.% Pluronic F127 and 4.1 wt.% 

PDEAEM pentablock copolymer were prepared by the Mallapragada laboratory. 17 month-old 

and 2-month young mice were immunized subcutaneously at the nape of the neck with 100 μg of 

soluble protein or the combination nanovaccine consisting of 10 μg protein in the nanoparticles 

and 90 μg protein in the hydrogels. After six days, draining lymph nodes were collected and 

homogenized. Cells were stimulated with a PMA/Ionomycin/Brefledin A cocktail and analyzed 

via flow cytometry.  

The combination nanovaccine induced greater numbers of CD4
+
 and CD8

+
 T cells in the 

draining lymph nodes of both young and aged mice, although this result was only significant in 

young mice (Figure 8.2A & 8.2B). In contrast, the mice receiving soluble Ova had numbers of T 

cells similar to saline administered mice. All formulations resulted in greater numbers of CD4
+
 

IFN-γ
+ 

TNF-α
+
 T cells in aged mice in comparison to young mice, but there were no differences 

between formulations of the same age group (Figure 8.2C). The enhanced immune response 

provided by the combination nanovaccine was statistically significant in the young mice. 

Although there was not a statistically significant upregulation in aged mice, trends in the data 
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suggest that the combination vaccine could elevate the immune response in aged mice. As a 

result future studies will continue to optimize the combination nanovaccine formulation to 

produce a more efficacious immune response in aged mice. These studies will utilize the HA and 

NP antigen. 

Finally, ongoing studies with our collaborators at Ohio State University are analyzing the 

immune response of intranasally administered polyanhydride nanoparticles loaded with whole 

inactivated H1N2 swine antigen. The swine influenza virus is highly contagious in pigs and is of 

great interest to the swine industry due to the economic losses that it can potentially inflict on 

livestock (16). Additionally, pigs are considered “mixing vessels” where different subtypes of 

the influenza virus can easily recombine and be translated to humans (17; 18). As a result an 

efficacious influenza vaccine for swine is urgently needed. In these studies, 20:80 CPTEG:CPH 

nanoparticles were synthesized using a solid/oil/oil emulsion in the presence of 0.2 wt.% Span 80 

surfactant encapsulating 4 wt.% of H1N2 antigen. 4-5 week old piglets were immunized with an 

equivalent dose of 1 x 10
7
 TCID50. Three weeks following initial immunization, the piglets were 

boosted and after a total of five weeks following the first immunization, the piglets were 

intranasally and intratracheally challenged with heterologous H1N1-OH7 (6 x 10
6
 TCID50/pig).  

Compared to whole inactivated antigen administered in soluble form, the polyanhydride 

nanoparticle formulation stimulated similar numbers of helper T cells, cytotoxic T cells or γδ T 

cells within isolated peripheral blood mononuclear cells at 35 days post-vaccination (Figure 

9.3A). Lung lesions from the piglets were scored at six days post-infection (Figure 9.3B). All 

infected pigs had significant lung lesions. The lungs of the piglets immunized with the 

nanoparticle formulation showed reduced lesions, but this was not statistically significant from 

the lesions observed in the lugs of the piglets that received the other formulations. The body 
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temperature of the piglets was monitored for six days post-infection (Figure 9.3C). With the 

exception of the 1
st
 day, piglets immunized with the nanoparticle formulation maintained a body 

temperature that were close to the mock unchallenged piglets compared to the temperatures of 

the piglets that were immunized with the soluble antigen formulation. Future studies need to 

focus on better delivery techniques because the nanoparticles currently cannot be delivered 

through a misting device that would allow deep penetration of the vaccine into the nasal cavity. 

Instead nanoparticles are administered using a nasal dropper. It is hypothesized that optimizing 

the nanoparticles for use with the misting device would induce more robust immune responses 

because deeper penetration of the vaccine would prevent it from being wasted.  
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9.4 Figures 

 

Figure 9.1 Mice vaccinated intranasally with HA and NP loaded nanoparticles survive 

homologous and heterologous influenza challenge. A) Weight loss following H1N1 viral 

challenge of vaccinated and unvaccinated mice. B) Survival curve following H1N1 viral 

challenge of vaccinated and unvaccinated mice. C) Weight loss following H3N2 viral challenge 
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of vaccinated and unvaccinated mice. D) Survival curve following H3N2 viral challenge of 

vaccinated and unvaccinated mice. N = 5 mice per group. 

 

Figure 9.2 Combination nanovaccine enhanced the number of activated T cells in BALB/c mice. 

A) Greater numbers of CD4
+
 T cells are present in the peripheral blood of aged and young mice 

immunized with the combination nanovaccine. B) More CD8
+
 T cells are present in the 

peripheral blood of young mice immunized with the combination nanovaccine. C) CD4
+
 T cells 

in aged mice express more proinflammatory cytokines across all treatment groups in comparison 

to that in young mice. D) The combination nanovaccine showed higher levels of cytokine 

expression by CD8
+
 T cells even though it was not statistically significant. N = 8 mice per group. 

Statistical significance determined by p values less than 0.05. * compares significance for mice 
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of equivalent age but different vaccine treatment group. # compares significance of a given 

treatment group across age groups.  

 

 

Figure 9.3 Immune response in pigs upon immunization with the nanovaccine. A) The 

nanovaccine induces T cell expression similarly to that induced by soluble antigen 35 days 

following vaccination. B) Post-infection analysis of lung lesions indicates that the lesions in the 

lungs of pigs immunized with the nanovaccines performed were similar to the lesions in the 
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lungs of the mock vaccinated pigs. C) Post-infection the body temperature of pigs immunized 

with the nanovaccine vaccine is slightly lower than that of unvaccinated pigs and pigs receiving 

the soluble vaccine. N = 7-8 pigs per group. 

 


