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Immunization is an incredibly powerful intervention to provide protection from 
infectious diseases. The application of engineered materials for parenteral vaccination has 
illuminated pathways to increase vaccine uptake, traffic vaccines to lymphoid organs, and 
strategically activate cells, which may allow for the tailoring of specific immune responses 
and their magnitude. The importance of immunization at mucosal sites to generate 
protective immunity at the locations where pathogens most commonly invade the body is 
well-recognized. However, the majority of clinically licensed vaccines are not administered 
mucosally. Oral vaccines have the potential to reduce cost, improve compliance, and 
induce immunity at mucosal surfaces that are the first line of defense against infection. 
The gastrointestinal tract is highly evolved to efficiently digest and absorb nutrients 
without eliciting aberrant inflammation. Thus, these functions also limit the efficacy of 



 

immunization by the oral route. Specifically, these barriers include digestion of antigens 
and immunogenic epitopes by gastric and intestinal proteases, limited epithelial 
absorption of macromolecules, and the immunotolerant nature of the gut. While 
mechanisms responsible for the development of immunity or tolerance to ingested antigens 
are being illuminated, the application of materials with precise physiochemical properties 
may accelerate our understanding of immunity within the gastrointestinal tract. Insight 
into these immunological mechanisms can inform the design of next-generation oral 
vaccines. 

Here, we develop and evaluate a nanofiber vaccine platform to define and overcome 
immunological barriers associated with oral immunization. First, a drug delivery platform 
using emulsion electrospinning is developed for the oral delivery of protein therapeutics. 
We evaluate this platform for retention of protein bioactivity, pH-responsive protein 
release, and therapeutic shelf life. Next, we explore the use of adjuvants as a strategy to 
improve uptake of orally delivered vaccines through epithelial cell activation and 
recruitment of antigen presenting cells to the epithelium. In vivo immunization studies 
identify adjuvants capable of eliciting systemic and mucosal immune responses when 
delivered orally and also establish the initial differences in mechanism of action. Finally, 
the role of gastrointestinal digestion on immune responses to oral vaccines is investigated 
through the application of biomaterials carriers to provide selective protection of vaccines 
in certain gastrointestinal environments. We find that the susceptibility of immunogenic 
epitopes of a model protein antigen to be cleaved by gastrointestinal enzymes prevents 
the activation of epitope-specific T cell responses. The combination of protection from 
such cleavage through encapsulation in nanofibers and use of a potent mucosal adjuvant 
achieved expansion of epitope specific CD8+ T cells in the local intestinal tissue compared 
to digestion protection or adjuvant use alone. Overall, this project provides insight into 
the immunology of oral vaccines and develops a biomaterial-based strategy to elicit 
immune responses through the protection of immunogenic epitopes from digestion and co-
delivery of specific mucosal adjuvants. 
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Chapter 1. SUMMARY AND SPECIFIC AIMS 

1.1 SIGNIFICANCE AND MOTIVATION 

Oral vaccination is one of the most attractive administration routes due to 

increased patient compliance, the potential for mass vaccination, lower cost, and the 

elimination of the need for needles as sterile medical supplies in low resource settings are 

not always available [1]. Importantly, oral vaccination allows for the induction of 

immunity at mucosal surfaces, which enhances immune protection against mucosally-

invading pathogens in contrast to traditional intramuscular vaccination routes, in which 

the development of mucosal immunity is limited [2]. Due to the lack of vaccines for many 

mucosal pathogens, these infections result in a high global burden of disease causing 

millions of deaths annually [3]. Most licensed intramuscular vaccines in the U.S. consist 

of inactivated pathogens or recombinant proteins, which are advantageous due to their 

safety profile [4]; however, such vaccines face significant challenges when delivered orally 

to mucosal surfaces, including: 1) cargo degradation by enzymes in the gastrointestinal 

tract, 2) low intestinal absorption, and 3) inability to overcome oral tolerance [5,6]. 

Materials-based strategies have been developed to address some of these barriers, but 

antigen uptake remains limited and mechanisms to overcome tolerance have not been 

elucidated [7–9]. Additionally, novel nanotechnology strategies are needed for the delivery 

of biotherapeutics that load therapeutics at high encapsulation efficiency, can stabilize the 

proteins upon storage, and are amenable to manufacturing scale-up for clinical use [10,11]. 

The first barrier to oral vaccines is the digestive gastrointestinal environment, 

which can denature and cleave protein-based antigens. In the field of allergy, correlations 

between the gastrointestinal enzyme digestion of proteins and their ability to elicit 

immune responses have been identified [12–14]. For orally-delivered protein antigens, 

protection from gastric digestion has been shown to activate the immune system in terms 
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of systemic antibody production in contrast to the lack of systemic antibodies observed 

without gastric protection [15]. However, many gaps remain in understanding how 

gastrointestinal digestion affects immune responses. The impact of gastrointestinal 

digestion on innate immune responses, which ultimately control adaptive immunity, has 

not been studied. Additionally, the impact of digestion on the activation of cytotoxic 

CD8+ T cell responses is not fully understood. Questions remain regarding the need to 

protect protein antigens in gastric conditions, intestinal conditions, or both, as different 

proteases are found at each site that can differentially cleave immunogenic epitopes critical 

for immune responses. Further study of the role of gastrointestinal digestion will be critical 

for the design of oral vaccines and their carriers. 

In terms of the barriers of low absorption and tolerance bias, insights from the field 

of mucosal immunology reveal the importance of intestinal epithelial cells in propagating 

immunogenic signals to condition dendritic cells (DCs) in the underlying lamina propria, 

which are responsible for inducing antigen-specific adaptive immune responses in the 

lymph nodes, and modulate antigen uptake [16–18]. Intestinal epithelial cells are 

responsible for conditioning antigen presenting cells in the gut to be tolerogenic, leading 

to the generation of regulatory adaptive immune responses. However, activation of 

epithelial cells by replicating pathogens or vaccine adjuvants can switch the nature of 

immune signals secreted into the surrounding tissue. Inflammatory cytokines and 

chemokines are the main soluble mediators in this process [19], where they condition 

innate immune cells to become inflammatory rather than tolerogenic and impact DC 

function to activate effector immunity. Chemokines can recruit immature dendritic cells 

and other antigen presenting cells to site of infection or vaccination, and specifically to 

the intestinal epithelium where DCs can internalize antigens present in the lumen. While 

potent parenteral adjuvants are known, the identification of adjuvants that can overcome 

the tolerogenic environment in the gut to activate immunity is still needed. 
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Here, we focused on the newly found importance of both gastrointestinal digestion 

and gut epithelial cells with a biomaterial vaccine delivery strategy for oral immunization. 

We hypothesized that pH-responsive nanofibers that protect antigens from 

gastrointestinal digestion with co-delivery of epithelial cell-activating adjuvants could 

address challenges associated with oral vaccine delivery. First, we developed and evaluated 

electrospun fibers to deliver proteins in a pH-dependent manner in conditions of pH > 6 

to achieve release in the small intestine while retaining protein bioactivity. This platform 

was then used to prevent protein antigen degradation in harsh gastric conditions (barrier 

1) to selectively deliver functional vaccine antigens to the small intestine. This platform 

was also used to study how protection from gastric digestion impacts less studied arms of 

the immune system, specifically DC and T cell responses. In the second arm of this work, 

we hypothesized that adjuvants capable of activating intestinal epithelial cells can initiate 

an inflammatory signaling cascade to expand the local DC population at the small 

intestinal epithelium. In this way, intestinal absorption of vaccine antigens from the lumen 

into dendritic cells may be increased (barrier 2). Additionally, vaccines containing mucosal 

adjuvants can stimulate intestinal epithelial cells to secrete inflammatory factors to 

overcome tolerance and ensure the activation of effector immune responses (barrier 3) 

[21,22]. 

1.2 SPECIFIC AIMS 

1.2.1 Aim 1. Develop electrospun fibers for oral delivery of protein therapeutics. 

Here, we evaluated and characterized various electrospinning parameters, 

formulations, and methods to load proteins into polymeric nanofibers while retaining 

protein bioactivity and releasing the protein cargo with pH-dependency. Specifically, we 

developed this drug delivery platform with the polymer Eudragit L100, a co-polymer of 

methacrylic acid and methyl methacrylate, for its pH-sensitive dissolution at pH > 6. 

Maintenance of protein bioactivity is of critical importance when delivering therapeutic 
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biologics and we thus optimized a nanofiber platform to maintain protein bioactivity 

during formulation and upon storage. This electrospun fiber platform was also evaluated 

for the ability to protect loaded proteins in simulated gastric conditions from protease-

mediated function loss. Overall, a biomaterial-based delivery platform using emulsion 

electrospinning was established to study and evaluate oral protein-based vaccines and 

therapeutics. 

1.2.2 Aim 2. Evaluate ability of adjuvants to stimulate innate and adaptive 

immune responses when used in an oral vaccine. 

A library of mucosal adjuvants was evaluated for their ability to stimulate 

intestinal epithelial cells as a strategy to increase DC migration to the intestinal 

epithelium, enhance uptake of antigens, and ultimately improve adaptive immune 

responses elicited by oral vaccines. We first identified adjuvants capable of  inducing the 

production of DC-recruiting chemokines by intestinal epithelial cells in vitro and evaluated 

DC migration and recruitment in in vitro and in vivo models. Modulation of antigen 

uptake when adjuvants were co-delivered was also investigated both in vitro and in vivo. 

Additionally, the elicitation of adaptive systemic and mucosal immune responses of the 

identified adjuvant(s) were determined when administered orally with a protein antigen. 

Overall, this aim provided initial results on differential mechanisms of action of adjuvants 

after oral delivery, in particular their ability to induce the secretion of chemokines by 

intestinal epithelial cells, increase antigen internalization by multiple important cell 

populations, and drive different adaptive immune responses. 

1.2.3 Aim 3. Determine innate and adaptive immune responses to fiber-

protected oral vaccines co-delivered with mucosal adjuvants. 

Last, we applied the protein-delivering nanofiber delivery platform developed in 

Aim 1 to study the effect gastrointestinal antigen digestion on oral vaccine immune 
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responses. First, we investigated how gastrointestinal digestion affects antigen 

immunogenicity in terms of DC maturation and presentation to CD4+ and CD8+ T cells 

in vitro. Based on the requirements to provide antigen protection in certain 

gastrointestinal conditions, we evaluated the ability of polymeric drug delivery platforms, 

namely nanoparticles and electrospun nanofibers, to prevent antigen digestion in 

gastrointestinal environments and retain immunogenicity. Finally, adaptive immune 

responses to oral vaccines delivered in the electrospun nanofiber carrier was evaluated 

with and without the co-delivery of effective adjuvants identified in Aim 2 to further 

potentiate immune responses. These studies ultimately provide insight into the 

formulation requirements of oral vaccines and their impact on immunologic outcomes. 

 

1.3 SUMMARY 

Overall, this thesis developed a novel biomaterials strategy to enhance the immune 

responses elicited by oral vaccination using electrospun fibers to prevent vaccine 

degradation in the stomach and induce stimulation of intestinal epithelial cells by co-

delivery of adjuvants to induce specific adaptive immune responses. We identified that 

antigen digestion by gastrointestinal proteases prevented DC maturation and presentation 

of antigenic epitopes that contain protease cleavage sites, leading to DCs being unable to 

activate epitope-specific T cells. In contrast to nanoparticles, emulsion electrospun fibers 

limited antigen release in simulated gastric conditions and provided protection of antigens 

from protease-mediated activity loss. Evaluation of adjuvants for use in oral vaccines 

identified CpG ODN to be an effective driver of antibody responses while the cationic 

polymer polyethyleneimine (PEI) increased the CD8+ T cell response. When studied as 

an oral vaccine in mice, the strongest CD8+ T cells responses in the intestine were induced 

when PEI was co-delivered with antigens formulated in the protective nanofiber delivery 

platform. These results indicated that protection of antigenic epitopes from digestion is 
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important in inducing T cell responses to orally-delivered antigens but only when proper 

immune activation through adjuvant co-delivery also achieved. Ultimately, this work both 

investigated and addressed barriers to oral vaccination by protecting the vaccine antigens 

from gastrointestinal digestion conditions in a pH-sensitive biomaterial carrier and 

investigating adjuvant-induced epithelial cell activation as a mechanism to recruited 

antigen presenting cells, increase vaccine uptake, and enhance adaptive immunity. 
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Chapter 2. INTRODUCTION 

Adapted from: Frizzell, H., & Woodrow, K. A. Biomaterial approaches for 

understanding and overcoming immunological barriers to effective oral vaccination. 

Submitted, in review. 

 

2.1 BACKGROUND 

2.1.1 Mucosal vaccines 

Vaccines are the most effective way to reduce the spread of infectious diseases and 

are one of the biggest successes of global health. Annually, vaccines prevent 2-3 billion 

deaths worldwide [1]. The majority of vaccines are administered by intramuscular 

injection, which requires trained medical personnel and sterile equipment. In low-resource 

settings where the burden of infectious disease is concentrated, these requirements are not 

always readily available, adding challenges to widespread vaccination campaigns [2]. 

Additionally, alternative immunization methods that do not require as much time to 

administer are advantageous in situations of disease outbreak and epidemics. For example, 

20 patients can be immunized orally in the same amount of time that 1 patient could be 

immunized by an injection [3]. The delivery of vaccines through the oral route is one way 

to increase access to vaccines in low-resources areas, improve immunization compliance, 

and improve infectious disease outbreak readiness. 

2.1.1.1 Types of vaccine antigens 

Vaccines in the United States and worldwide are predominately given by 

intramuscular injection. Only ~5% of the licensed vaccines in the U.S. are given orally, 

and all of the antigens in these vaccines are live-attenuated pathogens. Globally, oral 
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vaccines are used to protect against Rotavirus (live-attenuated), Poliomyelitis (live-

attenuated), Typhoid (live-attenuated and delivered in enteric-coated capsules), and 

Cholera (killed whole cells). There exist only three World Health Organization-qualified 

oral vaccines that are not live-attenuated, all of which are used against Cholera. One is 

comprised of killed whole Vibrio cholerae O1 bacterial cells and the adjuvant cholera toxin 

subunit B (Dukoral®) to be delivered in a buffer that requires buffer salt dissolution and 

mixing with the vaccine prior to administration. The other two are bivalent vaccines that 

consist of killed whole-cell Vibrio cholerae serogroups O1 and O139 (Shanchol™ and 

Euvichol®) and are packaged as a suspension that does not require an additional buffer. 

While these vaccines are approved for use by the World Health Organization, they are 

not FDA-approved for use in the U.S. In contrast to oral vaccine formulations, vaccine 

antigens in intramuscular immunizations are predominantly subunit proteins from the 

pathogen or killed pathogens. The differences in vaccine type between these two 

administration methods are due to physiochemical barriers and immune regulation in 

muscle tissue compared to mucosal surfaces. While vaccine injection directly into muscle 

tissue allows for immediate interaction of the vaccine antigen with local immune and 

antigen presenting cells, such as neutrophils, macrophages, and dendritic cells, orally-

delivered vaccines must overcome the degradative environment of the GI tract as well as 

overcome immune tolerance before the vaccine antigen is able to interact with gut-

associated immune cells. Thus, when the route of vaccine administration is oral, live-

attenuated vaccines are most effective, as some are able to withstand the physiological 

environment and replicate in the intestinal tissue, eliciting a robust immune response. In 

contrast, the oral delivery of protein-based antigens used in intramuscular vaccines is not 

as effective at overcoming oral tolerance and generating immune protection [4]. However, 

next generation vaccines are moving away from delivering live-attenuated vaccines due to 

safety concerns as well as practical limitations, such as culture and storage difficulties, 

and are now focusing on protein-based subunit antigens. These antigens are non-infectious 
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portions of the pathogen against which the immune response is generated. Thus, new 

strategies must be developed to improve the efficacy of orally-delivered protein-based 

vaccines [3]. 

2.1.1.2 Mucosal adjuvants 

One strategy to enhance the immune responses generated from mucosal vaccines is 

the use of adjuvants [5,6]. Adjuvants are commonly co-delivered with vaccine antigens to 

stimulate immune cells and direct them to generate robust effector immune responses [7]. 

The most common mucosal adjuvants include cholera toxin (CT) and heat-labile 

enterotoxin (LT). However, the clinical use of these adjuvants is limited due to their high 

toxicity. This unfavorable safety profile has motivated the development of non-toxic forms 

of these toxins that are currently in clinical trials. Depending on the adjuvant used, the 

nature of the adaptive immune responses can also be directed. When naïve T cells 

recognize an antigen that is presented to them by antigen presenting cells, they become 

activated and differentiate down a certain lineage depending on the types of signals that 

the antigen presenting cell secretes. Naïve CD4+ T cells can differentiate down many 

pathways, including into TH1, TH2, TH17, and Treg cells. Each of these T cell types has a 

different function, with TH1 cells contributing to the clearance of intracellular pathogens 

through production of IFN-g and activation of CD8+ T cells, TH2 cells helping resolve 

extracellular parasite infections and inducing antibody production by B cells, TH17 cells 

fighting extracellular bacteria and fungi, and Treg cells suppressing the immune response 

against self or innocuous antigens. The signals that induce the activation of these 

transcription pathways can be controlled through the use of adjuvants. For example, the 

adjuvant monophosphoryl lipid A is known to activate the formation of TH1 cells while 

the adjuvant alum (aluminum salts) is known to bias TH2 responses [6]. Additionally, 

certain adjuvants are known to drive cytotoxic CD8+ T cell responses, which are critical 

in combatting intracellular infections through their release of cytotoxins and binding of 

Fas (CD65) on the surface of infected cells leading to apoptosis. 



 23 

The use of adjuvants for mucosal vaccination is also incredibly important due to 

the nature of immune suppression that exists at these sites, particularly the gut mucosa. 

The intestine is constantly exposed to food-based antigens and other substances that are 

not harmful. Thus, the existence of oral tolerance is critical to prevent over-activation of 

the immune system, in which robust inflammatory responses can be toxic to the tissue 

and allergies can occur to food substances. For protein-based vaccine antigens, tolerance 

is likely to occur due to the lack of immunostimulation and “danger signals” required. 

However, co-delivery of an adjuvant can instruct the gut-associated immune system to 

mount a protective response rather than tolerance [8,9]. 

2.1.2 Organization of the mucosal immune system 

In addition to the logistical and practical advantages of oral immunizations, the 

route of vaccination is also critical in the elicitation of systemic and mucosal immunity 

[10]. Infectious pathogens enter the body primarily through mucosal surfaces, such as in 

the nasal mucosa after inhalation, the intestinal mucosa after ingestion, or the mucosa of 

the reproductive tract or rectum through sexual transmission (summarized in Table 2.1). 

In humans, these mucosal surfaces have a surface area of almost 400 m2, an enormous 

area that our immune system must constantly survey to protect against infection. Due to 

this large feat, the mucosal immune system includes three-fourths of all the lymphocytes 

in the body and produces the majority of immunoglobulins. While each infectious disease 

has a unique pathophysiology, protection from many pathogens require robust immune 

defenses specifically at these mucosal surfaces. The infectious diseases that contribute to 

the most worldwide mortality are caused by mucosally-invading pathogens, leading to 

more than 9 million deaths annually [11]. 
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Table 2.1. Mucosal pathogen route of entry, mode of transmission, and resulting disease. Table 

revised from [12] and does not represent an exhaustive list of all mucosal infections. 

Mucosal route of 
entry 

Mode of 
transmission Pathogen Disease 

Mouth and respiratory 
tract 

Inhalation or ingestion 
of infective material 

Measles virus Measles 

Influenza virus Influenza 

Varicella-zoster Chickenpox 

Epstein-Barr virus Mononucleosis 

Streptococcus pyogenes Tonsillitis 

Haemophilus influenzae Pneumonia, meningitis 

Gastrointestinal tract 
Contaminated food or 

water 

Rotavirus Diarrhea 

Norovirus Gastroenteritis 

Hepatitis A Jaundice 

Salmonella enteritidis, 

S. typhimurium 
Food poisoning 

Vibrio cholerae Cholera 

Salmonella typhi Typhoid fever 

Reproductive tract and 
other 

Sexual 
transmission/infected 

blood 

Hepatitis B virus Hepatitis B 

Human 
immunodeficiency virus 

(HIV) 

Acquired 
immunodeficiency 
syndrome (AIDS) 

Sexual transmission 
Neisseria gonorrhoeae Gonorrhea 

Treponema pallidum Syphilis 

 

The systemic immune system includes primary lymphoid organs such as the spleen 

and lymph nodes and consists of networks of lymphatic vessels that drain excess fluid 

from tissues into lymph nodes and filter blood through the spleen. It is in these sites that 
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adaptive immune cells, T and B cells, are activated and generate antigen-specific immune 

responses. These responses primarily result in the increase of effector T cells and antibody-

secreting B cells in circulation as well as the establishment of antigen-specific central 

memory cells [13]. In contrast to the organization and function of the systemic immune 

system, mucosal surfaces have their own organized lymphoid structures. The 

gastrointestinal tract, for example, has gut-associated lymphoid tissue, or GALT. The 

organization and function of the GALT will be further described in Section 2.1.2.1. Such 

a system also exists for the nasal-associated lymphoid tissue (NALT) and the skin-

associated lymphoid tissue (SALT). In these lymphoid organs, immune responses differ in 

their homing abilities to specific mucosal sites and in the nature of the immune response. 

For example, immunity in the gut is primarily driven by secretory IgA in the mucus that 

lines the intestinal tract that can bind and neutralize pathogens in the lumen before they 

gain access to the intestinal epithelium. 

Thus, the ability of vaccines to generate protection at these mucosal surfaces is of 

utmost importance to prevent infection at the point of pathogen entry; however, 

intramuscular vaccines are effective at establishing systemic immunity but do not elicit 

strong responses in mucosal tissues. In contrast, it is well accepted that vaccination at 

mucosal surfaces provides immunity at the location of the immunization [14]. Thus, the 

elicitation of immune responses can be targeted to certain sites based on the route of 

vaccination. Mucosal immunization can also induce immunity at other distant mucosal 

sites due to the connection of mucosal surfaces through the ‘common mucosal immune 

system’. For example, it was shown that oral nanoparticle vaccines that were released in 

the large intestine were able to provide protection against viral challenge in both the 

vaginal tract and rectum [15]. Additionally, it has been shown that following 

transcutaneous skin vaccination, cells migrate to immune sites in the gut mucosa to 

present antigen, leading to the development of mucosal effector lymphocytes [16]. 
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2.1.2.1 Gut-associated lymphoid tissue 

Oral vaccination is able to access one of the largest mucosal surfaces in the body, 

the intestinal tract, making it an incredibly attractive site of immunization. The small 

intestine is lined by a single layer of columnar epithelium and is divided into three 

segments, the duodenum being the most proximal to the stomach, followed by the jejunum 

and the ileum. This epithelial structure is in contrast to that of other mucosal surfaces, 

such as the reproductive tract, which is composed of multi-layered stratified squamous 

epithelium. As mentioned, this anatomical site has its own organized lymphatic tissue, 

the GALT (Figure 2.1). Immune cells can be found scattered throughout the intestinal 

epithelium and lamina propria as well as in organized lymphatic tissues, Peyer’s patches 

and mesenteric lymph nodes. Throughout the intestinal tissue also exist innate immune 

cells, such as macrophages and dendritic cells, and adaptive immune cells T and B cells. 

Additionally, intraepithelial lymphocytes (IELs), a heterogeneous population of antigen-

experienced CD4+ and CD8+ T cells that express E-cadherin (CD103), are present 

between epithelial cells [17]. Due to the proximity of IELs to the intestinal lumen, these 

cells are one of the first lines of defense against enteric infections. The importance of 

intestinal epithelial cells themselves in mucosal immunity is discussed below. 

In the underlying lamina propria, cells of interest include dendritic cells that make 

up ~5-10% of the total cells [18,19]. Importantly, these cells migrate from the lamina 

propria to the mesenteric lymph node, where they can interact with adaptive lymphocytes. 

There are three main DC populations in the intestinal lamina propria, CD103+CD11b+, 

CD103+CD11b-, and CD103-CD11b+ [20]. While the origin and function of these DC 

subtypes are still being investigated, they are thought to have differences in their location 

within the lamina propria (with CD103+ DCs enriched at the epithelial layer), migration 

to MLNs, and of priming different T cell subsets [18,21]. Importantly, CD103+ DCs are 

responsible for detection of inflammatory signals, acquiring and presenting antigen to T 

cells in MLNs, and have been shown to migrate to the epithelial cell layer to capture 
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antigens [22,23]. In addition to the IEL, T cells also exist in the lamina propria but display 

a different phenotype than IELs, with lamina propria T cells displaying an effector 

memory phenotype and regulatory phenotype [24]. In the lamina propria, IgA-secreting B 

cells are also present. 

Organized lymphatic tissues in the intestine include Peyer’s patches and mesenteric 

lymph nodes. In contrast to the lamina propria, DCs only make up 0.2% of the cells in 

the intestinal lymphoid tissues [21]. Peyer’s patches are found along the length of the 

small intestine in the submucosa and are lined by a combination of columnar epithelial 

cells and specialized epithelial cells called M cells, which lack surface microvilli and a 

mucus layer. M cells are also able to transport antigens from the intestinal lumen to the 

underlying lymphoid tissue [25]. The follicle-associated epithelium (FAE) lining Peyer’s 

patches is also infiltrated by immune cells such as T cells, B cells, macrophages, and 

dendritic cells. Below this epithelial layer exists the subepithelial dome (SED), which 

contains B cell follicles surrounded by T cell areas. In Peyer’s patches, dendritic cells are 

localized in the SED and follicles. DCs can also be recruited to the FAE through epithelial 

cell secretion of chemokines [26]. In Peyer’s patches, adaptive immunity can be activated 

by infiltrating antigens as well as by migratory DCs from the lamina propria. These 

primed T and B cells then drain to the mesenteric lymph node to amplify immune 

responses and enter circulation through the thoracic duct. 

The mesenteric lymph nodes (mLNs) are the largest lymph nodes in the body and 

are where the presentation of orally-fed antigens predominately occurs [27]. The mLNs 

are the most critical lymphoid tissues for the development of mucosal immunity in the 

gut. Dendritic cells from both the intestinal lamina propria and Peyer’s patches can 

migrate to the mLNs to present antigen within hours of antigen feeding and prime T cells 

that will then be directed back to the intestinal mucosa. This mucosal homing occurs 

when lymphocytes are primed specifically in the mesenteric lymph nodes through the 

downregulation integrin L-selectin, which directs cells to enter lymphoid tissues, and 
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upregulation of a4b7, which allows cells to enter mucosal surfaces that express mucosal 

addressin cell-adhesion molecule 1 (MAD-CAM1) on their vasculature [28,29]. 

Lymphocytes primed in the mLNs are also recruited back to the intestinal tissue through 

expression of the chemokine receptor CCR9, whose ligand CCL25 is expressed by small 

intestinal epithelial cells [30,31]. These lymphocytes primed in the mLNs then distribute 

throughout the intestinal tissue, with mature IgA-secreting B cells present in the lamina 

propria, CD4+ T cells primarily in the lamina propria, and CD8+ T cells primarily in the 

epithelium. These cells function as both effector and memory cells to provide immunity 

during primary and secondary infection, respectively [32]. As the majority of oral antigens 

come from innocuous substances, many of the antigen-experienced T cells in the intestine 

are regulatory cells to maintain local tolerance to food-based and environmental antigens 

[33]. 

 
Figure 2.1. Organization of the gut-associated lymphoid tissue. 

 
Intestinal epithelial cells have a critical role in mucosal immunity, as they are the 

first line of defense against pathogens and constantly provide signals to the underlying 

immune cells that dictate the development of tolerance or inflammation. At steady state, 

intestinal epithelial cells constitutively produce IL-10, TGF-b, thymic stromal 
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lymphopoietin (TSLP), and retinoic acid, which can condition both resident DCs and 

regulatory T cells to be unresponsive [25,34]. The signals produced by epithelial cells can 

be modulated by stimuli in the intestinal lumen, such as pathogen-associated molecular 

patterns. Recognition of microbial ligands by epithelial cells occurs through the activation 

of toll-like receptors (TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors 

(RLRs). In addition to activating an inflammatory pathway that can lead to the 

generation of immunity, microbial recognition by epithelial cells through these receptors 

is also important for the regulation of intestinal homeostasis. Depending on the nature of 

the signals produced by the epithelial cells, both innate and adaptive immune responses 

can be controlled. In the context of generating immunity, inflammatory signals by 

epithelial cells can control DC phenotype and function. DCs lose their ability to produce 

the inflammatory cytokine IL-12, which polarizes TH1 responses, when exposed to the 

tolerogenic immune signals expressed by epithelial cells. This anti-inflammatory state of 

DCs can be overcome by their exposure to microbial signals through the formation of 

transepithelial dendrites (TEDs), which is initiated by epithelial cell signaling [35]. It is 

thought that proper activation of DCs requires both direct pathogen recognition and 

inflammatory signals from epithelial cells [36].  

Recruitment and expansion of antigen presenting cells at the intestinal epithelium 

is mediated by the production of the chemokine CCL20 by epithelial cells [37]. The CCL20 

receptor CCR6 is expressed by immature dendritic cells and effector memory T and B 

cells. CCL20 production is constitutively expressed at low levels, but can be induced by 

the inflammatory cytokines IL-1b and TNF-a as well as pattern recognition receptor 

agonists that signal through NF-kB [38–41]. The recruitment of antigen presenting cells 

by epithelial cells can result in enhanced antigen internalization and has been shown to 

be essential for the generation of protective immunity [42]. 
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2.1.3 Defenses of the gastrointestinal tract 

As mentioned above, the development of effective oral vaccines is in large part 

challenging due to the significant physiochemical and immunological challenges that 

prevent parenteral vaccines from being administered orally, such as the harsh digestive 

environment of the gastrointestinal tract, limited absorption and bioavailability, and the 

immuno-tolerant nature of the gut. Vaccines delivered orally face many of the same 

obstacles as small molecule and biological therapeutics delivered by this route, and the 

physiological challenges of oral drug delivery have been reviewed elsewhere [4,43–45]. Here, 

we focus on how these barriers influence the immunologic function of oral vaccines and 

on the design of material-based systems to both understand and overcome challenges of 

oral immunization (Figure 2.2). 

 
Figure 2.2. Physiochemical and immunological barriers of oral vaccines. 

2.1.3.1 Digestive environment of gastrointestinal tract 

Oral delivery of biologic-based therapeutics such as vaccines results in a 

degradative fate before reaching the epithelium for absorption, access to lymphoid organs, 
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and activation of antigen-specific lymphocytes. This is because a primary function of the 

gastrointestinal system is to digest food and absorb nutrients, and there exists high 

concentrations of enzymes and salts throughout the gastrointestinal tract that facilitates 

the breakdown of proteins, fats, and carbohydrates. The main enzyme responsible for 

protein digestion in the stomach is pepsin, which cleaves amide bonds to break down large 

protein molecules into polypeptides and is most active in acidic environments (max 

activity at pH 2.0). Trypsin, chymotrypsin, and peptidase present in the small intestine 

further break down digested proteins into tri- and dipeptides and single amino acids to 

facilitate absorption. Finally, the apical surface of intestinal enterocytes contains 

glycoproteins and enzymes, including glycosidases and protease-peptidases that form a 

brush border glycocalyx responsible for terminal digestion [46]. Ultimately, the presence 

of these enzymes results in cleavage of proteins at multiple sites, leading not only to their 

degradation but also the disruption of antigenic epitopes against which an immune 

response can be generated. Gastrointestinal enzyme-mediated degradation is known to 

influence the elicitation of an immune response. For example, substances with allergic 

potential are less susceptible to digestion by gastrointestinal enzymes, suggesting 

immunogenic epitopes are resistant to digestion [47]. Likewise, neutralizing stomach 

acidity to inhibit gastric enzymes leads to some tolerated foods inducing allergic responses 

[48–50]. These results suggest that gastrointestinal digestion can play a significant role in 

the immunogenicity of fed proteins. For vaccines, antigenic sequences that drive adaptive 

immune responses must be preserved to generate immune protection. 

2.1.3.2 Limited access to epithelial layer and absorption 

In addition to the acquisition of nutrients, the mucosal surface of the gastrointestinal 

tract also prevents infection by pathogens introduced through contaminated food and 

water sources. While beneficial to host protection, this same mechanism results in 

ineffective delivery of vaccines and large therapeutics. Commensal bacteria and mucus 

along the gastrointestinal tract pose a physical barrier for ingested substances to reach 
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the intestinal epithelium. Gut commensals occupy a nutrient-rich space along the lower 

gastrointestinal tract, where they live within and are supported by a hydrogel mucus 

network separating them from the intestinal epithelium to prevent an immune response 

against these innocuous bacteria. Glycoproteins that form the mucus matrix are 

continuously produced by intestinal Goblet cells and their secretion can be modulated by 

the presence of irritants and pathogens. The density and thickness of the mucus layer 

varies along the gastrointestinal tract. In rats, mucus thickness in the stomach is ~200 

µm, decreases to ~100 µm in the small intestine, and increases to ~800 µm in the colon 

[51]. Mucus is a barrier to diffusion and can prevent luminal contents from accessing the 

epithelium for absorption. The mucus layer also protects the epithelium from the harsh 

digestive environment present in the stomach and intestinal lumen as well as from foreign 

microbes that have gained access to the gastrointestinal tract. Invading pathogens can 

become trapped in the integrated mucus network due to their size (mucus mesh pore size 

of ~300 nm in humans) and adhesion to the large, negatively-charged glycans [52]. Once 

trapped, these pathogens are subsequently cleared from the body through natural 

peristalsis. Orally delivered vaccines must diffuse through mucus in the intestinal lumen 

to be internalized and processed by cells. Failure of vaccines to access the epithelium 

results in their clearance and inability to initiate immune responses. 

If and when substances diffuse through the mucus layer and reach the intestinal 

epithelium, small macromolecules can directly access cells in the lamina propria by 

paracellular transport across epithelial tight junctions, known as “paracellular leak” [53]. 

These pores are small (<5 nm) but can vary in diameter depending on the activation of 

different membrane transporters and on pathogen-induced damage, which leads to 

enhanced permeability. Hence, absorption of most vaccines requires active cellular 

transport. The use of certain pathways depends on the type of substance encountered and 

its physiochemical properties including shape, size, and charge. Luminal substances can 

be processed by epithelial enterocytes (~80% of small intestinal epithelial cells), mucus-
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secreting Goblet cells, and microfold (M) cells in the follicle-associated epithelium (FAE) 

overlying Peyer’s patches, which are organized secondary lymphoid structures uniquely 

present in the small intestine that are able to initiate adaptive immune responses. M cells 

have been shown to be a major mechanism of soluble antigen transcytosis and these cells 

can transport antigen directly to Peyer’s patches [54]. However, the frequency of M cells 

is low in humans (5-10% of FAE cells), leading to research into alternative mechanisms 

of antigen uptake in the intestine [55]. Uptake of antigen by enterocytes can occur by 

receptor-mediated endocytosis, resulting in lysosomal degradation of the antigen or 

transcytosis into the interstitial space of the lamina propria. Enterocytes themselves are 

polarized, with their apical surface specialized for absorption across the large surface area 

of their microvilli. The membrane of the microvilli contains transport proteins for glucose 

and amino acids, and thus do not readily internalize large molecular weight proteins such 

as intact vaccine antigens. Goblet cells are a subset of intestinal epithelial cells that have 

been shown to internalize and shuttle proteins from the lumen, which was found to be the 

major transport pathway for protein antigens to access lamina propria dendritic cells 

(DCs) [56]. Intestinal macrophages have also been observed to acquire luminal antigens 

and transfer them to DCs through gap junctions [22,57,58]. Intestinal DCs and 

macrophages have been shown to acquire luminal antigens by extending dendrites through 

the epithelial layer [35,59,60], but the true phenotype of these antigen presenting cells and 

under what experimental conditions antigen uptake occurs by transepithelial dendrites is 

still under investigation [61,62]. How vaccine uptake in certain cell populations in the 

intestine and their propensity to activate immunity or tolerance will be discussed in 

subsequent sections. 

While the gastrointestinal tract offers significant surface area for nutrient absorption, 

large molecular weight proteins have very limited absorption across the epithelium. 

Uptake of intact soluble antigen predominately occurs in specialized cells present in low 

frequency along the intestinal tract. Material-based and bioconjugation strategies have 
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achieved significantly enhanced intestinal absorption of orally delivered therapeutics and 

vaccines and are discussed in detail below. 

2.1.3.3 Bias for tolerogenic immune responses 

A main barrier to effective oral vaccination is the inclination for tolerogenic immune 

responses to be generated against orally delivered substances. This immunologic 

phenomenon known as oral tolerance is characterized by the lack of systemic immune 

response against an antigen that was initially introduced to the body through the oral 

route. The local tissue environment of the gastrointestinal tract is predisposed to induce 

tolerance to substance ingested orally likely as a mechanism to prevent erroneous immune 

responses to the abundance of innocuous food proteins and commensal bacteria 

encountered at this surface. Without this protective regulatory mechanism, chronic 

inflammation in the intestinal tract would likely occur in response to the myriad of 

substances ingested daily, resulting in pathologies similar to those observed in intestinal 

inflammatory diseases. However, inherent tolerogenic bias is detrimental to the function 

of vaccines designed to elicit protective immunity. 

Immunologic hypo-responsiveness of the intestine is regulated by anti-inflammatory 

signals secreted by intestinal epithelial cells, which condition the underlying DCs that are 

responsible for activating antigen-specific adaptive immune responses [63]. At steady state, 

these DCs will induce the differentiation of naïve T cells into regulatory T cells (Treg) 

expressing the transcription factor forkhead box P3 (Foxp3), which mediate oral tolerance 

[64]. At the same time, signals secreted by these DCs can suppress the differentiation 

pathway of naïve T cells to effector T cells [65]. This immunoregulatory phenotype of 

mucosal DCs prevents the mounting of inflammatory TH1 responses [36,66]. The ability 

of DCs to overcome this limitation is thought to require innate recognition of pathogens 

by both epithelial cells and DCs, resulting in their activation. Intestinal tolerance is also 

controlled through byproducts from commensal bacteria, such as short chain fatty acids, 

as well as the presence of mucus that imparts anti-inflammatory properties on intestinal 
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epithelial and DCs [67]. Thus, upon uptake of orally delivered vaccines there is a higher 

threshold to activate effector immune responses and break oral tolerance. Specifically, 

both epithelial cells and DCs must be properly activated to develop protective immunity. 

2.1.4 Application of advanced materials to study intestinal immunology 

2.1.4.1 Role of gastrointestinal conditions and digestion 

The development of effective oral vaccines will depend on successfully breaking oral 

tolerance and activating effector immune responses. The role of the digestive 

gastrointestinal environment on controlling tolerance versus immunity is an area of active 

investigation. Immunity provides protection against infection through activation of 

effector and helper T cells and the production of antibodies that can neutralize and clear 

the pathogen. Immunity can also take the form of an allergy if the recognized substance 

is innocuous, like a common food allergen such as nuts. In contrast, tolerance is the lack 

of immune response against a certain antigen. This may occur through the absence of an 

effector response or through active suppression of adaptive immunity. Studies on food 

allergens have found that antigens susceptible to gastrointestinal digestion elicit stronger 

tolerogenic responses whereas antigens that are resistant to gastrointestinal proteolysis 

induce inflammatory responses [50,68]. In support of this premise, studies show that direct 

inactivation of gastrointestinal proteases reduces antigen digestion, resulting in increased 

systemic and local antibody responses that more effectively clear parasites after challenge 

[69]. Resistance of substances to protease digestion has also been posed to play a role in 

the abrogation of oral tolerance and in disease pathogenesis linked to intestinal 

autoimmune diseases [70]. In Celiac disease, a proline-rich 33-mer peptide in gliadin, which 

is a component of gluten implicated in its toxicity, shows resistance to proteolysis by 

gastrointestinal enzymes and stimulates T cells isolated from the intestines of Celiac 

patients [70]. While these and other studies implicate antigen digestion on the elicitation 

of tolerance or immunity in the intestine, further investigation on how digestion of 
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antigens affects their uptake, presentation, and elicitation of adaptive immune responses 

will be critical questions to answer when designing oral vaccines. 

Biomaterial formulation offers a unique functional approach to probing these 

questions. The ability of drug delivery systems to release their cargo in a controlled way 

provides a method to study vaccines upon exposure to specific gastrointestinal conditions. 

Various strategies for encapsulating antigens have demonstrated differential abilities to 

sequester their cargo from the external environment and to control their release in 

response to stimuli. Protection of vaccine cargo from gastrointestinal digestion by certain 

formulations may be one reason why higher immune stimulation is observed with 

materials-based vaccine systems after oral delivery [71]. Thus far, protein antigens have 

been encapsulated in various polymer- and lipid-based particle systems as well as pH-

responsive platforms for oral delivery (Table 2.2) [3,43,72,73]. Here we review the ability 

of these systems to protect vaccines from gastrointestinal digestion through control of 

their release in specific gastrointestinal environments and analyze the effect of digestion 

protection on adaptive immune responses after oral delivery. 

2.1.4.1.1 Protein engineered subunit vaccines to protect from digestion 

Protein antigens can be engineered for enhanced stability in gastrointestinal 

conditions through expression in plants or modification of amino acid sequences. The 

antigen cholera toxin B subunit (CTB) was expressed in rice seed and ~75% of CTB was 

protected from pepsin digestion after 1 hour [74]. Oral delivery of CTB from rice seed did 

not increase serum IgG responses compared to soluble CTB, but fecal IgA titers were 

increased [74]. Virus-like particles (VLPs) were engineered to express protozoa-derived 

variant-specific surface proteins (VSPs) to protect VLP surface antigens from 

gastrointestinal digestion, which are otherwise rapidly degraded in the presence of 

gastrointestinal extracts [75]. The authors found that cysteine-rich motifs of the VSPs 

imparted resistance to both gastric and intestinal proteases [75]. Oral vaccination with 

VSP-coated VLPs generated significantly more serum antibodies and provided protection 
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against viral and tumor challenge while uncoated VLPs did not [75]. Since the VSPs alone 

were found to be inherently immunogenic, increasing production of inflammatory 

cytokines and the expression of stimulatory surface proteins on DCs, it is unknown if the 

strong immune responses were due to protection from gastrointestinal digestion or the 

immunostimulatory effects of the VSP-coated VLPs [75]. However, as the authors 

observed significant degradation of the surface antigen upon exposure to gastrointestinal 

conditions and no protective effects with uncoated VLPs, it is likely that the presence of 

undigested antigen is a requirement for the induction of antigen-specific immunity. 

2.1.4.1.2 pH-responsive vaccine delivery systems 

Retention of the structural conformation of protein antigens is critical for 

immunogenicity and this conformation can be compromised by acid-mediated protein 

denaturation [76]. pH-responsive polymeric systems take advantage of changes in pH 

throughout the gastrointestinal tract, where the highly acidic environment in the stomach 

gradually transitions to be more neutral in the small intestine. These polymers are 

insoluble in acidic conditions but soluble in neutral and alkaline conditions. Thus, pH-

responsive systems are advantageous for preventing vaccine release in the stomach and 

delivery in the intestine, where the vaccine can be absorbed to initiate immune responses. 

Most commonly, Eudragit methacrylic acid methyl methacrylate co-polymers are used for 

their pH-dependent solubility transition. The pH of dissolution can be varied based on 

the co-polymer ratio. For release of cargo in the small intestine, Eudragit L 30 D-55, L 

100-55 (dissolution above pH 5.5) and L 100 (dissolution above pH 6.0) are useful for their 

gastric-resistant properties to preserve antigen epitopes upon digestion. 

Eudragit L 30 D-55 was used to encapsulate the protein antigen ovalbumin (OVA) in 

microparticles [71]. After oral administration, these particles elicited serum antibody 

responses in tolerized mice, whereas mice that received soluble OVA had suppressed serum 

antibody titers indicative of oral tolerance [71]. At the cellular level, restimulation of 

splenocytes from pre-tolerized mice that were orally vaccinated with Eudragit L 30 D-55 



 38 

microparticle-encapsulated OVA led to a higher level of proliferation compared to mice 

that were fed soluble OVA [71]. Encapsulation of a whole cell killed vaccine in a Eudragit 

L 30 D-55 capsule was also effective in preventing vaccine release in simulated gastric 

conditions containing pepsin [77]. However, only a modest increase in serum IgA was 

observed when the vaccine was orally delivered in the capsule. Several aspects of this 

study confound our ability to discern the effect of gastric digestion on the resulting 

immune response. First, capsule delivery was not compared to vaccine administered in 

solution. Second, mice receiving the vaccine in solution were orally gavaged with sodium 

bicarbonate buffer to neutralize stomach acid, which results in both groups having reduced 

gastric digestion of the vaccine. Overall, these studies suggest that pH-responsive 

materials that protect vaccines from gastric digestion can improve the activation of 

adaptive immunity. More controlled studies that evaluate protection or release of the 

vaccine in different gastrointestinal conditions are needed to clearly demonstrate that 

digestion protection contributes to the generation of the observed immune responses. 

2.1.4.1.3 Polymeric and liposomal nanoparticle delivery systems 

Another strategy to protect vaccines from the gastrointestinal environment is to 

encapsulate them in nanoparticles. Nanoparticle properties, including size, charge, and 

hydrophobicity, are known to affect diffusion, uptake, and trafficking of vaccines [78,79]. 

Encapsulation of vaccines in nanoparticles can also sustain vaccine release over time 

depending on the polymer used [80]. Therefore, in addition to sequestering vaccines from 

the digestive gastrointestinal environment, nanoparticles also influence vaccine uptake 

and release kinetics compared to soluble delivery, both of which are known to affect 

adaptive immunity. For the purpose of identifying the effect of gastrointestinal digestion 

on the immune response, this attribute of nanoparticle formulation can be confounding. 

In this section, we highlight how well oral particulate delivery systems protect vaccines 

from release in gastrointestinal conditions to provide insight into the impact of digestion 

on immunity. 
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Nanoparticles can be synthesized from hydrophobic polymers, most notably poly(lactic 

glycolic acid) (PLGA), that are stable during transit through gastrointestinal fluids [81]. 

Encapsulation of Salmonella typhi outer membrane proteins (porins) in PLGA 

microparticles provided protection from acidic degradation [82]. After oral immunization, 

porins encapsulated in PLGA particles enhanced the number of antibody-secreting cells 

and germinal center B cells in gut-associated lymphoid organs compared to soluble 

delivery. In a separate study, nanoparticles composed of poly(lactic acid) (PLA) were co-

polymerized with poly(ethylene glycol) (PEG) to enhance colloidal stability [83]. Co-

polymerization reduced the release of encapsulated antigen in simulated gastrointestinal 

conditions with proteases [83]. Oral administration of PLA-PEG particles increased 

antigen-specific antibodies in the serum and mucosal secretions compared to PLA 

particles, likely due to the enhanced stability of these particles in gastrointestinal fluids 

[83]. 

pH-responsive polymers have also been used as coatings on nanoparticles encapsulating 

antigens. An oral PLGA nanoparticle vaccine was designed to be released in the small 

intestine by coating with Eudragit L 100 [15]. The aim of this study was to elucidate how 

release of PLGA nanoparticle vaccines in the small or large intestine through different 

Eudragit coatings would affect adaptive immunity. pH-responsive release of the 

nanoparticles in the small intestine resulted in a significant increase in the expansion of 

antigen-specific CD8+ T cells compared to PLGA nanoparticle vaccines without the 

enteric coating [15]. Eudragit L 30 D-55-coated cellulose beads delivering OVA induced 

serum IgE antibodies in contrast to delivery of unencapsulated protein [50]. Antibody 

production in response to the vaccine without the Eudragit coating was not evaluated. 

Cubosomes, spray-dried nanoparticles composed of dextran, OVA, and the adjuvant Quil-

A, were loaded in cylindrical microcontainers made of the photoresist SU-8 and coated 

with Eudragit L 100-55 for pH-dependent cubosome release [84]. Oral immunization with 

the microcontainer vaccine did not elicit humoral or cellular immune responses [84]. 
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However, serum IgG was observed when cubosomes were delivered orally without 

encapsulation in microcontainers, which suggests that the microcontainers may hinder 

vaccine bioavailability. Thus, the impact of cubosome vaccine protection in gastric 

conditions is confounded by the reduced function observed when delivered in 

microcontainers. 

Chitosan nanoparticles have also been explored for oral vaccine delivery and are 

additionally advantageous due to the mucoadhesive and absorption-enhancing properties 

of the polymer [85]. However, chitosan is soluble in acidic pH conditions and requires 

gastric stabilization. This can be achieved by using acid-resistant coatings such as alginic 

acid or lipid vesicles. Bovine serum albumin (BSA)-loaded chitosan nanoparticles were 

encapsulated in liposomes and niosomes [86]. While liposomes are composed of 

phospholipids and cholesterol, niosomes are composed of only cholesterol and surfactant. 

In contrast to chitosan, these lipid-coated vesicles are stable in the stomach but are 

digested by enzymes and bile salts in the small intestine. Lipid vesicle-encapsulation of 

chitosan particles enhanced their stability when exposed to simulated gastric conditions 

containing pepsin with ~70% vesicles remaining and ~65% residual antigen content after 

2 hours [86]. In contrast, only ~35% residual antigen content was observed for uncoated 

chitosan nanoparticles in simulated gastric fluid [86]. Oral immunization with 

encapsulated chitosan nanoparticles in mice increased antigen-specific IgG levels in the 

serum and IgA levels in the intestine compared to both uncoated chitosan nanoparticles 

and soluble antigen delivery [86]. These results demonstrate that limiting antigen release 

in gastric conditions is favorable for the activation of humoral immunity. A different study 

investigated an oral vaccine composed of alginate-coated chitosan nanoparticles and 

showed enhanced protection of the antigen when incubated in acidic conditions for 2 hours 

compared to uncoated particles [87]. Oral immunization of mice with these alginate-coated 

chitosan particles resulted in higher plasma IgG and intestinal IgA titers compared to 

soluble vaccine delivery [87]. Mannosylated chitosan nanoparticles coated with Eudragit 
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L 100 prevented release of BSA antigen after incubation in simulated gastric fluid with 

pepsin for 2 hours. In contrast, uncoated particles released all of their BSA cargo in this 

time frame [88]. When administered in vivo, the Eudragit-coated mannosylated chitosan 

particles increased serum IgG and intestinal IgA titers compared to uncoated particles, 

similar to the results from previous studies [88]. Overall, these studies demonstrate that 

release of antigen in gastric conditions by chitosan particles, leading to antigen digestion, 

can be overcome through various gastric-resistant coating mechanisms resulting in 

improved immune responses after oral delivery. 

In addition to polymer-based systems, particles composed of phospholipids have been 

studied as oral vaccines and are capable of eliciting immune responses when administered 

by this route. Lipid particles have favorable biocompatibility profiles and, depending on 

their fatty acid composition, can insert into the bilayer membrane of cells and interact 

with lipids present in mucus [89]. As lipids contain both hydrophobic and hydrophilic 

regions, lipid-based particles can incorporate molecules in their aqueous core and lipid 

bilayer. Where vaccines are loaded within liposomes can influence their release kinetics 

and their exposure to or protection from gastrointestinal conditions [90]. A recent study 

demonstrated the susceptibility of lipid particles to lose their physiochemical properties, 

such as size and surface charge, upon exposure to pepsin and bile salts present in the 

gastrointestinal tract, resulting in a reduction in efficacy when delivering siRNA [91]. 

These vulnerabilities are likely to impact the efficacy of liposome-based oral vaccines 

delivering protein antigens. To enhance stability, liposomes can be surface coated or 

incorporate bile salts in a platform termed “bilosomes” [92,93]. The enhanced stability of 

bilosomes has been shown to increase serum IgG titers compared to conventional 

liposomes without bile salts, supporting the importance of vesicle stability in gastric 

conditions and antigen retention on immunogenicity [94,95]. Future work may focus on 

the controlled design of these systems to further understand how liposome formulation 
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affects antigen protection, diffusion, and uptake leading to differences in immunologic 

responses. 

The use of biomaterial-based delivery systems to encapsulate vaccines is clearly 

beneficial in eliciting immune responses after oral immunization. Preventing release of 

vaccines in the gastric environment, either through formulation in pH-responsive polymers 

like Eudragit or through coating of nanoparticle vaccines to impart gastric-resistance, 

enhances both cellular and humoral immunity. Critical limitations of these studies are the 

lack of extensive characterization of carrier-mediated digestion protection and the 

confounding effects of nanoparticle-mediated vaccine uptake and sustained release. 

Therefore, while these studies support a link between digestion protection and immunity, 

the relationship is not definitive. Additionally, many questions regarding the role and 

mechanism of gastrointestinal digestion on antigen immunogenicity and the elicitation of 

tolerance still remain. For example, how exactly does antigen digestion lead to a lack of 

immune responses? What are the contributions of gastric and intestinal digestion, 

respectively? Is protection of antigens from gastrointestinal digestion sufficient to activate 

immunity or is nanoparticle formulation also required to increase vaccine absorption and 

extend exposure? In general, advanced material delivery systems may answer outstanding 

questions regarding the balance of tolerance and immunity in the intestine with respect 

to antigen digestion. 

 

Table 2.2. Immune responses to oral vaccine formulations with respect to protection from 

gastrointestinal digestion. 

Strategy Material 
Gastric 
protection 

Intestinal 
protection 

Systemic 
immunity 

Mucosal 
immunity 

Confounding 
factors 

Ref. 

Protease-
resistant 
protein 
coating 

  Y Y Increased IgG & 
protected against 
viral & tumor 
challenge 

Increased IgA Enhanced 
immunogenicity of 
variant-specific 
surface proteins 

[75]  

Expression 
in plants 

Rice seed Y, ~75% in 
SGF+pepsin 

Not evaluated No difference 
compared to 
soluble 

Increased fecal 
IgA titers 

 [74]  
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pH-
responsive 
delivery 

Eudragit L 30 
D-55 
microparticles 

Not evaluated N/A Induced IgG & 
proliferation of 
restimulated 
splenocytes 

 No evaluation of 
antigen release or 
digestion 
protection 

[71]  

 Eudragit L 30 
D-55 capsules 

Y, 
SGF+pepsin 

N/A Slight increase in 
IgA 

 Immune responses 
were not compared 
to vaccine 
delivered without 
capsule 

[77] 

NP 
formulation 

PLGA NPs Y, SGF Not evaluated  Increased 
antibody-
secreting cells 
and GC B 
cells 

Nanoparticle 
formulation  

[82] 

 PLA-PEG NPs Reduced 
release in 
SGF+pepsin 

Reduced release 
in 
SIF+pancreatin 

Increased IgG 
compared to 
PLA particles 

Increased IgA 
compared to 
PLA particles 

Nanoparticle 
formulation  

[83] 

Enteric-
coated NP 
formulation 

Eudragit L 100-
coated PLGA 
NPs 

Not evaluated Not evaluated Increased 
antigen-specific 
CD8+ T cells 
compared to 
uncoated NPs 

 Nanoparticle 
formulation; 
Formulations 
included adjuvant 

[15] 

 Eudragit L 30 
D-55-coated 
cellulose beads 

Not evaluated Not evaluated Increased serum 
IgG  

 Nanoparticle 
formulation; No 
comparison to 
uncoated NPs 

[50] 

 Eudragit L 100-
55-coated 
cubosome-
loaded 
microcontainers 

Intact lids in 
stomach 
extract 

Dissolved lids 
in intestinal 
extract 

No activation of 
systemic 
immunity 

 Nanoparticle 
formulation; 
Formulations 
included adjuvant; 
Microcontainers 
may limit vaccine 
release 

[84] 

 Eudragit L 100-
coated chitosan 
NPs 

Y, 
SGF+pepsin 

Y, SIF+trypsin Increased IgG 
compared to 
uncoated NPs 

Increased 
intestinal IgA 
compared to 
uncoated NPs 

Nanoparticle 
formulation 

[88] 

Liposome  
stabilization 

Bilosome Reduced 
release of 
antigen in 
SGF 

Reduced release 
of antigen in 
SIF 

Increased IgG  Nanoparticle 
formulation; No 
comparison to 
parent liposomes 

[94,95] 

NP, nanoparticle; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; GC, germinal center. 

 

2.1.4.2 Mechanisms of intestinal vaccine uptake 

Once oral vaccines transit through the stomach into the intestinal lumen, the 

vaccine must then be internalized and processed by the appropriate cell types to activate 
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an immune response. As discussed above, there are a variety of mechanisms in which cells 

of the intestine uptake orally delivered substances. However, the internalization of full 

proteins larger than tripeptides is largely inefficient and only a few mechanisms of 

absorption are known. Many novel delivery platforms have been developed to both 

interrogate and target internalization pathways to increase vaccine absorption in the 

intestine (Figure 2.3). While these studies focus primarily on how oral drug delivery 

platform properties affect their biodistribution and uptake, examples that measure 

immunological outcomes will be highlighted. Here, we review and discuss how these 

material strategies affect vaccine uptake, processing and presentation by antigen 

presenting cells, and the subsequent polarization and magnitude of adaptive immunity. 

These findings are summarized in Table 2.3. 
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Figure 2.3. Mechanisms of intestinal vaccine absorption and vaccine delivery systems used to 

modulate uptake. Top panel: Known mechanisms of antigen uptake in the intestine. Bottom panel: 

Material-based systems to modulate vaccine delivery and uptake in the small intestine. DC, 

dendritic cell; SED, subepithelial dome; mLNs, mesenteric lymph nodes; ER, endoplasmic 

reticulum. 
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2.1.4.2.1 Passive cell targeting 

Mechanisms of vaccine uptake in the small intestine have been investigated and 

exploited by material-based systems. Orally-delivered polystyrene nanoparticles of 200 nm 

size can gain access to the subepithelial dome (SED) of Peyer’s patches and are 

internalized by DCs in the region [96]. Nanomaterial shape has been shown to affect 

gastrointestinal transit, uptake, and transport. The size of silica nanoparticles influenced 

uptake into intestinal Peyer’s patches. Smaller particles (~100–200 nm) penetrated into 

the SED while larger particles (>1,000 nm) were found primarily on the luminal side of 

the epithelium [97]. Modulation of the size of vaccine nanocarriers can also affect transport 

through different epithelial cells. SED CD11b+ macrophages internalized smaller silica 

particles (100, 180, and 365 nm) more effectively than larger particles. In contrast, M cells 

co-localized with particles of larger size (745 nm) [98]. The effect of size is critical to 

understand as difference cell types have distinct abilities to initiate immune responses. 

Additionally, size is known to influence cellular internalization pathways which has 

implications for antigen processing [99,100]. Indeed, the authors observed increased IgA 

production in the intestinal lumen after treatment with 925 nm particles (uptake in M 

cells) compared to 100 nm particles (uptake in macrophages) [98]. However, the number 

of IgA+ cells in the Peyer’s patches and IgA titers in bile secretions and Peyer’s patches 

were higher in mice that received 100 nm particles compared to larger sizes [98]. In another 

study, mice were orally vaccinated with OVA-loaded PLGA nanoparticles of different 

diameters (1.3, 4.0, 7.5, and 14.0 µm). The 4 µm particles were found to induce the highest 

production of serum IgG at three different doses tested [101]. In terms of shape, 

polystyrene nanorods (~400 nm x ~150 nm) had higher retention in the gastrointestinal 

tract, increased penetration into villi, and were transported into mesenteric lymph 

compared to nanospheres of a similar size (~200 nm) [102]. These results demonstrate that 

the size of nanoparticle-delivering vaccines does impact which cells internalize the vaccine 
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and how well the lymphatic system is accessed, leading to differences in the magnitude 

and location of the adaptive immune response. 

Studies on the uptake of oral drug delivery systems give additional insight into how 

nanomaterials can influence diffusion, uptake, and trafficking. Efficient diffusion of 

macromolecules through the mucus layer has been studied using spherical polystyrene 

particles of specific size, shape, and charge [79]. Carboxylate-modified polystyrene 

particles were used as mucoadhesive particles and demonstrated low distribution 

throughout the intestinal lumen and luminal invaginations. In contrast, PEG modification 

of the particles renders them mucus-penetrating and dramatically increased their 

distribution [103]. In terms of size, smaller PEG-modified particles (<100 nm) were more 

uniformly distributed in the colorectum compared to larger particles, which had lower 

tissue surface coverage [103]. Mucoadhesive particles are commonly used for oral drug 

delivery to increase residence time in the intestinal tract [44,104]. These findings on the 

relationship between size, mucoadhesion, and diffusion indicate that, while residence time 

may be increased with mucoadhesive particles, these particles will suffer from low 

distribution through the mucus layer with limited access to the epithelium. Importantly, 

a recent study observed that cationic polymeric nanoparticles were enveloped by a protein 

corona when exposed to simulated gastrointestinal conditions, which significantly reduced 

uptake of the particles by intestinal epithelial cells in vitro [105]. Findings from these 

studies are incredibly valuable for oral vaccines, in which the efficient absorption of 

antigens is critical to their immunologic function. 

2.1.4.2.2 Targeting specialized epithelial cells and DCs 

In addition to designing systems with specific physical properties to modulate uptake 

of oral vaccines, bioconjugation of particles with ligands can impart active cell targeting 

properties [106]. As enterocytes are the first cells to be encountered by vaccines in the 

intestinal lumen, enhancing uptake and transport in this cell population has been an 

attractive strategy [107]. After identifying the critical role of M cells and Goblet cells in 



 48 

antigen transfer and the induction of adaptive immunity, many strategies have been 

developed to target these cells. Here, we comment on studies that correlate targeting with 

the elicitation of adaptive immune responses, but more curious readers can refer to 

comprehensive reviews on M cell targeting [108,109]. Targeting a protein vaccine to the 

M cell receptor glycoprotein 2 (GP2) through conjugating to the antigen-binding fragment 

region of an anti-GP2 antibody resulted in increased intestinal secretory IgA and better 

protection upon oral bacteria challenge [110]. Lectin conjugation of PLGA and polystyrene 

particles increased uptake by M cells and enhanced intestinal antigen-specific secretory 

IgA [111,112]. Targeting Goblet cells has only been investigated in the context of oral 

insulin delivery. Conjugation of trimethyl chitosan chloride nanoparticles with a Goblet 

cell-targeting peptide improved the bioavailability of orally-delivered insulin by 1.5-fold 

compared to untargeted particles [113]. As Goblet cells are also known to be central in 

transfer of luminal antigens in the intestine, the application of this targeting strategy for 

oral vaccines has much potential. 

Another attractive targeting strategy for immunization is to accumulate vaccines in 

professional antigen presenting cells such as DCs [114]. Antigen processing by DCs 

ultimately determines the quality and quantity of the adaptive immune response [115]. 

This approach has been most widely studied for parenterally-administered vaccines, in 

which the vaccine accesses DCs directly in the tissue or in lymphoid organs [114]. Many 

strategies target C-type lectin receptors that are expressed on DCs. Lectin targeting 

induces endocytosis by DCs and can improve antigen presentation to T cells through 

access to lysosomes. In contrast to parenteral vaccinations, DC-targeting approaches have 

limitations for oral vaccine delivery. Multiple barriers must first be overcome for oral 

vaccines to be in the spatial vicinity of DCs, which reside below the epithelial layer in the 

lamina propria, to realize their targeting potential. Thus, the development of multi-

functional systems that utilize strategies in series is likely required to target oral vaccines 

to DCs in the intestine. For example, certain mucosal adjuvants can recruit inflammatory 
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immune cell populations to the intestinal epithelium and induce DCs to extend 

transepithelial dendrites [22]. An oral vaccination regimen in which intestinal DCs are 

first recruited to the epithelium followed by their targeting with material-based strategies, 

as discussed above, may enhance vaccine accumulation in this important cell type. 

Additionally, new insights on DC subtypes in mucosal tissues has revealed populations 

more likely to induce tolerogenic or inflammatory responses [62,116]. How biomaterial 

vaccines are targeted to these different DC populations may have significant implications 

for oral immunization and the elicitation of protective immunity. 

2.1.4.2.3 Targeting epithelial transport pathways 

Oral drug delivery systems have also been designed to co-opt known transport 

pathways in the intestine, although few have been evaluated for oral immunization. 

Liposomes coated with layered sodium alginate and chitosan were conjugated to vitamin 

B12, which in this study was used to impart surface roughness but is also known to be 

involved in intestinal absorption [117]. Conjugated liposomes demonstrated enhanced 

serum IgG and mucosal IgA titers after oral administration compared to soluble delivery 

of the antigen [118]. As the primary motivation of the study was the effect of surface 

roughness, a control particle without vitamin B12 was not included. Therefore, the 

contribution of targeting the vitamin B12 transport pathway in the development of 

antibodies could not be evaluated. In the oral delivery of insulin, a vitamin B12 derivative 

conjugated to dextran nanoparticles increased bioavailability compared to particles 

without modification [119]. Targeting strategies have also been shown to influence 

internalization and processing pathways in addition to enhancing uptake. Targeting 

vitamin B12 transport in vitro resulted in trafficking of polystyrene nanoparticles through 

a caveolae- rather than clathrin-dependent internalization pathway that was used for 

soluble B12 [120]. The internalization pathway for unconjugated nanoparticles was not 

evaluated. This pathway switch resulted in an avoidance of lysosomal processing, which 

could have implications for antigen presentation. PEG-PLGA nanoparticles modified with 
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a peptide ligand targeting heparan sulfate proteoglycans also modulated internalization 

pathways in intestinal epithelial cells in vitro [121]. Unmodified particles were shuttled 

through the lysosomal pathway while peptide-conjugated particles were transported 

through caveolae vesicles. This resulted in the particles avoiding lysosomal degradation 

and cell transcytosis [121]. Oral delivery of insulin with the peptide-modified particles 

resulted in higher therapeutic bioavailability compared to both free insulin and unmodified 

particle delivery [121]. 

To take advantage of bile acid transporters present on the apical side of intestinal 

enterocytes, the bile acid glycocholic acid has been conjugated to various nanoparticles. 

Bile acid-conjugated polystyrene particles demonstrated significant improvements in 

systemic bioavailability after oral dosing, with bioavailability being dependent on 

glycocholic acid density and particle size [122]. Intracellularly, bile acid-conjugated 

particles were transported through the endoplasmic reticulum and Golgi apparatus [122]. 

After release from the cell, conjugated particles gained access to the lymphatic system 

and were found in the liver at a lower percentage of the administered dose [122]. These 

results demonstrate that bile acid-conjugated particles have preferential access to the 

lymphatic system. While this study focused on the trafficking of the particles themselves, 

it will be important to understand how bile acid conjugation impacts trafficking of the 

therapeutics loaded within the delivery system. Additionally, targeting the bile acid 

transport pathway could affect the elicitation of immune responses and is important to 

investigate. These bioconjugate systems are useful tools to study how blood versus 

lymphatic drainage of orally-administered antigens can affect adaptive immunity, and 

investigating the role of the liver in oral tolerance is also alluring [123,124]. For example, 

one study surgically connected the mesenteric vein to the subhepatic inferior vena cava 

in rats to redirect intestinal drainage away from the liver. These animals were unable to 

mount tolerance to an orally-introduced antigen in contrast to control animals, suggesting 

that liver circulation is necessary for oral tolerance [125]. While surgically shunting veins 
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is an impractical clinical strategy to achieve immunity in response to oral vaccination, one 

could envision the use of advanced delivery systems to partition therapeutics through 

specific pathways and organs to control the activation of tolerance vs. immunity. 

Oral drug and vaccine delivery platforms can also be conjugated to larger 

macromolecules, such as immunoglobulins, to access existing transport pathways. An HIV 

protein antigen was conjugated to secretory IgA to target transport through M cells, which 

bind and endocytose IgA [126]. This strategy increased antigen transport into Peyer’s 

patches and heightened antibody production, memory B cells, and IFN-g secreting cells 

compared to unconjugated antigen [126]. Conjugation of PLA-PEG nanoparticles with 

IgG fragments targeting the neonatal Fc Receptor (FcRn) pathway enhanced transport 

of insulin across the intestinal epithelium and into circulation [127]. Binding of IgG by 

FcRn is known to engage proinflammatory pathways, in contrast to the regulatory 

function of IgA complexes [128]. Targeting the intestinal FcRn transport pathway has not 

yet been studied as an oral vaccine. However, its utility in vaccination has been 

demonstrated at other mucosal surfaces. For example, intranasal delivery of antigens fused 

with the Fc region of IgG significantly increased antigen-specific immune response 

compared to antigen without Fc fusion [129,130]. It will be interesting to understand how 

FcRn pathway targeting influences the uptake of orally-delivered vaccines and the 

activation of adaptive immunity [131]. 

The ability of materials-based systems to both enhance and control cellular shuttling 

of therapeutics is a unique and powerful strategy. However, it is unknown how the use of 

different pathways influences antigen transport in epithelial cells and how this may affect 

subsequent immunologic outcomes. A recent review discusses the impact of cellular 

retention versus exocytosis of nanomaterial platforms on their efficacy [132]. The authors 

emphasize the importance of investigating not only cellular uptake but also recycling, 

which has been relatively understudied. While their review is focused predominately on 

gene delivery, many of the questions posed are important to consider for vaccine efficacy. 
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For oral vaccines, retention in or release from certain cell types will likely impact how 

robustly antigens are presented to adaptive immune cells, access lymphoid organs, and 

ultimately be cleared from the body. 

2.1.4.2.4 Mechanical systems to modulate absorption 

Novel devices offer an alternative approach to increase oral vaccine absorption by 

employing mechanical systems to facilitate penetration. A micromotor device was coated 

with a toxin antigen-inserted red blood cell membrane, further coated with chitosan, and 

enveloped in Eudragit L 100-55 [133]. In simulated gastrointestinal fluids, the enteric-

coated device self-propelled in only intestinal conditions at a speed of ~150 µm sec-1 [133]. 

After oral administration, the micromotor device enhanced vaccine distribution and 

retention throughout the intestinal tract and within villi, resulting in enhanced fecal IgA 

titers compared to a static form of the same device [133]. These micromotors overcome a 

significant transport barrier in oral vaccination to effectively gain access to intestinal 

tissue and initiate immune responses. Other force-based technologies have been developed 

for gastrointestinal drug delivery. The self-orienting millimeter-scale applicator (SOMA) 

uses a self-orienting mechanism to deploy milliposts made of biodegradable polymers into 

the gastric mucosa [134]. Milliposts were shown to be capable of penetrating through the 

submucosa of stomach tissue ex vivo to facilitate drug delivery through the gastric wall 

[134]. In a separate example, a cylindrical pill with protruding microneedles around the 

surface was designed for oral drug delivery and demonstrated to be safe through 

gastrointestinal passage [135]. However, this device has yet to be evaluated for its ability 

to increase drug delivery across the intestine. It will be interesting to further study how 

the mechanical forces might have an adjuvant effect by modulating subsequent immune 

signaling and inflammatory responses. Epithelial cells are also known to be sensitive to 

mechanical stimulation, the physiologic effects of which depend on the nature of the 

mechanical disruption [136]. As mucus itself delivers immunoregulatory signals to 
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intestinal cells [67], if and how these mechanical systems interfere with this recognition 

pathway will be important to evaluate. 

Using physiochemical, biologic, and mechanical attributes of material systems, 

vaccines can target a variety of cell types in the intestine. This can result in selective 

vaccine uptake in relevant cell populations and can exploit certain internalization 

pathways for desired immunological outcomes. The tunability of material-based systems 

is conducive for examining how distinct cellular pathways lead to differences in vaccine 

processing, presentation, and activation. Next generation oral vaccine delivery platforms 

can be better engineered and designed to achieve the most relevant functional outcomes 

upon expanding our fundamental understanding of these topics. 

 
Table 2.3. Material-based approaches to modulate intestinal uptake and the effect on cellular 

processing and adaptive immune responses. 

Design Feature Location of Uptake 
Cellular 
Internalization & 
Processing 

Immunological Outcomes Reference 

Size     

100-200 nm NPs SED DCs, macrophages IgA in Peyer’s patches [97] 

~750 nm NPs SED M cells IgA in intestinal lumen [98] 

>1000 nm NPs Intestinal lumen (no 
epithelial transcytosis) 

  [97] 

4 µm NPs   Increased serum IgG 
compared to 1.3, 7.5, & 14 µm 
NPs 

[101] 

Shape     

Rods vs. spheres Rods enhanced intestinal 
retention & villi penetration 

Rod increased lymphatic 
transport 

 [102] 

Ligands     

Vitamin B12  Increased absorption & 
bioavailability; Caveolae-
dependent internalization 

Increased IgG and IgA [118–120] 

Bile acid  Transcytosis; lymphatic 
transport 

 [122] 

Heparan sulfate  Caveolae vesicle transport 
& transcytosis 

 [121] 
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Secretory IgA SED M cells, DCs Increased IgG, memory B 
cells, IFN-g secreting cells 

[126] 

IgG Fc  Epithelial transport; 
access to circulation 

 [127] 

M cell ligands  Uptake in M cells Increased IgA & protection 
from bacterial challenge 

[110–112] 

Force     

Enteric 
micromotor 

Increased retention & 
distribution 

 Increased IgA [133] 

    NPs, nanoparticles; DCs, dendritic cells; SED, subepithelial dome. 
 

2.1.4.3 Impact of oral vaccine delivery location and kinetics 

Vaccine composition and delivery location can affect immunogenic responses to 

oral vaccines, both acutely and in the development of memory. The length of the small 

intestine is divided into the duodenum, jejunum, and ileum. Each of these segments are 

distinct cellularly and functionally, and immunologically discrete lymphoid organs drain 

different segments of the small intestine [137]. These lymphoid organs exhibit a gradient 

of inflammatory or tolerogenic responses to the same orally-derived antigen, highlighting 

the importance of where vaccine absorption occurs along the length of the intestine [137]. 

Once vaccines are inside cells within these locations, access to the cytosol and the kinetics 

of vaccine exposure can also affect immunologic responses. Physiological and 

immunological differences along the intestinal tract are highlighted in Figure 2.4. Through 

the application of advanced materials, how immunity is elicited throughout the intestinal 

tract and identifying the location most inductive of protective responses may be 

investigated. These functional systems also have the ability deliver antigens to distinct 

anatomical and cellular location, and to co-deliver physiochemically diverse agents such 

as adjuvants that can potentiate and direct immune responses [138]. Here, we review 

material-based platforms that have provided insight into how controlling the delivery 

location of oral vaccines and their release kinetics modulates innate and adaptive 

immunity. We will also discuss relevant observations from other mucosal and parenteral 

vaccine studies and their translation to oral immunization. 



 55 

 
Figure 2.4. Physiological and immunological differences along the gastrointestinal tract. 

 

2.1.4.3.1 Regional targeting of the intestinal tract 

Physiological and immunological distinctions in regions of the small intestinal can be 

observed macro- and microscopically (Figure 2.4) [139,140]. For example, microvilli 

length, mucus thickness, and the presence of digestive enzymes vary depending on the 

anatomical function of the intestinal region. Immunologically, Peyer’s patches and 

lymphoid follicles are found more frequently in the ileum compared to the upper small 

intestine, while intraepithelial lymphocytes decrease in number in more distal regions 

[141,142]. DC populations and expression of pathogen associated molecular pattern 

receptors also distribute to distinct regions of the intestine [143,144]. Mesenteric lymph 

nodes that drain more proximal regions of the small intestine induce the polarization of 

regulatory T cells while lymph nodes that drain the distal small intestine and the colon 

activate inflammatory and helper T cells [137]. These differences are critical to understand 

for the development of oral vaccines and suggest targeting vaccines to specific intestinal 

regions to achieve long-lasting immunity. 

To understand the impact of regional vaccine delivery on the induction of immune 

responses, a radio controlled capsule oral vaccine was investigated in humans [145]. 

Controlled release of the vaccine in the jejunum and ileum generated systemic and mucosal 



 56 

antigen-specific antibodies, with a higher response measured when the vaccine was 

released in the ileum [145]. These results support the notion that targeting distal regions 

of the small intestine, which drain to more inflammatory lymph nodes, can generate 

stronger immune responses. Another study used Eudragit-coated PLGA nanoparticle 

vaccines to understand the regional contribution of immunizing at the small and large 

intestine [15]. Release of the PLGA nanoparticles in the large intestine induced vaginal 

and rectal immunity, while small intestinal nanoparticle release resulted in local immune 

responses [15]. These results demonstrated the functional differences throughout the 

intestinal tract and highlighted the power of advanced materials systems to answer these 

fundamental vaccinology questions, many of which still remain to be investigated. 

Differences in pH along the small intestine could be further leveraged to take advantage 

of the propensity of certain intestinal regions to induce tolerance or immunity. 

Identification of compartmentalized intestinal immune responses were investigated by 

duodenal or ileal injection of antigen by a surgical procedure [137]. Through using an 

advanced delivery system, study of regional immunological mechanisms in the intestine 

could be achieved less invasively. 

2.1.4.3.2 Mesenteric lymph node targeting 

Material systems can also control vaccine access to lymph nodes where adaptive 

responses are initiated and directed. A range of immune cells can be accessed in lymph 

nodes that include antigen presenting cells and also T and B lymphocytes that are 

responsible for adaptive effector immune function. Vaccines can also traffic to specialized 

regions within the lymph nodes where T cell polarization and B cell affinity maturation 

take place. In the intestine, vaccines must first penetrate from the lumen, through the 

epithelium, and into the interstitium where lymphatic drainage occurs. At the same time, 

vaccines must avoid clearance through the vasculature system. Accumulation of vaccines 

in lymph nodes has been explored by controlling properties of material carriers and 

employing targeting strategies [146,147]. For orally-delivered systems, it has been observed 
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that nanoparticle functionalization with enterocyte-targeting ligands results in 

intracellular retention [148]. However, vaccine transcytosis from enterocytes is required to 

access draining lymphoid organs for the activation of adaptive immunity. Mesenteric 

lymph node targeting has been largely understudied and these results suggest novel 

strategies for lymph node targeting may be needed for this challenging administration 

route. As discussed above, much work in targeting M cells has identified properties of 

particulate systems that enhance uptake of orally delivered vaccines to Peyer’s patches. 

It remains to be determined if another set of attributes is more appropriate for mesenteric 

lymph node targeting and how targeting lymph nodes versus Peyer’s patches in the 

intestine influences the elicited immune responses. 

2.1.4.3.3 Controlling subcellular delivery 

Subcellular vaccine location is another important parameter in controlling immune 

outcomes. Vaccine antigens can be transported through distinct intracellular pathways 

that may result in antigen degradation, processing and presentation, transcytosis, or 

transfer to adjacent cells. Internalization pathways can be targeted by vaccine formulation 

and bioconjugation strategies, as mentioned above. Systems can also be designed to 

interfere with pathways after antigen internalization, of which the main strategy is 

endosomal escape. In vaccine delivery, successful endosomal escape is incredibly attractive 

to generate cytotoxic CD8+ T cell responses to extracellular antigens. This is because the 

elicitation of a CD4+ or CD8+ T cell response is dependent on the context in which the 

lymphocyte sees the antigen. Most commonly, extracellular antigens are presented on 

MHC class II to CD4+ T cells through lysosomal degradation pathways. Intracellular 

antigens can access MHC class I presentation to CD8+ T cells through proteasomal 

degradation in the cytosol and transport to the endoplasmic reticulum. In most cases, 

extracellular antigens are not presented on MHC class I based on the mechanism of 

exogenous antigen uptake and processing. Thus, most vaccines elicit poor CD8+ T cell 

responses on their own. As these responses are critical in combating viral infections and 
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cancers, systems that can interrogate lysosomal processing and access MHC class I 

processing machinery in the cytosol are desired. Most endosomal escape strategies use 

membrane-disrupting peptides, pH-sensitive polymers, and cationic lipids to destabilize 

endosomes and achieve release into the cytosol [149]. No endosomal escape-inducing 

systems have been applied to oral vaccines. Here, we discuss the promise of this strategy 

through review of parenteral vaccines and oral drug delivery platforms using this 

mechanism. 

OVA was conjugated to poly(propyl acrylic acid) (PPAA) and formulated into 

nanoparticles with the cationic polymer poly(dimethylaminoethyl methacrylate) [150]. 

PPAA carriers undergo a pH-dependent protonation in the acidic environment of 

lysosomes that results in endosomal membrane disruption [151]. Delivery of OVA 

subcutaneously in the endosomal-disrupting particle dramatically increased the generation 

of CD8+ T cells, serum antibody responses, and provided enhanced protection from tumor 

challenge compared to delivery in polymeric nanoparticles that did not induce endosomal 

escape [150]. Endosomal escape of antigens has recently been applied to oral 

biotherapeutics, predominately insulin delivery systems. A hydrophobic peptide HA2 was 

formulated in solid lipid nanoparticles to induce endosomal escape upon cellular 

internalization [152]. Incorporation of the peptide in the oil phase resulted in particles 

with peptide in the lipid corona, which increased endosomal escape in vitro compared to 

peptide encapsulated in the internal phase of the particles [152]. When the particles were 

injected in ligated intestinal loops, the highest transcytosis of the protein cargo was 

achieved with particles that had HA2 peptide in the lipid shell [152]. Enhanced endosomal 

escape resulted in significantly reduced blood glucose levels when delivering insulin 

compared to controls [152]. This study indicates that strategies for endosomal escape are 

promising for oral delivery of protein drugs and vaccines. However, since the particles 

were delivered directly into the intestine, the effect of exposure to gastric conditions could 

not be evaluated. Similar material-based platforms could be applied to study how 
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endosomal escape modulates antigen processing and presentation in intestinal cell 

populations, such as epithelial cells and DCs. As proof of concept, a Salmonella strain 

expressing influenza protein antigen was engineered to achieve endosomal escape and 

provided enhanced protection against viral challenge after oral administration compared 

to vaccination with the wildtype strain [153]. This study demonstrates the potential for 

endosomal escape-enhancing oral delivery systems to potentiate mucosal immune 

responses. 

2.1.4.4 Pathogen biomimicry 

The components of a vaccine are critical in directing immune responses, and 

mimicking the biophysical attributes of pathogens has been shown to be an effective way 

to activate immunity [138,154–156]. Pathogens express a variety of molecular patterns 

that cells detect through ligation of receptors that recognize distinct, evolutionary 

conserved patterns. Scientific understanding of these molecular patterns has led to the 

development of next-generation adjuvants to amplify the immune response, control the 

type of response, and establish immunologic memory critical for long-lasting protection 

from infection [157,158]. These adjuvants are commonly delivered as singular entities or 

in specific combinations to induce immune synergy [159,160]. In nature, these pathogen 

motifs are organized in specific spatial patterns and sensed concurrently, which is difficult 

to achieve with soluble delivery. Particle-based systems, composed of polymers, lipids, and 

viral proteins, have the unique capability to control the spatial and temporal presentation 

of these molecules and achieve their simultaneous delivery inside cells [155,161]. For 

example, protein nanoparticles presenting antigen complexes on their surface elicited 

significantly higher titers of neutralizing antibodies in mice and non-human primates 

compared to soluble delivery [162]. Studies have demonstrated that particle size and 

shape, presentation density, and antigen and adjuvant co-delivery have significant impacts 

on immune responses [163–165]. Here, we discuss the use of biomimicry in oral vaccine 
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delivery systems and review unique characteristics of intestinal immunology to be 

considered in the design of oral vaccines that utilize biomimicry. 

Virus-like particles (VLPs) are the ultimate biomimicry strategy, in which 

structures of viral proteins form a non-pathogenic particle that is structurally similar to 

pathogenic viruses. This structure can present protein antigens on their surface to 

effectively crosslink B cell receptors and facilitate uptake in antigen presenting cells 

[166,167]. While VLPs have been incredibly impactful for injection-based vaccinations, 

their impact after oral administration has been less studied. VLPs delivering a DNA 

vaccine were developed from hepatitis E virus for oral delivery [168]. Mucosal adaptive 

immune responses were highest in mice that had been vaccinated orally with VLPs in 

comparison to unencapsulated DNA [168]. Orally-delivered VLPs also induced systemic 

antibody responses to a similar degree as VLPs delivered subcutaneously, demonstrating 

the highly immunogenic nature of this vaccine delivery system [168]. A novel VLP system 

utilizing gastrointestinal digestion-resistant surface proteins induced robust activation of 

systemic and mucosal immune responses upon oral immunization [75]. This resulted 

protection against influenza challenge while delivery of the vaccine without the digestion-

resistant proteins did not [75]. This study observed that the digestion-resistant surface 

proteins were paramount to the immunogenicity of the platform. VLPs that did not 

express these surface proteins were less effective in eliciting immunity [75]. 

In addition to VLPs, polymeric and lipid particles can be synthesized as biomimetic 

particles. One study investigated the effect of co-encapsulation of antigen and adjuvant 

in PLGA nanoparticles for oral immunization and observed higher serum antibody titers 

compared to particle delivery of antigen only [169]. As many biomimicking platforms 

incorporate adjuvants that antagonize specific pattern recognition receptors, it is 

important to remember that potent adjuvant combinations for parenteral vaccine 

formulations may not be as effective mucosally. Distinct expression profiles of pathogen 

pattern-recognition receptors (PRRs) are observed among different cell types and 
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locations. The PRR expression profiles of DCs have been most widely studied, due to the 

role of these cells in bridging innate and adaptive immunity. Parenteral vaccines are able 

directly access these cells and are thus designed with the PRR profiles of DCs in mind. 

However, mucosal vaccines first interact with epithelial cells lining these surfaces, which 

may require different design considerations. Intestinal epithelial cells are known to express 

a subset of toll-like receptors and expression is polarized [144,170]. The TLR agonist 

flagellin, known to activate intestinal epithelial cells [40], and the C-type lectin receptor 

ligand mannosamine, known to target and activate DCs [171], were conjugated to 

polyanhydride nanoparticles [172]. Upon oral delivery, increased antigen-specific antibody 

titers were observed from the biomimicking particles compared to particles without ligand 

decoration [172]. Immunity generated in response to soluble co-delivery of antigen and 

adjuvant was not reported. Thus, it is not clear the role of antigen and adjuvant co-

presentation by the vaccine-delivering particle on the enhanced immune responses. This 

ability of material-based systems to potentiate immune responses and mimic attributes of 

infectious pathogens is incredibly powerful. The utilization of advanced material systems 

to mimic biophysical attributes has significant potential to expand our understanding of 

oral vaccine requirements to activate immunity. 

2.1.4.4.1 Controlling vaccine kinetics 

Natural infections are known to have varying pathogen loads over time and infection 

kinetics dictate the timing and type of immune response for proper pathogen elimination 

[173,174]. Non-replicating vaccines, which have shown limited ability to induce immunity 

when administered orally, deliver a bolus of antigen to the body and do not mirror the 

kinetics of naturally occurring infections. It is possible that the immunologic processes 

necessary for protection are not activated due to differences in vaccine kinetics. For 

example, the timescale of naïve T cell differentiation into effector T cells is on the order 

of days. B cell class switching and somatic hypermutation depend on the continued 

exposure to antigen over time to develop high-affinity receptors. Indeed, modulating 
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parenteral vaccine delivery kinetics has shown to result in differences in both the CD8+ 

T cell [174] and antibody [175] response. Exponentially increasing vaccine dosing regimens 

were found to activate the highest adaptive immune responses. Enhanced responses were 

due to prolonged antigenic stimulation of T and B cells, resulting in increased germinal 

center B cell responses. To achieve such kinetics for oral immunizations, the timescale of 

adaptive immune generation must be reconciled with the short residence time of orally 

delivered vaccines. 

Oral immunization with cholera toxin conjugated with a small molecule hapten 

required repeat doses to generate intestinal IgA [176]. The authors note that the time 

between doses was not as critical as the number of immunizations in eliciting mucosal 

antibodies. This study identified that repeat doses were necessary to select and expand 

high affinity antibody-producing plasma cells in the intestine, which was initiated in 

Peyer’s patch germinal centers [176]. Thus, these results indicate sustained vaccine 

exposure is also required for oral immunization. For clinical use, the development of an 

advanced delivery system to achieve such dosing kinetics will be advantageous. Material-

based systems can control vaccine release rates and importantly, sustained release kinetics 

can be realized. 

While most studies investigating antigen kinetics and persistence use parenteral 

vaccine administration, there are a few of note that investigate kinetics for oral 

vaccination. Alginate-coated chitosan nanoparticles of different molecular weights 

demonstrated distinct antigen release kinetics and were compared as oral vaccines [87]. 

The authors observed that lower molecular weight chitosan formulations, which had a 

more sustained release profile compared to higher molecular weight formulation, elicited 

higher antibody titers [87]. While it is not known if the varying molecular weights of the 

formulations led to other important differences in vivo, such as vaccine absorption, this 

study suggests that the dependence of the immune response on vaccine kinetics observed 

for parenteral vaccination may also be true for mucosal vaccines. Enteric-coated plant-
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based microcapsules have also demonstrated sustained release kinetics in simulated 

intestinal fluid over 8 hours [177]. However, this platform has yet to be evaluated for the 

elicitation of immune responses. 

Modulation of vaccine delivery kinetics at mucosal surfaces can also be achieved using 

mucoadhesive systems to prolong vaccine residence time. As discussed above, oral vaccine 

delivery systems that are themselves mucoadhesive may have limited diffusion through 

the mucus barrier, ultimately resulting in vaccine clearance. Rather, some material 

solutions may include adhesive depots that sustain vaccine release while simultaneously 

extending residence time or a delivery system that provides a constant source of antigen 

upstream of inductive sites in the intestine. Such advanced technologies have been 

designed for oral therapeutic delivery and have relevance to questions regarding the effect 

of vaccine kinetics on oral immunization. Planar microdevices were developed to achieve 

unidirectional release of the small molecule drug acyclovir to increase oral bioavailability 

[178]. Lectin conjugation of the microdevices increased mucoadhesion, resulting in 

retention of the devices in the small intestine over two hours [178]. In contrast, 

microparticles were found in the colon at this time point [178]. These results support the 

application of such mucoadhesive devices to extend vaccine persistence compared to 

traditional particle-based platforms. The same group also designed planar microdevices 

with nanostraw membranes to increase intestinal adhesion and modulate drug release by 

controlling the nanostraw diameter [179]. As these devices were only evaluated ex vivo, 

how these modified microdevices affect drug uptake in vivo is still to be determined. One 

limitation of mucoadhesive devices is their dependence on mucus, which is rapidly turned 

over in the gastrointestinal tract. A device that does not depend on mucoadhesion for 

retention, such as the recently engineered star-shaped drug delivery device that sits at the 

pylorus [180], could achieve sustained vaccine dosing in the intestine over much longer 

time scales. This device was able to sustained the release of an anti-malaria small molecule 

drug for up to 14 days [180]. Using such a device to deliver a continuous vaccine dose in 
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the gastrointestinal tract independent of mucus adhesion is powerful in the effort to 

develop effective oral vaccines. The vaccine released from this system will also need to 

overcome subsequent barriers to activate immunity as discussed above, such as mucus 

diffusion, intestinal absorption, and immune activation. 

Achieving specific vaccine release profiles through the use of material-based systems 

has proven favorable to amplify immune responses. Studies thus far indicate that extended 

persistence of vaccines through sustained release is required for high affinity adaptive 

immunity. Gaps remain for oral vaccines, in which the relationship between vaccine 

kinetics and immune responses have not been established.  

2.1.4.5 Material immunomodulation 

The gut is known to be an immunosuppressive site, where immune responses skew 

towards having regulatory functions. Ensuring proper activation of inflammatory 

responses is critical for oral vaccines to generate immunity and not tolerance [181]. The 

use of adjuvants has proved to be effective in driving the quality of immune responses to 

vaccines, especially for conjugate, killed, or inactivated antigen vaccines. Development of 

adjuvants specifically for vaccination at mucosal surfaces is an area of active focus [6,10]. 

Adjuvant mechanism of action, potency, and safety profile are key considerations for 

mucosal administration. One of the most effective and established mucosal adjuvants is 

cholera toxin; however, toxicity has hindered its clinical use. Next-generation vaccine 

adjuvants focus on exploiting newly identified pattern recognition receptors, such as Toll-

like receptors (TLRs), NOD-like receptors (NLRs), and retinoic acid-inducible gene-like 

receptors (RLRs). These adjuvants are highly specific to the activation of certain 

immunologic pathways that allows tailoring of the generated immune responses [182]. In 

addition to known pathogen recognition receptor ligands, biomaterial systems themselves 

have also been shown to interact with the body in an immuno-stimulatory or -regulatory 

manner depending on their physiochemical properties. These findings were first observed 

in the field of regenerative medicine but have relevance for material-based 
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immunotherapies [183]. The ability of biomaterials to modulate inflammatory pathways 

may achieve increased activation of immune cells at the same time that a vaccine is 

delivered. These systems may also elucidate new ways to stimulate immunity in addition 

to the use of traditional adjuvants [184]. Here, we discuss biomaterials with intrinsic 

adjuvant properties, highlight examples of mucosal immunomodulation by these materials, 

and comment on their utility as novel oral vaccine platforms. Novel material-based 

adjuvants that have been used in oral vaccine formulations are summarized in Table 2.4. 

The intrinsic immunogenicity of biomaterials is driven by physiochemical attributes, 

particularly shape, charge, surface chemistry, hydrophobicity, and molecular weight. 

Changing material properties has been shown to modulate the secretion of cytokines, DC 

maturation, inflammasome activation, and complement activation. For example, 

increasing the hydrophobicity of head groups on gold nanoparticles correlated with 

increased gene expression of a panel of inflammatory cytokines [185]. Activation of DCs 

was shown to be modulated by nanoparticle surface chemistry, with some formulations 

inducing suppressive responses [186]. The properties of material-based delivery systems 

also play a role in the activation of the complement pathway, which can lead to recognition 

by the immune system and modulate adaptive immunity [187–189]. Activation of 

complement by biomaterial carriers can also limit their clinical translation due to immune 

system recognition leading to allergic responses and accelerated clearance [190]. Thus, 

designing materials to interact with the immune system must be balanced to achieve 

stimulatory function while limiting adverse events. While the mechanism of immune-

modulation by materials is not fully understood, specific physical attributes of materials 

have been shown to act through inflammasome activation and TLR-dependent signaling. 

Inflammasome complexes form in the cytosol upon sensing of pathogen-associated motifs, 

which results in an inflammatory signal cascade and programmed cell death as part of the 

antimicrobial response [191]. Polymeric particles composed of polystyrene and PLGA 

increased production of the inflammasome-dependent cytokine IL-1β by DCs in vitro and 
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this effect was dependent on particle size [192]. Polyethyleneimine (PEI), a highly 

branched cationic polymer, exhibits adjuvant and inflammasome-activating properties 

[193,194]. Nanogels composed of pyridine-poly(hydroxyethyl methacrylate) also 

demonstrated intrinsic adjuvant effects that acted through TLR2 signaling, leading to 

enhanced germinal center B cell responses [195]. The authors hypothesized the TLR2-

mediated activity to be due to the aromatic, hydrophobic portions of the nanomaterial. 

Material shape can also control the type of immune response generated. Small, spherical 

polystyrene particles were found to bias the immune response towards type-I (protective, 

cell-mediated response) while rod-shaped polystyrene particles induced type-II responses 

(humoral and resolution of inflammation) after subcutaneous immunization [196]. These 

polymeric systems demonstrate their multi-parameter utility for therapeutic delivery and 

their promise to address multiple barriers for oral vaccine delivery due to their 

physiochemical properties, including activation of inflammatory pathways. 

Natural polymers and their derivatives have also been investigated for use as mucosal 

adjuvants. Chitosan and N-trimethyl chitosan (TMC) nanoparticles enhanced antibody 

responses following intraduodenal administration, which may be due to the intrinsic 

immunostimulatory effect of TMC observed on monocyte-derived DCs in vitro [197]. This 

study also found that TMC particles had enhanced epithelial transport in vitro and ex 

vivo [197]. Additionally, chitosan is known to activate the inflammasome [198]. The 

specific contributions of immune stimulation versus increased uptake of chitosan-based 

particles on enhanced adaptive immunity after oral vaccination is still unknown. Orally-

delivered chitosan nanoparticle vaccines increased antibody titers compared to soluble 

antigen, with higher responses in groups vaccinated with chitosan nanoparticles 

encapsulated in either liposomes and niosomes that were used to enhance their stability 

in acidic environments [86]. These results suggest that both gastrointestinal stability and 

intrinsic immuno-stimulation contributes to activation of adaptive immunity upon oral 

immunization. TMC particles were also found to uniquely activate DCs in vitro and induce 
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serum IgG and secretory IgA production compared to PLGA particles when administered 

nasally [199]. Calcium carbonate microparticles encapsulating antigenic peptide nanofibers 

induced DC maturation and IL-1β production in vitro, which was dependent on calcium 

carbonate microparticle formulation of the peptide nanofibers [200]. This trend was 

recapitulated in vivo following oral administration, where calcium carbonate-peptide 

nanofibers induced the highest levels of systemic and mucosal antibodies followed by 

unencapsulated peptide nanofibers [200]. Microparticles made of β-glucan, which is a 

pathogen-associated molecular pattern known to modulate innate immunity, altered 

epithelial gene expression of inflammatory cytokines, pattern recognition receptors, and 

costimulatory molecules [201]. The authors observed the induction of mixed TH1/TH17 

responses in the spleens of mice orally vaccinated with β-glucan particles that was not 

observed with soluble antigen delivery [201]. As epithelial cells have been shown to direct 

innate immune responses to oral antigens, the use of material properties to control their 

signaling profiles from tolerogenic to inflammatory has significant implications for oral 

vaccines. Immune stimulating complexes (ISCOMs) are self-assembling lipid nanoparticles 

that contain the immunostimulant saponin. ISCOMs can be loaded with vaccine 

components and prevent the induction of oral tolerance to the protein antigen ovalbumin 

after oral delivery [202]. While the particulate shape of ISCOMs can modulate vaccine 

uptake, parenteral injection of these complexes demonstrate their inherent immunogenic 

effects, in which innate immune cells and inflammatory signaling pathways are activated 

[203]. The mechanism of action of ISCOMs has not been fully elucidated, but is thought 

to be due to functional group hydrophobicity and conformation leading to endosomal 

membrane destabilization, cytoplasmic delivery of antigen, and robust activation of DCs 

[204]. 

 Exploring the full breadth of physiochemical features of material-based systems 

will be significant for oral vaccine delivery to identify the most effective stimulatory 

systems to achieve immunity. Additionally, material systems can be used to selectively 
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activate and uncover signaling pathways in the gut that result in differences in immune 

responses. How these platforms modulate intestinal epithelial cell signaling, signals in the 

tissue microenvironment, and the recruitment and activation of different antigen 

presenting cell populations will be central to evaluate for oral vaccines. 
 

Table 2.4. Effects of immuno-modulating materials systems on immune responses after oral 

vaccination. 

Material Adjuvant mechanisms Adaptive immunity Reference 

Chitosan-based 
nanoparticles 

DC maturation Antibody response [86,197–199] 

Calcium carbonate 
nanofibers 

DC maturation; inflammatory cytokines 
Systemic and mucosal 
antibodies 

[200] 

β-glucan microparticles 
Epithelial gene expression (inflammatory 
cytokines, PRRs, costimulatory molecules) 

Mixed TH1/TH17 responses [201] 

Immune-stimulating 
complexes (ISCOMs) 

Endosome destabilization, DC activation Overcome oral tolerance [202,203] 

 

2.1.5 Applied immunology 

Another strategy to improve the efficacy of orally delivered vaccines is through 

delivery of chemokines, cytokines, and novel adjuvants. The development of mucosal 

adjuvants is currently a big focus of the field due to the necessity to activate inflammatory 

responses from immune cells at mucosal surfaces while reducing toxicity. During natural 

infection as well as upon administration of established adjuvants such as cholera toxin 

and aluminum hydroxide, it has been shown that activation of intestinal epithelial cells 

results in the production of DC-attracting chemokines [22,205–207]. This activation is 

largely due to the ligation of different receptors on the surface of epithelial cells that serve 

as “danger signals”. The identification of such ligands, for example TLRs, NLRs, and 

RLRs, has allowed for the evaluation of many new immunomodulatory agents for this 

purpose. The oral administration of the TLR-9 agonist CpG ODN was shown to increase 

the frequency of DC transepithelial dendrites into the small intestinal lumen, which 

resulted in an increase in antigen uptake and enhanced antibody and T cell responses 

[208]. The authors hypothesized that DC recruitment was due to the enhanced production 
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of the chemokine CCL20 at the apical side of epithelial cells. The TLR-7/8 ligand 

Resiquimod (R-848) can also expand the DC population in the small intestinal lamina 

propria and MLNs, which was found to be mediated by the inflammatory cytokine TNF-

a [209]. Flagellin, a TLR-5 agonist, has been shown to induce epithelial cell production of 

CCL20 and trigger migration of immature DCs in vitro [40]. The ability of new adjuvants 

to recruit antigen presenting cells has also been demonstrated at other mucosal sites. 

Following intranasal administration of the cationic polymer polyethyleneimine (PEI), 

dendritic cell trafficking to the draining lymph nodes could be enhanced and vaccine 

delivery with this adjuvant resulted in higher IgA and IgG titers as well as protection 

from viral challenge [210]. Importantly, this recruitment of DCs at mucosal tissues can 

lead to enhanced activation of adaptive immune responses and the development of 

protective immunity. 

In addition to delivering chemokine-inducing agents such as adjuvants, the delivery 

of chemokines themselves have been used as a strategy for a variety of immunomodulatory 

applications. Chemokines and cytokines also been used in implanted materials to induce 

the migration of certain cell types into the introduced device [211,212]. Vaginal 

administration of the chemokine GM-CSF resulted in an increase of the total DCs in the 

mucosal tissue [213]. However, it is clear that, due to the different mechanisms of immune 

activation of each agent, their use must be carefully selected based on the administration 

route and aims of the study. While it is known that certain adjuvants can induce the 

secretion of chemokines by intestinal epithelial cells, the optimal adjuvant for this purpose 

has not been evaluated for oral vaccine delivery nor has the role of other inflammatory 

signals, such as CCL2, CCL7, CCL8, CCL22, and IFN-g in stimulating these responses. 

2.2 CONCLUSIONS 

The development of effective next-generation oral vaccines has significant potential 

to increase immunization access in low resource settings by eliminating the need for 
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trained medical personnel and sterile needles as well as to develop strategies to generate 

protective immunity at mucosal sites to prevent the spread of infectious disease. 

Currently, millions of people die every year from pathogens that infect the body at these 

mucosal surfaces. While we have existing vaccines for some of these pathogens, 

immunization campaign logistics limit the use of injection-based vaccines in developing 

regions. Additionally, the use of protein-based antigens is necessary for pathogens in which 

their attenuation is not possible or there is a risk of vaccine reversion to a virulent form. 

However, there exists no licensed non-live oral vaccine in the United States. The oral 

delivery of protein-based vaccines is not a trivial task and one that has been investigated 

for decades. The use of biomaterials-based approaches has shown to be advantageous in 

addressing the chemical barriers upon oral delivery, such as the harsh GI environment, 

and in improving vaccine uptake and immune responses. With the recent advancements 

in immunology, we have new understandings about the mechanisms of antigen uptake by 

mucosal immune cells, how to elicit protection at mucosal surfaces, and the establishment 

of tissue-resident memory cells that are crucial in preventing infection following 

immunization. We believe that interdisciplinary collaborations utilizing both biomaterial 

delivery strategies and applied immunology will lead to novel oral vaccine approaches. 
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Chapter 3. ELECTROSPUN FIBERS FOR ORAL DELIVERY 

OF PROTEIN BIOTHERAPEUTICS 

Adapted from: Frizzell, H., Ohlsen, T. J., & Woodrow, K. A. (2017). Protein-loaded 

emulsion electrospun fibers optimized for bioactivity retention and pH-controlled release 

for peroral delivery of biologic therapeutics. International Journal of Pharmaceutics, 

533(1), 99-110. 

 

3.1 ABSTRACT 

Biologics are the most rapidly growing class of therapeutics, but commonly suffer 

from low stability. Peroral administration of these therapeutics is an attractive delivery 

route; however, this route introduces unique physiological challenges that increase the 

susceptibility of proteins to lose function. Formulation of proteins into biomaterials, such 

as electrospun fibers, is one strategy to overcome these barriers, but such platforms need 

to be optimized to ensure protein stability and maintenance of bioactivity during the 

formulation process. This work develops an emulsion electrospinning method to load 

proteins into Eudragit L100 fibers for peroral delivery. Horseradish peroxidase and alkaline 

phosphatase are encapsulated with high efficiency into fibers and released with pH-

specificity. Recovery of protein bioactivity is enhanced through reduction of the emulsion 

aqueous phase and the inclusion of a hydrophilic polymer excipient. Finally, we show that 

formulation of proteins in lyophilized electrospun fibers extends the therapeutic shelf life 

compared to aqueous storage. Thus, this platform shows promise as a novel dosage form 

for the peroral delivery of biotherapeutics. 
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3.2 INTRODUCTION 

While the development of biological products has increased dramatically in the last 

three decades, the delivery of protein therapeutics remains particularly challenging [1]. 

Proteins are large macromolecules that require a precise 3D structure to carry out their 

function. Due to this structural complexity, loss of protein activity can occur in response 

to a variety of factors that cause protein stress and changes in conformation such as 

temperature, pH, ultraviolet light, and interaction with organic solvents. In the clinical 

application of such biopharmaceutics, the route of administration introduces a variety of 

these unique challenges. Peroral administration, through swallowing of a solution or pill, 

is one of the most attractive routes for therapeutic delivery, as patient comfort is 

increased, the use of needles is eliminated, and local delivery to the gastrointestinal tract 

can be achieved, reducing systemic side effects [2]. However, peroral delivery of proteins 

is difficult due to the inherent barrier of the acidic environment of the stomach, which 

can result in protein degradation, leading to low bioavailability and the need for multiple 

doses [3,4]. Recently, a variety of nanotechnology platforms utilizing biomaterials have 

been developed to overcome these challenges in biologic formulation and peroral delivery 

to the gut [5,6]. Alternative approaches include conjugating therapeutic proteins with 

protective polymers or engineering proteins to modify the amino acid structure to reduce 

the susceptibility of the protein to protease cleavage [7,8]. 

Electrospinning is a technique that has been explored in the pharmaceutical 

nanotechnology field to develop materials as scaffolds for tissue engineering and for the 

delivery of small molecule therapeutics [9]. The electrospinning platform has many 

advantages compared to other formulations such as particulates, films, and tablets, 

including the versatility of polymers that can be employed to tailor release kinetics and 

therapeutic targeting for specific applications, high encapsulation efficiency, which is 

critical when loading high-cost therapeutics, high surface-area-to-volume ratio for 

enhanced interaction with the tissue of interest, and ease of production [9–11]. In the last 
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10 years, electrospun nanofibers have been investigated for the delivery of larger, less 

stable therapeutics such as protein biologics and have proven to be advantageous in terms 

of controlled delivery and enhancing protein stability [12]. While protein encapsulation 

into nanofibers has been primarily developed for the production of bioactive scaffolds, we 

expect this platform holds promise for the targeted delivery of proteins to the gut. 

Proteins can be loaded into electrospun nanofibers by a method called emulsion 

electrospinning, which forms core-shell nanofibers from an emulsion comprised of an 

organic phase (containing polymer), surfactant, and aqueous phase (containing protein) 

[13]. In the emulsion electrospinning process, a high voltage is applied to the solution as 

it is pumped out of a needle and syringe until electrostatic forces overcome droplet surface 

tension. This results in the formation of a Taylor cone and the ejection of a polymer jet 

that is electrically charged [14,15]. As this charged jet moves through an electric field to 

be deposited onto a grounded collector as elongated fibers, the organic solvent evaporates 

more quickly than water and the emulsion droplets move inward and are stretched to 

form fibers with a continuous core surrounded by a viscous polymer shell [16,17]. This 

architecture is advantageous for enhancing protein stability and controlled protein release 

compared to blend electrospinning, which directly exposes proteins to organic solvents 

and exhibits burst release kinetics [12]. 

However, since in emulsion electrospinning proteins in the aqueous phase may still 

interact with organic solvents throughout the process, maintenance of protein bioactivity 

and stability must be optimized to prevent loss of protein structure, and thus function. 

In many studies that load non-enzymatic proteins into electrospun fibers, function is 

demonstrated but protein activity is not able to be quantified [18–22], and only a few 

studies have investigated the effects of emulsion electrospinning solution and processing 

parameters on maintaining protein bioactivity [23–25] (summarized in Table 3.1). 

Learning from these studies, it is clear that many parameters can significantly affect 

protein loading and activity and that the main challenges of high protein loading efficiency 
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and bioactivity preservation still remain. In particular, previous studies have elucidated 

that each delivery system must be optimized based on electrospinning method, processing 

parameters, and the polymers and proteins used to ensure appropriate formulation of 

active, stable proteins in nanofibers. Additionally, the stability of therapeutic proteins 

loaded in electrospun fibers over time has not been widely studied. This shelf life is critical 

to evaluate, understand, and improve for the translation of such protein delivery platforms 

to clinical use. 

The methacrylic acid and methyl methacrylate co-polymer Eudragit L100 has been 

used in clinical settings as a capsule for the peroral delivery of therapeutics as it 

demonstrates pH-dependent solubility in neutral and basic conditions. This polymer has 

been applied to electrospinning and Eudragit-based nanofibers have been used for small 

molecule drug delivery, stent coatings, antibacterial mats, and contrast agents for imaging 

[26–30]. In the space of protein therapeutics, one study loaded human growth hormone 

into Eudragit fibers using blend electrospinning for buccal drug delivery and demonstrated 

successful fabrication and wound healing function, but did not investigate how protein 

function was affected by the process [21]. 

The encapsulation of more diverse proteins, such as larger protein antigens or 

complex therapeutic antibodies, into Eudragit fibers has not been investigated nor has the 

emulsion electrospinning of protein-loaded Eudragit fibers, which can address problems in 

loss of protein function during formulation. The development of such a system would be 

advantageous for the delivery of proteins to targets in the intestinal tract, either to 

improve patient comfort in therapeutic administration, to access the mucosal immune 

system, or to address intestine-specific diseases [31–33]. Thus, in this study we aimed to 

optimize the electrospinning of two diverse proteins into Eudragit L100 nanofibers. 

Specifically, we investigated the solution and processing parameters of emulsion 

electrospinning to achieve high protein loading into nanofibers, retention of protein 

bioactivity during the electrospinning process and in simulated gastric fluids, extended 
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formulation stability, and pH-controlled protein release for future applications in peroral 

delivery of biotherapeutics to the intestinal tract. 

 

Table 3.1. Summary of protein-loaded electrospun fiber formulations and evaluation. N, not used 

in study; ND, not disclosed in methods. N/A, not applicable; BSA, bovine serum albumin; T3, 

thyroid hormone triiodo-thyronine. EGF, epidermal growth factor; MSC, mesenchymal stem cells. 

Polymer Protein Surfactant 
Loading 
(wt%) 

Aqueous 
Phase % 

Activity Assay Shelf Life Ref. 

Eudragit 
L100 

Human 
growth 

hormone 
N 0.1% N/A Cell proliferation N [21] 

PCL/PEG 
Lysozyme-

oleate 
complexes 

N 2.5% N/A 95%, turbidity assay 
90%, 1 
month 

[34] 

PLA/PCL 
Nerve growth 

factor 
0.4% N/A N/A Cell differentiation N [22] 

PCL/PEO Lysozyme 0.025 – 0.4% 0.2% 1% 
Osteogenic 

differentiation 
N [24] 

PDLLA Laccase Y 0.1% ND 
67%, substrate 
activity assay 

N [35] 

PCL/PEO Lysozyme N 1% 6.25% 
95%, lysis activity 

assay 
N [36] 

PCL 
Alkaline 

phosphatase 
N ND 25% 

50%, substrate 
activity at 1h 

N [37] 

PLGA 
BSA, 

T3, insulin, 
EGF 

N ND 10% 
33-40%, bioactivity 

assay, MSC 
differentiation 

N [38] 

PDLA Lysozyme N 1 – 5% ND 
70-90%, turbidity 

assay 
N [39] 

PELA Lysozyme N ND 0.5 – 5% 
30-60%, turbidity 

assay 
N [40] 

PCL Trypsin Y ND 5% 
40-60%, catalytic 

activity assay 

60%, 2 
weeks 
40%, 4 
weeks 

[23] 
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3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Eudragit L100 was a gift from Evonik Industries (Essen, Germany). N,N-

Dimethylformamide (DMF) (anhydrous, 99.8%), poly(vinyl alcohol) (PVA, used in studies 

as an excipient) (30,000-70,000 g mol-1, 87-95% hydrolyzed), poly(vinyl alcohol) (PVA, 

used in studies for electrospinning) (89,000-124,000 g mol-1, 89% hydrolyzed), Tween 20 

(polysorbate 20), albumin–fluorescein isothiocyanate conjugate (FITC-BSA), alkaline 

phosphatase (AP) from bovine intestinal mucosa (~160 kDa, ≥10 DEA units mg-1 solid), 

sodium hydroxide (NaOH) (50% in H2O), alkaline phosphatase yellow (pNPP) liquid 

substrate system, magnesium chloride (MgCl2) (anhydrous, ³98%), and pepsin from 

porcine gastric mucosa (≥2,500 units/mg protein) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Horseradish peroxidase (HRP) (~44 kDa), Micro BCATM Protein Assay 

Kit, and Karl Fischer titration reagents AQUASTARTM CombiMethanol and 

Combititrant 5 were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

Hydrochloric acid (HCl) (36.5%-38.0%) was purchased from Avantor Performance 

Materials (Center Valley, PA, USA). Dulbecco’s Phosphate-Buffered Saline (PBS) was 

purchased from Corning Inc. (Corning, NY, USA). TMB substrate set was purchased from 

BioLegend (San Diego, CA, USA). Tris-HCl (Tris-hydrochloride, molecular biology grade) 

was purchased from Promega (Madison, WI, USA). Sodium chloride (NaCl) was 

purchased from EMD Millipore (Gibbstown, NJ, USA). Ethanol (EtOH) (200 proof) was 

purchased from the University of Washington’s chemistry supply store. 

3.3.2 Emulsion Electrospinning  

Eudragit L100 was dissolved at 15% (wt/vol) in a solution of 4:1 (vol:vol) 

EtOH:DMF. Non-ionic surfactant Tween 20 was added to the stirring Eudragit solution 

at 0.4% (vol/vol) in 20 mL glass scintillation vials. Aqueous protein solutions were 
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dropped into the stirring Eudragit and surfactant solution at either 5% or 20% (vol/vol). 

Theoretical protein loading was kept constant at 1 wt%. The solution was emulsified for 

10 minutes by constant stirring at high speed then loaded into a 1 mL glass syringe with 

a 21G stainless steel blunt needle for electrospinning on a needle rig set-up utilizing a 

syringe pump and voltage source. We chose high speed stirring over sonication for 

emulsification, as sonication has been shown to have an effect on secondary protein 

structure [41]. The solution was electrospun onto a wax paper substrate on a grounded 

metal collector at a distance of 10-12 cm. A constant voltage of 12.5 kV was applied, and 

the flow rate was varied between formulations to determine its effect on protein 

bioactivity. Low and high flow rate formulations were electrospun at 25 and 40 µL min-1, 

respectively. Electrospinning was performed at room temperature in a fume hood. Protein-

loaded fibers were stored in sealed bags at room temperature unless stated otherwise. 

3.3.3 Characterization of Protein-Loaded Electrospun Fibers 

3.3.3.1 Microscopy of Protein-Loaded Electrospun Fibers 

Electrospun fibers were characterized using scanning electron microscopy (SEM) 

using a Sirion XL30 SEM and transmission electron microscopy (TEM) using a Tecnai 

G2 F20 Supertwin operating at 200 kV (Molecular Analysis Facility, University of 

Washington). For SEM imaging, fiber samples were mounted on carbon tape and sputter 

coated with gold and palladium before imaging. Image settings of 5 kV, spot size of 2, and 

a working distance of 5 mm were used. Fiber diameters were measured using ImageJ 

software (NIH) by bi-sectioning each image diagonally with a line and manually measuring 

diameters for fibers that intersected the line. At least 30 fibers were measured per fiber 

formulation sample. Samples for TEM imaging were prepared by electrospinning fibers 

onto copper-coated TEM grids. 

 The location of protein within the fibers was determined by electrospinning FITC-

BSA into Eudragit L100 as described above. Briefly, FITC-BSA was dissolved in PBS at 
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a concentration of 1 mg ml-1 and dropped into a spinning solution of 15 wt% Eudragit 

L100 in 4:1 DMF:EtOH (vol:vol) and Tween 20 (0.4 vol%). FITC-BSA was added to 

achieve emulsions with 5% and 20% aqueous phases. Emulsification proceeded for 10 

minutes and was then loaded into a 1 mL glass syringe with a 21G stainless steel blunt 

needle for electrospinning on a needle rig set-up utilizing a syringe pump and voltage 

source. The solution was electrospun at a constant voltage of 12.5 kV and a flow rate of 

25 µL min-1 onto a wax paper substrate on a grounded metal collector at a distance of 10-

12 cm. Electrospinning was performed at room temperature in a fume hood. Protein-

loaded fibers were transferred to glass slides and imaged using a Nikon Eclipse Ti 

microscope (Nikon, Melville, NY) equipped with an Andor (model number DR-328G-C01-

SIL) fluorescence camera (Andor, Belfast, UK). 

3.3.3.2 Kinetics of Protein Release in Dynamic pH Conditions 

Protein release from fibers was investigated under dynamic pH conditions, 

mimicking oral-to-intestinal transit after ingestion, focused on the lower stomach and 

small intestine. Fiber samples were cut, massed, and placed in 20 mL scintillation vials. 

Three samples from the fiber mat were analyzed for each formulation. Phosphate buffered 

saline (PBS) (1x) was pH-adjusted to 2 using 1M HCl and added to the scintillation vials 

at 2 mg fiber/mL PBS. Vials were placed on an orbital shaker (150 rpm) at 37 °C. At 

each time point, aliquots were removed for analysis and the volume was replaced with 

PBS pH 2. After the 4-hour time point sample was taken, the volume was replaced with 

PBS pH 7 and 1M NaOH to increase the pH to 7. The pH change was verified for one 

representative sample. Volume replacement was performed with PBS pH 7 for the 

remainder of the time points. The Micro BCA assay was used to determine protein 

concentrations released over time using a standard curve with known protein 

concentrations and performed according to the manufacturer’s instructions. Protein 

standards in PBS pH 2 and 7 and in solutions of blank Eudragit L100 electrospun fibers 

dissolved in PBS pH 7 were included to account for assay interference. Sample dilution 
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during the experiment was accounted for by incorporating the mass removed from each 

time point in data analysis calculations. 

3.3.3.3 Protein Encapsulation Efficiency 

Encapsulation efficiency was calculated based on the amount of protein recovered 

from the fiber after 24 hours of incubation in PBS pH 7 at 37 °C when the fiber was fully 

dissolved using equation (1). 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	(%) = 	
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	𝑚𝑎𝑠𝑠	(𝑚𝑔)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	𝑚𝑎𝑠𝑠	𝑙𝑜𝑎𝑑𝑒𝑑	(𝑚𝑔)
× 	100									(1) 

3.3.4 Quantification of Bioactivity of Proteins Released from Emulsion 

Electrospun Fibers 

Bioactivity retention of encapsulated proteins was determined by kinetic 

colorimetric substrate assays of the proteins recovered from each fiber formulation at day 

0, 1 week, and 4 weeks. Three samples from the fiber mat were analyzed for each 

formulation. For HRP activity quantification, fibers were massed (5 ± 1 mg) and placed 

in 20 mL scintillation vials. PBS (1x, pH-unadjusted) was added for a fiber concentration 

of 0.5 mg mL-1 and vials were placed on a tube rotator at room temperature for 30 minutes 

or until fully dissolved. Serial dilutions were performed to achieve an HRP concentration 

of 5 ng mL-1. To a 96-well clear, flat bottom plate, 100 µL of each sample or freshly 

prepared 5 ng mL-1 HRP controls were added per well and 50 µL of TMB substrate 

solution (1:1 Substrate A:Substrate B, vol:vol) was added to start the assay. Change in 

absorbance at 652 nm was monitored every 15 seconds using a Tecan Infinite 200 PRO 

microplate reader (Männedorf, Switzerland) over 10 minutes. For AP activity 

quantification, fibers were massed (5 ± 1 mg) and placed in 20 mL scintillation vials. AP 

buffer (100 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl2, 0.05 vol% Tween 20, pH 9.5) was 

added for a fiber concentration of 1 mg mL-1 (10 µg mL-1 AP concentration) and vials 

were placed on a tube rotator at room temperature for 30 minutes or until fully dissolved. 
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To a 96-well clear, flat bottom plate, 100 µL of each sample or freshly prepared 10 µg mL-

1 AP controls were added per well and 100 µL of 10x diluted pNPP substrate solution 

was added to start the assay. Change in absorbance at 405 nm was monitored every 15 

seconds using a Tecan Infinite 200 PRO microplate reader over 10 minutes. For both 

proteins, the maximum increase in absorbance per minute (max slope) from the initial 

linear portion was determined and the retained protein bioactivity from the fibers was 

calculated using equation (2). 

    %	𝐵𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 	 @AB	CDEFGHIJKLM

@AB	CDEFGHNIOPIQP
	× 	100         (2) 

To determine the stability of proteins in the fibers over time, fibers were stored in 

sealed bags at room temperature for 4 weeks and assayed for activity at weeks 1 and 4. 

HRP (5 ng mL-1) and AP (10 µg mL-1) in PBS at room temperature were used as controls 

stored in aqueous conditions for the stability studies. 

3.3.5 Bioactivity in Simulated Gastric Fluid 

HRP was loaded into Eudragit L100 nanofibers using emulsion electrospinning with 

a 5% aqueous phase. Fibers were massed and incubated in simulated gastric fluid (SGF) 

(1 mg mL-1 pepsin, 300 mM NaCl, pH 1.5) at a fiber concentration of 1 mg mL-1 at 37 °C 

for 1 hour. HRP in soluble form was incubated in SGF at a concentration of 10 µg mL-1 

under the same conditions. Following incubation, samples were diluted to an HRP 

concentration of 5 ng mL-1 in PBS and the enzyme bioactivity was determined using the 

bioactivity assay as described above. Controls of freshly prepared HRP and HRP released 

from fibers immediately after electrospinning were evaluated for bioactivity. 

3.3.6 Characterization of Lyophilized Electrospun Fibers 

3.3.6.1 Quantification of Fiber Water Content 

Water content of each fiber formulation was determined by Karl Fischer titration 

using a V20 Volumetric KF Titrator (Mettler-Toledo, Columbus, OH, USA). Briefly, a 



 96 

titration beaker was filled with solvent (CombiMethanol) and a pre-massed fiber sample 

(10 – 20 mg) was added to the stirring solution. A colorimetric titration was then 

automatically performed using titrant reagent (Combititrant 5) and the percent water 

content of the total sample mass was determined by the software. Three samples from the 

fiber mat were analyzed for each formulation. The water content of protein-loaded fibers 

was analyzed immediately after electrospinning, one day after electrospinning stored at 

room temperature, and one day after electrospinning stored under lyophilization. After 

lyophilization overnight, fibers were removed from vacuum and stored in the same 

conditions as the non-lyophilized fibers at room temperature for a total storage time of 7 

days. 

3.3.6.2 Quantification of Bioactivity of Proteins Released from Lyophilized 

Electrospun Fibers 

Bioactivity of the proteins recovered from electrospun fibers with or without one-

time lyophilization was determined by kinetic colorimetric assays as described above. 

3.3.7 Blend Electrospinning 

Alkaline phosphatase was added to a 7.14 wt% solution of poly(vinly alcohol) 

(PVA) (M.W. 89 – 124 kDa, 89% hydrolyzed) in water and electrospun into nanofibers 

using a small-scale electrospinning set-up as described above for emulsion electrospinning.  

To determine the stability of alkaline phosphatase when stored in PVA fibers 

fabricated using blend electrospinning, fibers were stored in heat-sealed bags at 40 °C. 

Activity of AP was measured after 7 and 17 days of storage and compared to the activity 

of a freshly prepared solution of AP of equivalent concentration. AP activity was 

determined as previously described above. 
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3.3.8 Antigen Functionality Assay 

A murine dendritic cell line DC2.4 was cultured in RPMI 1640 (Cellgro, Manassas, 

VA) supplemented with 2 mM L-glutamine (Cellgro), 10 mM HEPES (Cellgro), 10% fetal 

bovine serum, 100 U mL-1 penicillin, and 100 µg mL-1 streptomycin (all from Invitrogen, 

Carlsbad, CA). DC2.4s were seeded at 5 x 104 per well in a flat bottom 96-well plate 

overnight. The antigen ovalbumin (OVA) (InvivoGen, San Diego, CA) was emulsion 

electrospun into fibers with a 20% aqueous phase. After electrospinning, residual solvents 

were removed from the fibers through drying in a fume hood followed by lyophilization 

for 1 hour. Fibers were dissolved in complete medium at an OVA concentration of 100 µg 

mL-1. OVA recovered from electrospun fibers or non-formulated, soluble OVA was added 

DC2.4 cells at a concentration of 100 µg mL-1. Inclusion of LPS (1 µg mL-1) (InvivoGen, 

San Diego, CA) was used as a positive control. After 24-hours, the supernatant was 

removed and the cells were washed three times with pre-warmed PBS. B3Z T cells, a 

lacZ-inducible CD8+ T cell hybridoma expressing a T cell receptor specific for OVA257-

264 [42], were added to each well at 5 x 104 and co-cultured for 24 hours. The plate was 

then centrifuged at 500 x g for 2 minutes and the culture medium was removed. Lysis 

buffer (0.15 mM chlorophenol red b-d-galactopyranoside (Roche, Basel, Switzerland), 9 

mM MgCl2, 0.125% Triton-X100, and 100 µM 2-mercaptoethanol (Invitrogen) in PBS) 

was added to each well and plates were incubated at 37 °C for 2 hours. The plates were 

read at 570 nm using a Tecan Infinite 200 PRO microplate reader. 

3.3.9 In Vitro Mucoadhesion Tests 

Eudragit L100 fiber mats were punched into 0.75” samples and attached to a metal 

mount and connected to the Instron load cell. Fibers were lowered into a 2% mucin (mucin 

from porcine stomach, type II, Sigma-Aldrich) solution in PBS at a contact force of 0.05 

– 0.1 N and incubated for 5 minutes to allow for fiber wetting and mucin interaction. 

Following the incubation, the load cell was vertically displaced at a constant speed of 6 
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mm min-1 and the detachment force was measured over time using Instron Bluehill 

software. The work of adhesion between the fibers and the mucin solution was calculated 

from the area under the detachment force vs. extension curve. 

To determine hydrogel swelling properties of Eudragit L100, fibers were placed in 

2% mucin solutions in PBS at 37 °C and mass was determined at various time points. 

The ratio of wet mass to dry mass was calculated using the equation: 

     𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑟𝑎𝑡𝑖𝑜 = 	TUMN
TPQV

	         (3) 

3.3.10 Fiber Micronization and In Vivo Retention in Gastrointestinal Tract 

To allow for oral gavage into mice, Eudragit-L100 fibers loaded with BSA-

Dylight800 were micronized into particulates < 800 nm, the diameter of an 18 G gavage 

needle. Fibers were added to a blender (Blendtec, Orem, UT, USA) with 200 mL water 

(pH 2) and blended using the following regimen: 1X ice crush, 1X ice cream for two cycles. 

Micronized fibers were then separated by flowing the solution through a 250 µm stainless 

steel sieve (VWR, Radnor, PA, USA). Fibers were then vacuum dried using a 1.2 µm 

nylon filter paper (Merck Millipore Ltd., Tulagreen, Ireland) and house vacuum. 

Micronized fibers were resuspended in PBS pH 2 and 200 µL was orally administered to 

6-8-week-old, female C57BL/6 mice (Charles River, Wilmington, MA) by a 22 G gavage 

needle (Braintree Scientific, Braintree, MA) at a dose of 50 µg BSA per mouse. At the 

indicated time points, mice were sacrificed using CO2 asphyxiation and the 

gastrointestinal tract was dissected. The organs were placed on black drawing paper 

(Artagain®400 Series, Strathmore) and imaged using a Xenogen IVIS Spectrum In Vivo 

Imaging System (PerkinElmer, Waltham, MA, USA) at an excitation/emission of 777/794 

nm. The average radiance (p/sec/cm2/sr) of the gastrointestinal tract was determined for 

each time point. 
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3.3.11 Statistical Analysis 

Results were expressed as the mean ± standard deviation. When comparing 

outcomes between groups, statistical analysis was performed by one-way or two-way 

analysis of variance (ANOVA) using Tukey’s or Sidak’s multiple comparison post-test. 

Statistical analyses were performed using GraphPad Prism 6 software. Statistical 

significance was defined as p < 0.05 (*). 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Characterization of Protein-Loaded Eudragit L100 Emulsion Electrospun 

Fibers 

Two model proteins were loaded into Eudragit L100 fibers through an emulsion 

electrospinning method using a non-ionic surfactant. Horseradish peroxidase (HRP, ~44 

kDa) and alkaline phosphatase (AP, ~160 kDa) were chosen due to their difference in 

molecular weight, number of subunits, and isoelectric point. In addition, both enzymes 

are well-characterized and have developed colorimetric activity assays [43,44]. In our 

studies, HRP and AP also serve as surrogates for more therapeutically relevant proteins. 

Emulsion electrospinning with a non-ionic surfactant was utilized to incorporate an 

aqueous protein solution into an organic polymer solution while reducing exposure of the 

proteins to the organic solvent interface (Figure 3.1A). This strategy has been shown to 

enhance the bioactivity of the proteins recovered from emulsion electrospun fibers [24]. 

The percent aqueous phase in the emulsion (5 and 20 vol%) and the electrospinning flow 

rate (25 and 40 µL min-1) were varied in each formulation to maximize protein loading 

and material productivity, respectively (Table 3.2). 
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Table 3.2. Description and characterization of emulsion electrospun fiber formulations. aData 

reported as the average of n=3 fiber samples ± standard deviation. 

Fiber Description Fiber Characterization 
Formulation 

Name 
Protein 

Encapsulated 
Protein 

M.W. (kDa) 
Aqueous 

Phase (%) 

aFiber 
Diameter (nm) 

aEncapsulation 
Efficiency (%) 

EEHRP5 HRP 44 5 368 ± 101 97.21 ± 2.71 

EEHRP20 HRP 44 20 617 ± 247 96.40 ± 1.03 

EEAP5 AP 160 5 578 ± 116 94.76 ± 4.05 

EEAP20 AP 160 20 1031 ± 289 96.19 ± 3.42 
 

All formulations were successful at forming electrospun Eudragit L100 fibers as 

confirmed by scanning electron microscopy (Figure 3.1B-E). Fiber diameters were in the 

range of 300-1300 nm and were dependent on the molecular weight of protein loaded and 

the percent aqueous phase. An increase in the protein molecular weight and percent 

aqueous phase resulted in fibers with slightly larger average diameters. Flow rate did not 

have a significant effect on fiber diameter for either protein encapsulated. Using this 

method, proteins were loaded into Eudragit L100 fibers with very high encapsulation 

efficiencies, above 95% for all formulations (Table 3.2).  
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Figure 3.1. Scanning electron microscopy characterization of emulsion electrospun fiber 

morphology. A) Schematic of emulsion electrospinning process. B) EEHRP5: HRP loading, 5% 

aqueous phase. C) EEHRP20: HRP loading, 20% aqueous phase. D) EEAP5: AP loading, 5% 

aqueous phase. E) EEAP20: AP loading, 20% aqueous phase. All images taken at 2000X 

magnification. 

 

To determine the location of the protein in the nanofibers, we utilized bovine serum 

albumin (BSA) as a representative non-enzymatic protein with a similar molecular weight 

to HRP (~66 kDa). Transmission electron microscopy (TEM) imaging of the emulsion 

electrospun fibers revealed sections of aqueous core surrounded by polymer shell for both 

the 5% (Figure 3.2A) and 20% aqueous phase (Figure 3.2B) fibers. This core-shell 

architecture has been observed for emulsion electrospun fibers encapsulating a variety of 

proteins [39,40] and small molecule drugs [28]. As such, we expect that the fiber 
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architecture observed with the incorporation of BSA is representative for HRP- and AP-

loaded emulsion electrospun fibers. Due to the low percentage of the aqueous phase in our 

emulsions, it is feasible that aqueous emulsion droplets are pulled and elongated in the 

electric field during the electrospinning process to create discrete protein-loaded aqueous 

pockets. In fact, upon increasing the aqueous phase from 5% to 20%, we observed more 

continuous aqueous cores that may reflect the increased aqueous volume relative to the 

organic/polymer phase or larger aqueous droplets in the emulsion. Loading fibers with 

FITC-BSA confirmed the presence of protein throughout the nanofibers and showed 

protein partitioning within the discrete aqueous pockets in the polymeric fiber (Figure 

3.2C,D), further validating the core-shell structure of the fibers where protein is located 

within a polymer shell rather than throughout the polymer matrix. 

 
Figure 3.2. Core/shell architecture of emulsion electrospun fibers. Transmission scanning 

microscopy images of Eudragit L100/BSA electrospun fibers from A) 5% aqueous phase, scale 

bar 1 µm, and B) 20% aqueous phase, scale bar 2 µm, emulsions. An asterisk indicates the location 
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of an aqueous core. Fluorescence microscopy images of Eudragit L100/FITC-BSA electrospun 

fibers from C) a 5% aqueous phase emulsion, scale bar 50 µm, and D) a 20% aqueous phase 

emulsion, scale bar 10 µm. 

 

Maximizing biologic therapeutic loading into biomaterials is important for reducing 

the total dosing amount, but protein loading is commonly limited by solubility. In 

emulsion electrospinning, high protein loading can theoretically be achieved by increasing 

the volume fraction of the protein aqueous phase; however, the ability of solutions to be 

successfully electrospun into fibers is also limited by this parameter. Thus, we investigated 

emulsions composed of the maximum aqueous phase percentage without compromising 

electrospinnability of the solution, which we found to be 20%. Using this emulsion 

composition, proteins could be loaded into Eudragit-L100 fibers as high as 6.25% (wt/wt), 

based on the polymer solution weight percent and maximum protein solubility. The 

electrospinning parameter flow rate has an impact on material manufacturing time, and 

we demonstrated successful protein loading into electrospun fibers at both flow rates 

tested. The high encapsulation efficiencies achieved (>95%) using this process also 

demonstrate the manufacturing advantage of this platform for delivery of biotherapeutics, 

which can be a limitation of other nanotechnology approaches such as particulate systems 

[45,46]. 

3.4.2 pH-Controlled Protein Release of Electrospun Eudragit L100 Fibers 

Next, we tested the ability of our protein-loaded Eudragit L100 fibers to release 

their protein cargo with pH-dependent kinetics. Such material solubility characteristics 

are desirable for peroral delivery of proteins, in which fibers can protect proteins from the 

acidic environment of the stomach while in transit through the gastrointestinal tract. 

Eudragit L100 was selected because of its favorable pH-dependent dissolution profile. The 

carboxyl group of Eudragit L100 has an apparent pKa of ~6, which causes it to be 

protonated and insoluble in acidic pH but ionized and soluble in neutral or basic conditions 
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[47]. After peroral administration via swallowing, the material first passes through the 

stomach (pH 1.5 – 3.5) followed by transit through the intestine, where the pH gradually 

increases to > 6 [48]. Thus, Eudragit L100 fibers can selectively deliver the formulated 

proteins by means of fiber dissolution in neutral and basic environments. We verified this 

pH-controlled release of our four main formulations through an experiment mimicking the 

pH profile encountered and transit time of the material after oral ingestion [49], in which 

the residence time of the material in the oral cavity and esophagus is negligible, although 

this is known to vary between and within individuals [50]. Analysis of protein release from 

the fiber at 37 °C under mild shaking showed that <5% of the loaded protein was released 

over 4 hours in acidic conditions (PBS pH 2). In contrast, upon pH increase above 6, 

fibers released their cargo with burst-release kinetics resulting in ~100% protein release 

within 1 hour of pH change (Figure 3.3A,B). Qualitatively, this burst-release behavior 

corresponded to fiber dissolution. In PBS pH 2, Eudragit L100 fiber mats did not dissolve 

and maintained their macroscopic structure (Figure 3.3C) and when the solution pH was 

increased to 7, fibers dissolved within 1 hour (Figure 3.3D). Qualitative observations 

indicated that time to fiber dissolution was a function of fiber mat thickness, in which 

thicker fibers mats required longer time to fully wet and dissolve, resulting in delayed 

release of the protein. Drug release rates from electrospun fibers were found to be 

dependent on the rate of water diffusion into the material, which can be affected by a 

variety of factors including fiber mat thickness, degree of hydrophobicity, and polymer 

crystallinity [51–54]. This correlation of sustained drug release with fiber mat thickness 

was observed for protein release from EEHRP fibers, in which the variability in release 

rates observed was due to differences in the thickness of each fiber mat sample. 
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Figure 3.3. pH-controlled release of proteins from Eudragit L100 nanofibers. Kinetics of A) HRP 

and B) AP release from Eudragit L100 fibers in PBS pH 2 and 7 over 24 hours. Data is 

representative of results from n=3 fiber punches per formulation and presented as mean ± standard 

deviation. Qualitative observations of macroscopic fiber mat structure C) intact in PBS pH 2 and 

D) dissolved upon pH increase to 7. 

 

In our experimental timeframe, we observed that protein release was dependent on 

fiber dissolution, rather than protein diffusion out of the fiber matrix, as we detected little 

to no protein released at pH 2 over 4 hours. This observation supports the core-shell 

structure of the fibers, in which protein is located in the fiber core surrounded by a 

polymer shell rather than being surface-associated, which would result in a higher rate of 

protein release in the absence of fiber dissolution. Yang et al. detected between ~3-30% 

surface-associated protein content for their poly(ethylene glycol)-poly(DL-lactide) 

(PELA)/lysozyme emulsion electrospun fibers, which they found to be dependent on 

polymer matrix, inclusion of excipients, and aqueous/organic volume ratio [40]. The lowest 



 106 

surface-associated protein content was achieved by including a dispersion excipient in the 

aqueous phase and by decreasing the aqueous/organic ratio. In our system, we observed 

<5% surface-associated protein content at both 5% and 20% aqueous phases and without 

including excipients. This characteristic is favorable for controlled-release systems in 

which non-specific, premature protein delivery is minimized. For peroral delivery, 

entrapment of the therapeutic within the polymer shell can shield proteins from digestive 

enzymes in the stomach, such as the protease pepsin. Additionally, high mucus turnover 

in the intestinal tract poses a challenge to delivery systems by reducing the bioavailable 

dose due to clearance of the therapeutic during mucus turnover before its absorption [55]. 

Finally, some materials-based delivery platforms with sustained release kinetics suffer from 

incomplete protein release in the time frame from oral ingestion to clearance from the 

body, further limiting the effective dose that is released at the target site. In contrast, 

rapid and complete protein release from our fiber delivery system, triggered by a change 

in pH, can be advantageous for delivery to the intestinal tract by ensuring the full 

therapeutic dose is released and bioavailable. 

3.4.3 Bioactivity Retention of Proteins Electrospun in Eudragit L100 Fibers by 

Emulsion Electrospinning 

Retention of protein bioactivity is important when electrospinning biologics in 

organic solvents and is currently a major challenge for electrospinning proteins [12]. We 

aimed to maximize retention of protein bioactivity after being electrospun into Eudragit 

L100 fibers by investigating the effect of flow rate, percent aqueous phase, and 

incorporation of hydrophilic polymer excipients in the aqueous phase during the emulsion 

electrospinning process. 

The aqueous phase percentage in the emulsion dictates the maximum loading of 

the therapeutic of interest since the protein concentration in this phase is limited by its 

solubility. We hypothesized that increasing the aqueous fraction in the emulsion would 
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result in a higher loss of protein bioactivity due to an increased aqueous/organic interface 

and protein/solvent interactions. This relationship between percent aqueous phase and 

protein activity has been observed in other protein-fiber systems [40]. We utilized 

colorimetric activity assays to determine the initial rate of substrate conversion of proteins 

released from the electrospun fibers compared to unformulated protein controls. 

Representative kinetic activity assays are shown for HRP (Figure 3.4A) and AP (Figure 

3.4B). For HRP-loaded fibers, ~90% enzymatic activity was retained for EEHRP5 and 

EEHRP20 fibers at each flow rate tested (Figure 3.4C,D). There was no significant effect 

of aqueous phase percentage on HRP bioactivity recovered at either flow rate, or a 

significant effect of flow rate with the same formulation. These data conclude that HRP 

can be electrospun from emulsions with higher aqueous phase percentages and at higher 

flow rates to increase protein loading and material productivity, respectively, without 

compromising bioactivity. For AP-loaded fibers we observed a significant decrease in AP 

bioactivity upon increase of aqueous phase percentage from 5% (EEAP5) to 20% 

(EEAP20) for both flow rates tested, from ~80% to ~50% (Figure 3.4C,D). As was 

observed with HRP-fibers, there was no significant difference between recovered AP 

bioactivity of the same formulation at different electrospinning flow rates. Overall, we 

recovered less bioactivity from AP-loaded fibers than from HRP-loaded fibers, which we 

hypothesize is due to the larger molecular weight and multimeric structure of AP. In 

contrast to HRP, an increase of the percent aqueous phase in the emulsion compromised 

AP activity, which limits the protein loading capacity of the system. However, AP can 

still be electrospun at higher flow rates to increase productivity without resulting in 

further activity loss. 
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Figure 3.4. Bioactivity of proteins released from Eudragit L100 nanofibers prepared from 

emulsions with lower aqueous phase percentages. Representative kinetic enzymatic activity of A) 

HRP and B) AP recovered from electrospun fibers compared to non-electrospun fresh protein 

controls. Percent bioactivity recovered from HRP- and AP-loaded fibers with different aqueous 

phases percentages electrospun at C) 25 µL min-1 (low) and D) 40 µL min-1 (high) flow rates. 

Data is representative of results from n=3 fiber punches per formulation and presented as mean 

± standard deviation. *p<0.05. 

 

Since we observed loss of protein bioactivity after emulsion electrospinning, we 

sought to protect the proteins through inclusion of a hydrophilic polymer poly(vinyl 

alcohol) (PVA) in the aqueous protein solution. This technique is used to induce the 

preferential interaction of the protein with the hydrophilic polymer, preventing 

conformational changes that would otherwise occur through interaction with the organic 

solvent interface [12]. For both HRP- and AP-loaded Eudragit L100 fibers, PVA had no 
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measurable effect on protein bioactivity for the low electrospinning flow rate tested 

(Figure 3.5A). However, when fibers were electrospun at the higher flow rate, inclusion of 

PVA increased the recovered bioactivity from ~90% to 100% for EEHRP20 and from 

~60% to 75% for EEAP20 (Figure 3.5B). PVA did not have an effect on 5% aqueous 

phase fibers at either flow rate. Overall, our results indicate that incorporating PVA is 

favorable for emulsion electrospinning of proteins from solutions with high aqueous phase 

percentages, which may be necessary when high protein loading is desired. 

 
Figure 3.5. Inclusion of hydrophilic polymer poly(vinyl alcohol) can enhance bioactivity retention 

from high aqueous phase emulsion formulations electrospun at high flow rates. Percent bioactivity 

recovered from HRP- and AP-loaded fibers with or without the inclusion of PVA (1% w/w) in 

the protein solution electrospun at A) 25 µL min-1 (low) and B) 40 µL min-1 (high) flow rates. 

Data is representative of results from n=3 fiber punches per formulation and presented as mean 

± standard deviation. *p<0.05. 

 

There have been few studies investigating the effect of emulsion electrospinning 

parameters on the bioactivity recovered of proteins released from electrospun fibers. In 

one study that loaded AP into electrospun polycaprolactone fibers, ~50% activity 

retention was reported based on an end-point measured absorbance value taken at 1 hour 

of progression of a colorimetric assay [37], which does not account for differences in initial 

conversion rates. In cases where the enzymatic reaction is substrate-limited, progression 
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to a maximum absorbance value will occur as the substrate is consumed and the reaction 

rate goes to zero, even if the enzyme is functioning at <100%. This is in contrast to the 

initial rate of absorbance change over time that was used in our calculations, which 

discerns changes in enzyme activity based on the rate of product conversion per unit time 

in the initial linear region. Lysozyme is another enzyme commonly used to probe protein 

loading and bioactivity when formulated into electrospun fibers, and retention values in 

the range of ~30 – 95% have been reported [24,36,39,40]. However, these studies all use 

various polymers, solvents, aqueous phase percentages, and loading amounts. Yang et al. 

observed that lysozyme bioactivity was dependent on the emulsion aqueous/organic 

volume ratio, but their study focused on aqueous phases only up to 5% [40]. The enzyme 

trypsin has also been electrospun into polycaprolactone fibers and ~66% bioactivity 

retention was reported after emulsion electrospinning from a 5% aqueous phase emulsion 

[23]. Place et al. loaded the protein fibroblast growth factor-2 (FGF-2) into electrospun 

fibers using the polymer chitosan, comparing emulsion electrospinning with a two-phase 

electrospinning method [25]. While protein bioactivity was not determined quantitatively, 

they found that treatment of cells with FGF-2-loaded electrospun fibers resulted in similar 

cell activity as when cells were treated with soluble FGF-2. Interestingly, this study did 

not detect any protein that was incorporated into emulsion electrospun fibers by enzyme-

linked immunosorbent assay, in contrast to incorporation of 20% of the total protein input 

when electrospun by A/O two-phase electrospinning. This measure can be viewed as a 

surrogate for protein conformation and thus related to protein activity. Their study used 

similar emulsion electrospinning parameters as in our study (10% aqueous phase, non-

ionic surfactant), and the lack of bioactive protein detected from their emulsion 

electrospun fibers may be due to the differences in polymers and organic solvents used or 

the inherent instability of growth factor proteins, which have half-lives on the order of 

minutes [56]. A study by Peh et al. loaded multiple proteins into poly(lactic-co-glycolic 

acid) emulsion electrospun fibers with a 10% aqueous phase and found that the bioactivity 
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recovered was highly dependent on the protein [38], as is supported by the results of our 

study. Finally, many studies incorporating proteins into electrospun fibers for wound 

healing and tissue engineering demonstrate function of the encapsulated proteins but 

bioactivity retention is not quantified due to the non-enzymatic nature of the protein 

investigated [18–22]. While it is difficult draw conclusions from studies evaluating different 

systems, we demonstrated that protein bioactivity is dependent on aqueous phase 

percentage in the emulsion as well as on the protein loaded when emulsion electrospinning 

Eudragit L100 fibers. 

3.4.4 Bioactivity of Proteins Encapsulated in Eudragit L100 Fibers in Simulated 

Gastric Fluid 

As we observed localization of the incorporated proteins in aqueous pockets in the 

nanofibers surrounded by polymer, we sought determine if this microarchitecture could 

provide protection of the proteins in simulated gastric fluid (SGF) with pepsin. HRP was 

loaded into fibers using a 5% aqueous phase emulsion and 100% HRP activity was verified 

immediately after electrospinning, as previously observed using this formulation. HRP 

was then incubated in SGF (pH 1.5) with pepsin (1 mg mL-1) for 1 hour at 37 °C. 

Unformulated HRP lost ~90% of its bioactivity following incubation in SGF while HRP 

formulated in fibers only lost ~25% bioactivity (Figure 3.6). These results indicate that 

electrospinning proteins into Eudragit nanofibers can prevent protein degradation and loss 

of therapeutic protein activity in the harsh acidic and enzymatic conditions of the 

stomach. We hypothesize that since the nanofibers are insoluble in acidic conditions, the 

proteins sequestered in the aqueous pockets are not exposed to the degradative external 

environment. This attribute is advantageous for oral protein delivery, as more bioactive 

protein will be released in the intestines after transit through the stomach when 

formulated in Eudragit nanofibers compared to aqueous delivery. The mild activity loss 

of the enzyme-loaded fibers in these conditions may be due to protein release from the 
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fibers. Although we found <5% protein release in gastric pH conditions, the digestive 

enzyme pepsin was not included in the experiments and may increase protein release from 

the fibers. Alternatively, while the fibers were washed in water at pH 2.0 following 

simulated gastric fluid incubation, it may be possible that residual pepsin was fiber-

associated and transferred into neutral PBS solution in which the activity assay was 

performed, causing degradation of the released protein. 

 
Figure 3.6. Bioactivity of HRP after incubation in simulated gastric fluid for 1 hour in soluble or 

emulsion electrospun Eudragit L100 fiber formulation. Data representative of results from n=3 

fiber punches per formulation and presented as mean ± standard deviation. *p<0.05. 

 

 As no electrospun fiber systems have been designed for peroral delivery of proteins, 

the degree of protein activity protection in the gastric environment of our fiber system 

compared to other polymeric fibers cannot be evaluated. However, nano- and microparticle 

systems for oral protein delivery have been designed and undergone such evaluations. Kim 

et al. designed microparticle hydrogels for oral insulin delivery and found that, depending 

on the microparticle composition, between 15 – 75% of the insulin activity could be 

retained after incubation in simulated gastric fluids with pepsin [57]. Crosslinked chitosan 

nanoparticles were found to partially protect the encapsulated protein in gastric conditions 

in vitro, in which ~40% of the protein activity was lost within 30 minutes and ~60% 
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within 2 hours [58]. Kumar et al. observed ~50% activity retention in simulated gastric 

conditions for pore-containing Eudragit S100 microparticles encapsulating lactase [59]. 

Protection of proteins in gastric fluids has also been demonstrated, but not quantified, for 

alginate-chitosan microspheres [60]. Alternative approaches to maintaining the activity of 

orally delivered proteins involve conjugation with polymers to inhibit protease access to 

the proteins in the stomach and engineering proteins to be more robust against protease 

activity through amino acid substitution. Systems utilizing these approaches have 

demonstrated maintenance of protein activity in simulated gastric conditions in vitro and 

in vivo [61,62]. Such protein conjugation and manipulation are commonly explored for 

therapeutic proteins whose site of action is in the stomach, such as proteins for the 

treatment of lactose and gluten intolerance, rather than for proteins which either act in 

or are absorbed in the intestinal tract. Fuhrmann et al. synthesized protein-polymer 

conjugates, which were stable and exhibited activity in simulated intestinal fluid. 

However, protein activity was lost within 5 minutes of incubation in simulated gastric 

fluid with pepsin, indicating the inability of all polymers tested (poly-(3,5-bis(3-

aminopropoxy)benzyl)-methacrylate, a-poly(D-lysine), methoxy poly(ethylene glycol), 

and poly(acrylic acid)) to protect the protein from deactivation [61]. Similarly, Turner et 

al. conjugated branched poly(ethylene glycol) to the enzyme b-galactosidase and found 

that the residual activity could be improved from 31% without PEG conjugation to 52% 

with PEG conjugation after incubation in SGF with pepsin [62]. In summary, these results 

indicate that full protection of proteins in the gastric environment is still an elusive task. 

However, our materials show promise in their ability to preserve ~75% protein bioactivity 

in such harsh conditions, better than or comparable to other materials-based approaches. 

3.4.5 Evaluation and Extension of Protein-Loaded Fiber Shelf Life 

One advantage of delivering therapeutics in fibers is the production of a solid 

dosage form that is not subject to complications faced by soluble protein storage such as 
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aggregation and hydrolysis. Commonly, protein therapeutics must be used within hours 

of solubilization and other nanotechnology platforms for protein delivery require fresh 

production due to low colloidal stability in solution or require refrigerated or desiccated 

storage conditions [63,64]. The manufacture of shelf-stable biologics is very desirable, and 

we hypothesized that the incorporation of proteins into electrospun fibers could extend 

their storage lifetime through enhanced stabilization and protection. We found that 

storage of HRP in all fiber formulations at room temperature resulted in 30x higher 

bioactivities recovered after 1 week compared to soluble storage of the protein (Figure 

3.7A). Recovered bioactivity of HRP was also significantly increased when stored out to 

4 weeks in fibers made from 5% (1.5x), but not 20%, aqueous phase emulsions (Figure 

3.7A). For AP, the benefit of storage in fibers was not observed as bioactivity decay 

kinetics were similar to that of AP storage in aqueous solution (Figure 3.7B). 

 
Figure 3.7. Stability of proteins is enhanced or maintained by formulation into electrospun fibers. 

Bioactivity decay of A) HRP and B) AP recovered from electrospun fibers after storage at room 

temperature for 1 and 4 weeks compared to storage in aqueous solution (soluble). Data 

representative of results from n=3 fiber punches per formulation and presented as mean ± standard 

deviation. *p<0.05. 

 

To further extend the shelf life of these protein-loaded fibers, we investigated the 

contribution of residual water in the fibers. We hypothesized that any remaining water in 

the aqueous pockets of the fiber could result in increased mobility of the protein and thus 
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increase the probability of conformational change and activity loss [65]. Water content of 

protein-loaded fibers was measured immediately after electrospinning and after one day 

of storage at room temperature or under lyophilization. For HRP- and AP-fibers produced 

from 5% aqueous phase emulsions, there was no significant difference in fiber water 

content before and after lyophilization (Figure 3.8A,E). However, lyophilization was found 

to significantly decrease the water content of 20% aqueous phase HRP- and AP-fibers by 

10% and 40%, respectively (Figure 3.8C,G). We then investigated the effect of 

lyophilization on protein bioactivity retention and if the decrease in water content 

observed upon lyophilization could prevent rapid bioactivity loss of the encapsulated 

proteins. After 1 day of lyophilization, all protein loaded-fibers retained significantly 

higher bioactivity than their non-lyophilized counterparts for all formulations (Figure 

3.8B,D,F,H). Lyophilization resulted in bioactivities 1.2C, 1.5C, 1.7C, and 6.6C higher for 

EEHRP5, EEHRP20, EEAP5, and EEAP20 fibers, respectively. These results also 

indicated that our lyophilization procedure did not have a detrimental effect on protein 

structure, which would have resulted in a greater activity loss for lyophilized samples. 

After overnight lyophilization, fibers were removed from vacuum and stored at room 

temperature with non-lyophilized fibers. After 7 days, we also observed that lyophilization 

significantly increased the bioactivity recovered from the encapsulated proteins for all 

formulations except EEAP20. The recovered protein bioactivity after 7 days was 1.5C, 

1.6C, and 3.2C higher for lyophilized EEHRP5, EEHRP20, and EEAP5 fibers, 

respectively, compared to their storage without one-time lyophilization. This resulted in 

greater than 60% recovery of initial protein bioactivity for those formulations. 
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Figure 3.8. Lyophilization of protein-loaded fibers can reduce water content and significantly 

extend protein bioactivity retention during storage. Water content of protein-loaded fibers 

immediately after electrospinning, one day after electrospinning stored at room temperature, and 

one day after electrospinning stored under lyophilization of electrospun fibers A) EEHRP5, C) 
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EEHRP20, E) EEAP5, and G) EEAP20. After lyophilization overnight, fibers were stored at 

room temperature for a total storage time of 7 days. Bioactivity of proteins recovered from 

electrospun fibers B) EEHRP5, D) EEHRP20, F) EEAP5, and H) EEAP20 with or without 

overnight lyophilization over 7 days. Data representative of results from n=3 fiber punches per 

formulation and presented as mean ± standard deviation. *p<0.05. 

 
Finally, we evaluated one formulation, EEHRP5 for longer term storage at room 

temperature following lyophilization. After four weeks of storage, enzymes in lyophilized 

fibers retained 35% of their activity compared to 20% non-lyophilized formulations, a 

statistically significance increase in the recovered bioactivity (Figure 3.9). While the 

proteins lost 65% of their activity when stored for 4 weeks at room temperature, the 

ability of electrospun fibers to stabilize proteins is promising and may further extend shelf 

life for formulations stored under less harsh conditions, such as at 4 °C or under 

desiccation. 

 
Figure 3.9. Fiber lyophilization preserves protein bioactivity after 4 weeks of room temperature 

storage. After electrospinning, EEHRP5 fibers were lyophilized overnight and stored at room 

temperature for four weeks, testing protein bioactivity immediately after electrospinning, after 

overnight lyophilization, and after 4 weeks of room temperature storage. Data is representative of 

results from n=3 fiber punches per formulation and presented as mean ± standard deviation. 

*p<0.05. 
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Commonly, proteins are stored in lyophilized form rather than in solution to 

prevent protein hydrolysis and loss of active conformation. To compare storage of proteins 

in electrospun fibers to this conventional storage method, we evaluated the decay in 

protein activity following storage at 37 °C as a lyophilized solid (as provided by the 

supplier). Additionally, we were interested in the potential of the electrospinning platform 

to store therapeutic proteins long term, both in emulsion electrospun fibers and in 

hydrophilic fibers. Thus, we also characterized protein shelf-life when formulated in PVA 

nanofibers spun from aqueous blend solutions, both with and without lyophilization. This 

comparison also allowed us to determine the impact of emulsion electrospinning 

specifically on protein stability. We found that lyophilized AP protein lost ~20% activity 

after 1 week and ~30% after 3 weeks of storage (Figure 3.10). Loss of bioactivity was 

accelerated when proteins were electrospun into PVA nanofibers, but this activity loss 

was completely prevented through fiber lyophilization, as was observed for proteins 

formulated in emulsion electrospun fibers (Figure 3.10). Lyophilization of protein-loaded 

PVA fibers achieved equivalent levels of protein activity as storage of protein in 

lyophilized form through the time points investigated in our study. These observations 

suggest two main sources contribute to protein deactivation when formulated in emulsion 

electrospun fibers. First, the emulsion electrospinning process, compared to 

electrospinning aqueous solutions, results in an initial loss of protein function, likely due 

to protein exposure to organic solvents during formulation. Second, residual water in the 

nanomaterials, present in fibers electrospun both from emulsions and aqueous solutions, 

result in a reduced protein conformational stability, causing further loss of bioactivity. In 

this work, we have identified methods to overcome both phases of protein activity loss 

through reduction of the emulsion aqueous phase percentage and use of hydrophilic 

polymer excipients, and removal of residual water in the material with lyophilization, 

respectively. 
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Figure 3.10. Bioactivity of lyophilized AP, AP-loaded PVA electrospun nanofibers, and lyophilized 

AP-loaded PVA electrospun nanofibers stored at 40 °C. Data representative of results from n=3 

fiber punches per formulation and presented as mean ± standard deviation. *p<0.05. 

 

While published data on the shelf life of proteins in electrospun fibers is limited, a 

study by Pinto et al. observed ~60% and ~40% bioactivity was retained by proteins 

released from non-lyophilized fibers after 2 and 4 weeks, respectively [23]. This activity 

decay profile was similar to that observed for our non-lyophilized HRP protein 

formulations. Despite the similarity in activity loss kinetics, it is important to note that 

the referenced study used a different polymer (polycaprolactone), protein (trypsin), and a 

5% aqueous phase emulsion. Thus, further work is required to fully characterize the 

stability of additional biotherapeutics in electrospun nanomaterials. Lyophilization of 

proteins in paper-based networks is highly utilized in microfluidic devices, in which dry 

storage of proteins is advantageous to enhance stability over long-term storage of the 

device [66]. Results from our study support the application of this technique used in paper-

based microfluidics to extend protein storage in polymeric nanofibers. Overall, we can 

conclude that lyophilization of protein-loaded electrospun fibers results in more shelf-

stable biologic formulations, and we have shown that this technique can extend the 

lifetime of both HRP and AP for at least 7 days at room temperature for emulsion 

electrospun fibers and for at least 17 days at 40°C for hydrophilic electrospun fibers. 
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Importantly, we observed equivalent stability of proteins stored as lyophilized powder and 

in lyophilized hydrophilic nanofibers. This storage method involves only a one-time 

lyophilization step, reducing the need for costly equipment and power, and may eliminate 

the need for refrigeration to maintain protein stability over this time frame. Thus, this is 

an attractive strategy for protein stabilization and storage, which is a major problem for 

polymeric-based protein delivery systems and bioactive scaffolds for tissue engineering. 

3.4.6 Functionality of Antigens Encapsulated in Eudragit L100 Fibers  

As our platform demonstrated promise in encapsulating and releasing bioactive 

enzymes, we next evaluated the ability of emulsion electrospun fibers to deliver more 

relevant protein-based antigens. To generate cellular immunity against a certain antigen, 

the antigen must first be taken up and processed by dendritic cells for presentation to T 

cells. Depending on the pathway of internalization, the origin of the antigen, and the 

unique cytokine milieu the cell is exposed to during uptake, the antigen will be processed 

through a distinct pathway for surface presentation on either the major histocompatibility 

complex (MHC) class I or II protein. One major distinction of the presentation pathways 

depends on if the antigen is sensed from inter- or extracellular detection mechanisms. 

Traditionally, extracellular antigens are shuttled into the MHC-II pathway to be 

presented to CD4+ T cells and only specific cell types have the ability to present antigen 

on MHC-II, such as dendritic cells and B cells. In contrast, most cells express the protein 

MHC-I and use it to present antigens that are derived intracellularly, as would be the 

case for an intracellular viral infection. Some cells also have the unique ability to process 

extracellular antigens and present them on MHC-I, a process called cross-presentation. 

While the mechanisms behind this phenomenon are still being elucidated, this process is 

thought to be influenced by a variety of factors such as the pathway of internalization, 

the phenotype of the cell at the time of antigen uptake, the source of the antigen, and the 

engagement of different cell surface receptors [67]. Peptides from the processed antigen 



 121 

bound by an MHC protein on the surface of cells are then recognized by T-cell receptors 

(TCR) on naïve T cells in lymphoid organs. The pathway of antigen internalization and 

presentation also dictates which type of T cells the antigen presenting cell can activate, 

with presentation on MHC-I being recognized by CD8+ T cells and presentation on MHC-

II being recognized by CD4+ T cells. Maintenance of antigen structure is critical to its 

immune function and proper epitope recognition, with naïve T cells only recognizing 

precise amino acid sequences between 8 – 20 in length.  

We evaluated the ability of the antigen ovalbumin to be processed and presented 

to T cells after encapsulation into emulsion electrospun Eudragit L100 fibers with a 5% 

aqueous phase. The materials were verified for antigen loading (wt%) and 100% 

encapsulation efficiency using a micro BCA assay (data not shown). Immediately following 

electrospinning and solvent evaporation, fibers were dissolved in RPMI 1640 and 

incubated with the dendritic cell line DC2.4 for protein uptake and processing. Twenty-

four hours later, the T cell line B3Z, a CD8+ T cell hybridoma that recognizes the 

ovalbumin epitope SIINFEKL (OVA257-264), was co-cultured with the antigen-treated 

DCs. Presentation of the antigen by DCs to T cells will result in TCR ligation of the B3Z 

cells, which induces the production of the enzyme b-galactosidase that can be quantified 

through the production of a colorimetric product following the addition of the substrate 

b-d-galactopyranoside. Ovalbumin released from emulsion electrospun fibers was 

processed by DCs and presented to CD8+ T cells immediately following formulation 

(Figure 3.11A) and after 7 days of storage at room temperature (Figure 3.11B). 

Importantly, the encapsulated protein retained its antigenicity even after 1 week of room 

temperature storage, further supporting the utility of this platform for its ability to load 

and stabilize protein-based pharmaceutics. Interestingly, we observed presentation of 

antigen to T cells when the protein ovalbumin was delivered by our fibers even though 

there was little antigen presentation when the protein was delivered in soluble form to the 

dendritic cells. This inability of the protein ovalbumin to be cross-presented to CD8+ T 
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cells has been observed previously [68,69]. The successful cross-presentation of the 

ovalbumin protein to T cells when delivered by electrospun fibers suggests potential 

interactions of the polymeric materials and the dendritic cells that may lead to differential 

processing of the antigen. 

 
Figure 3.11. Ovalbumin encapsulated in emulsion electrospun fibers is functional and can activate 

antigen-specific CD8+ T cells A) immediately after formulation and B) after 7 days of storage. 

Ovalbumin-loaded fibers were stored at room temperature following lyophilization overnight. 

Internal positive controls include soluble ovalbumin (100 µg mL-1) and SIINFEKL peptide 

(synthesized in-house, 10 µM) with LPS stimulation (0.5 µg mL-1). Data representative of results 

from n=3 fiber punches per formulation and presented as mean ± standard deviation. *p<0.05. 

 
Maintaining the functionality of antigens loaded into materials-based platforms is 

a critical parameter for the elicitation of antigen-specific immunity, both during the 

formulation process and upon vaccine storage. While the antigenicity of ovalbumin 

following electrospinning into nanofibers has not been evaluated for other polymers, the 

antigen protective antigen (PA), produced by the gram-positive bacteria Bacillus 

anthracis that causes the disease anthrax, has been evaluated using this platform. After 

the loading of the PA into poly(vinyl pyrrolidone) electrospun nanofibers fibers, the 

antigen was found to retain functionality through the observance of the inflammatory 

cytokine IL-6 following incubation with the human monocytic cell line, MM6 [70]. The 
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antigen used in our study, ovalbumin, has been loaded into many other nanotechnology 

platforms, most notably micro- and nanoparticles. Ovalbumin encapsulation into PLGA 

nanoparticles was achieved through a novel microfabrication method, StampEd Assembly 

of polymer Layers (SEAL), and stable protein conformation was demonstrated after 30 

days when stored at 4 °C under desiccation [71]. It is important to note that these particles 

included the protein stabilizer sucrose. Moreover, the antigen hemagglutinin (HA) was 

shown to retain its immunogenicity after 6 months of storage at 4 °C in Eudragit/trehalose 

nanoparticles [72]. 

 CD8+ T cell immunity is essential in the fight against many infectious diseases as 

well as cancer. However, the administration of protein antigens in vivo generally fail to 

activate cross presentation and the priming of CD8+ T cells [73]. To take advantage of 

this molecular mechanism, formulation strategies for protein-based antigens have been 

developed, specifically ones utilizing nanotechnology. Cross-presentation of exogenously-

delivered antigen has been reported for PLGA-based particle systems, in which the 

particles escape the endosome and reach the cytoplasm to be presented on MHC-I [74]. 

Delivery of the antigen ovalbumin in these materials enhanced cross-presentation to T 

cells in vitro compared to soluble delivery of the protein. Similarly, PEI nanoparticles also 

demonstrated enhanced presentation of antigen on MHC-I compared to soluble antigen, 

which the authors believe is due to the endosomal-disruptive effect of the cationic polymer 

PEI, although this cross-presentation ability was only found for certain PEI-antigen 

weight ratios [75]. pH-responsive micellar nanoparticles composed of amphiphilic diblock 

copolymers of size less than 100 nm were designed with endosomolytic properties to 

enhance cross-presentation [76]. These materials were found to induce cross-presentation 

of ovalbumin in vitro. This effect was found to be partially dependent on endosome 

acidification, proteasomal processing, and transport from the ER. In addition to polymeric 

particles, lipid-based particulates have also been shown to enhance cross-presentation to 
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exogenously-delivered proteins. Multilamellar vesicles with crosslinked lipid bilayers 

enhanced surface presentation on MHC-I as well as activation of CD8+ T cells [77].  

While the cross-presentation ability of these platforms is attributed to polymeric 

and particulate properties that favor internalization by phagocytosis, micropinocytosis, or 

receptor-mediated endocytosis, such mechanisms are not likely to be contributing to the 

cross-presentation of whole proteins released from our nanofibers. It may be possible that 

the presence of the Eudragit polymer is influencing the mechanism of protein uptake into 

the phagosome-to-cytosol pathway, in which proteins access the cytosol and are processed 

through the proteasome/TAP pathway to be loaded onto MHC-I. Additionally, our lab 

has found that co-delivery of antigens with the DC-stimulating adjuvant MPLA can 

enhance cross-presentation of exogenously-delivered proteins [78]. This phenomenon has 

also been observed for TLR signaling in general, in which MHC-I accumulates in 

phagosomes that contain TLR agonists, enhancing cross presentation [79]. Thus, it is 

possible that the state of the dendritic cell during antigen uptake and processing may 

influence its intracellular trafficking, which may be modulated by the Eudragit polymer 

in the formulation, although there is not significance literature on the immunogenic 

properties of this co-polymer. 

We next tested if the presence of the electrospun fibers would impact B3Z 

activation by DCs by treating DCs with soluble OVA and blank electrospun fibers. As 

seen in Figure 3.13, the presence of the fibers with soluble OVA did not induce B3Z 

activation as observed with delivery of OVA-loaded fibers or the supernatant of dissolved 

OVA-loaded fibers. Further experiments are needed to fully elucidate the enhanced B3Z 

activation of DCs treated with OVA-loaded electrospun fibers. 
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Figure 3.12. Activation of B3Z T cell is not driven by the presence of fibers during treatment of 

DCs with antigen. DC2.4 cells were treated with soluble OVA, soluble OVA with blank Eudragit 

L100 fibers, or OVA-loaded emulsion electrospun Eudragit L100 fibers at 0.1 mg mL-1 OVA. 

Positive control of SIINFEKL peptide was used. After 24 hours, cells were washed and incubated 

with B3Z T cells for 24 hours. B3Z T cell activation was assayed as described. Data representative 

of results from n=3 per formulation and presented as mean ± standard deviation. *p<0.05. 

 

3.4.7 In Vitro Mucoadhesion 

In mucosal drug delivery, extended retention time of the therapeutic is extremely 

advantageous in enhancing drug absorption as well as extending drug release at these 

surfaces. Mucosal surfaces are covered by a negatively-charged glycoprotein matrix that 

functions to protect the epithelial layer, bind invading pathogens, and reduce intestinal 

inflammation by separating commensal bacteria from epithelial cells [80]. In the 

gastrointestinal tract specifically, this mucus layer is turned over every ~4-5 hours, making 

mucosal drug delivery a challenge due to the rapid clearance of substances at these 

surfaces. Biomaterials engineering has taken advantage of the properties of the 

glycoprotein matrix to design materials that can ionically interact with the mucus layer 
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and prolong the residence time of drug formulations [81]. There are many theories to 

describe the mucoadhesion process, including wetting, electrostatics, diffusion, adsorption, 

and fracture [82]. Alternatively, materials can be designed with “stealth” properties that 

allow for free diffusion through mucus, preventing their entrapment and subsequent 

clearance from the body [83]. In the scope of this project, it is advantageous for our 

nanofibers to exhibit mild mucoadhesive properties. Since this system is designed for drug 

release at mucosal surface, rather than to be taken up by mucosal cells, a prolonged 

residence time of the materials could create a drug depot that increases the concentration 

of the therapeutic, potentially improving drug diffusion and absorption [84]. However, too 

strong of an interaction between the materials and mucus could cause premature adhesion 

of the fibers along the GI tract. It is not likely that our, nor other cationic mucoadhesive 

materials, will interact with mucins in acidic environments, such as the stomach, as the 

isoelectric point of porcine gastric mucin was found to be 2 – 3, giving mucin a neutral 

charge in acidic conditions [85,86]. This reduced interaction between mucoadhesive 

cationic materials and mucin in acidic environments has been demonstrated in in vitro 

turbidity experiments [61]. As the Eudragit L100 co-polymer is comprised of methyl 

methacrylate and methacrylic acid, it possesses a carboxylic side group that can hydrogen 

bond with the mucus glycoproteins under certain ionic conditions. We sought to further 

characterize the Eudragit L100 nanofibers for mucoadhesive properties and their 

interaction with mucin solutions. 

First, a technique to measure the detachment force of nanofibers from a 2% mucin 

solution in PBS (pH ~6) using an Instron mechanical testing machine was developed. We 

found that there was significantly higher work of adhesion (3C increase) for Eudragit L100 

fibers to be detached compared to our mount-only control, indicating interaction with the 

mucin solution (Figure 3.13A,B). Qualitatively, the Eudragit L100 fibers swelled and 

formed a hydrogel upon incubation with the mucin solution compared to non-

mucoadhesive PLGA fibers, whose macroscopic structure did not change (Figure 3.13D). 
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This finding led us to evaluate the swelling ratios for these materials, a common metric 

for hydrogel characterization. Eudragit L100 fibers expanded to 60-times their original 

mass upon interaction with mucin glycoprotein solutions (Figure 3.13C). The interaction 

of mucin with Eudragit L100 in different ionic conditions was further evaluated with a 

turbidity experiment and compared to the cationic mucoadhesive polymer, chitosan. In 

both acidic and neutral pH conditions, Eudragit L100 did not significantly interact with 

mucin, as the optical density of mucin solutions with varying weight ratios of Eudragit 

L100 polymer was not higher than Eudragit L100 in the same buffer without mucin 

(Figure 3.13E,F). The increased optical density of Eudragit L100 solutions at pH 2 are 

likely due to the insolubility of the polymer in these conditions, rather than an interaction 

with mucin. In contrast, methylglycol chitosan did show complexation with mucin at pH 

6 (Figure 3.13E) but not at pH 2 (Figure 3.13F), representing the ionic interactions of the 

cationic polymer with negatively charged mucin in neutral conditions but not in acidic 

conditions when mucin is net neutral. 
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Figure 3.13. Eudragit L100 fibers exhibit mucoadhesive properties in vitro. A) Detachment force 

vs. extension plot and B) work of adhesion following Eudragit L100 fiber incubation in a 2% 

mucin/PBS solution. C) Ratio of wet/dry mass of Eudragit L100 fibers upon incubation in a 2% 

mucin/BSA solution at 37 °C. D) Eudragit L100 and PLGA fibers after 5-minute incubation in 

a 2% mucin/PBS solution. Turbidity of Eudragit L100 and methylglycol chitosan polymers with 

(solid lines) or without (dashed lines) mucin at E) pH 2 and F) pH 6. Data is representative of 

results from n=3 samples per experiment and presented as mean ± standard deviation. 
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 These data provided mixed results on the mucoadhesive properties of EudragitL100 

fibers. While solutions of the polymer did not show interactions with mucin in acidic nor 

neutral conditions, formation of fibers with EudragitL100 produced materials that took in 

water and swelled to 60C their dry mass when incubated with mucin solutions. This 

interaction required more work to detach the fibers from the surface of the mucin solution, 

indicating that the materials can interact with mucosal surfaces, albeit weakly. Other 

literature has indicated the probability of Eudragit polymer interactions with mucus due 

to its hydrophobicity, which can cause mucoadhesion in addition to electrostatic 

interactions [83]. 

3.4.8 In Vivo Retention in Gastrointestinal Tract 

Finally, we evaluated the retention of protein in the gastrointestinal tract after oral 

administration either in soluble form or encapsulated in Eudragit L100 fibers. To allow 

for oral gavage of our materials into mice, fibers were micronized into particles <200 µm 

in size. The micronization process was verified to cause no protein leakage from the fibers 

and 100% protein was recovered from micronized fibers (data not shown). Protein 

clearance rates from the gastrointestinal were found to be similar after soluble and fiber 

delivery of proteins orally, with the maximum radiance of the fluorescently-labeled protein 

in the GI-tract occurring between 4 – 8 hours after administration and dissipating by 24 

hours (Figure 3.14). These equivalent rates of protein clearance are expected for the time 

points evaluated in our study, as we sought to characterize protein location from 

administration to clearance. Additionally, although our in vitro evaluation did indicate 

modest interaction between Eudragit fibers and mucus solutions, results from the in vivo 

retention study do not support strong mucoadhesion of the nanofibers. This conclusion is 

supported by a study by Eaimtrakarn et al., in which Eudragit L100 films were found to 

move through the gastrointestinal tract without adherence to the mucus layer until 

dissolution in the jejunum of the small intestine [87].  
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Figure 3.14. Retention of BSA delivered in A) soluble form or B) loaded in micronized Eudragit 

L100 fibers in the mouse gastrointestinal tract after oral administration. C) Percentage of the 

maximum radiance in the gastrointestinal tract over 24 hours. Data is representative of n=1 

mouse per time point. 

 
Other mucoadhesive biomaterial platforms such as films and nanoparticles have 

been evaluated for extended dose retention at mucosal surfaces. Thiolated Eudragit-coated 

chitosan microparticles were found to remain associated with the small intestine 6 hours 

after oral administration, while the unthiolated Eudragit-coated particles signal decreased 

between 4 and 6 hours [88]. In another study, thiolated Eudragit nanoparticles 

demonstrated enhanced association with the intestinal mucosa 2 hours after intraluminal 

administration compared to non-functionalized Eudragit particles [89]. Many additional 

studies evaluating the interaction of biomaterials with mucosal surfaces either do not 

measure therapeutic retention out to 24 hours or evaluate the carrier only without non-

carrier controls. 

Although our materials did not significantly extend protein retention in the GI 

tract for more than 24 hours, we expect differences in protein uptake and immune 

responses with our delivery system due to favorable attributes such as protection of 
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protein from deactivation in the gastric environment and rapid release of the protein in 

small intestinal conditions, leading to a higher local concentration of bioactive at the 

mucosal surface. However, it is also possible that there are differences in the protein 

retention at mucosal surfaces of the GI tract at shorter time scales than were investigated 

in our study. In the case that these hypotheses are not supported by further in vivo 

analysis, fibers can be modified with mucoadhesive side groups through thiolation [90] as 

well as including an additional mucoadhesive polymer during electrospinning [91,92]. As 

mentioned previously, the balance of extending dose retention at mucosal surfaces and 

limiting nonspecific adherence must be maintained when developing new mucosal drug 

delivery systems. 

 

3.5 CONCLUSIONS 

In conclusion, two model proteins, horseradish peroxidase and alkaline 

phosphatase, were loaded into Eudragit L100 fibers using an emulsion electrospinning 

technique. We investigated the emulsion parameters of aqueous phase percentage and 

inclusion of a hydrophilic polymer and the electrospinning parameter of flow rate to 

optimize protein loading and bioactivity. Using this optimized method, both proteins were 

loaded into fibers at high efficiencies and were released in a pH-controlled manner with 

minimal non-specific protein release. We identified that bioactivity retention of the 

proteins could be enhanced through decreasing the aqueous phase percentage in the 

emulsion and including a hydrophilic polymer with the protein. Flow rate during 

electrospinning was not observed to have an effect on protein bioactivity, demonstrating 

that the electrospinning process was not detrimental to protein structure and that material 

productivity can be increased without compromising therapeutic activity for future 

manufacturing scale-up. Further, encapsulation in emulsion electrospun fibers provided 

protection of proteins from degradation by gastric enzymes and acidic environments. 
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Protein stability in emulsion electrospun fibers was found to be dependent on the protein 

loaded both during electrospinning and upon storage. HRP stability over 4 weeks was 

enhanced through fiber formulation while the formulation type (in fibers vs. in solution) 

had no effect on AP stability. For both proteins, a one-time lyophilization of emulsion 

electrospun fibers significantly extended the shelf life of the product over 7 days when 

stored at room temperature. Eudragit fibers were also demonstrated to load and release 

functional antigens, leading to the cross presentation to CD8+ T cells. These antigens 

showed full antigenicity even after one week of storage at room temperature. Thus, 

protein-loaded Eudragit L100 fibers are a promising new biotechnology platform for 

peroral protein delivery to overcome the challenge of the harsh gastric environment, which 

is a critical first step when developing new dosage forms for this administration route, and 

as a shelf-stable platform for protein-based therapeutics and vaccines. 
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Chapter 4. MUCOSAL ADJUVANTS TO ENHANCE IMMUNE 

RESPONSES TO ORAL VACCINES 

Portions adapted from: Frizzell, H., Park, J., & Woodrow, K. A. Activation of intestinal 

CD8+ T cells by an oral vaccine through nanofiber-mediated gastric protection of epitopes 

and the mucosal adjuvant PEI. Manuscript in preparation. 

 

4.1 ABSTRACT 

The elicitation of immunity at mucosal surfaces is challenging due to low antigen 

absorption and the propensity for regulatory immune responses against the delivered 

antigen. While oral vaccination can elicit mucosal immunity, which is necessary for 

protection from many pathogens that infect the body at these surfaces, protein-based 

vaccines suffer at this anatomical site due to aforementioned challenges. The use of 

mucosal adjuvants can both recruit cell populations to enhance antigen internalization 

and activate mucosal immune cells, shifting immunity from regulatory to protective. Here, 

we evaluate a library of adjuvants in vitro and in vivo for their ability to stimulate 

intestinal immune cells, modulate vaccine uptake, and elicit adaptive immune responses 

when used in an oral vaccine. We observe the adjuvants CpG and PEI to activate 

epithelial cells to produce the chemokine, CCL20. PEI, but not CpG, increased protein 

uptake in dendritic cells and epithelial cells in vitro. While efforts to quantify antigen 

uptake in intestinal antigen presenting cell populations in vivo proved challenging, oral 

immunization studies reveal differential action of adjuvants in eliciting systemic and 

mucosal immune responses. Compared to known mucosal adjuvant cholera toxin and 

clinical adjuvant monophosphoryl lipid A (MPLA), CpG in the vaccine formulation 

enhanced systemic and mucosal antibodies as well as CD4+ T cells. Cytotoxic CD8+ T 
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cell responses were induced with PEI, while the ability to activate CD8+ T cells was 

limited by other adjuvants. These differences may be due to the observed effects on 

epithelial cell activation and protein uptake. Overall, this work identifies novel mucosal 

adjuvants that can be used to elicit humoral or cellular immune responses to oral vaccines. 

 

4.2 INTRODUCTION 

In Chapter 3, Eudragit L100 nanofibers loaded with proteins were fabricated such 

that the proteins maintained their activity during the encapsulation process, were 

protected from deactivation in simulated gastric conditions, and were released into the 

small intestine in response to a change in pH. These materials allow for the vaccine antigen 

to overcome the first barrier, the degradative conditions in the stomach, through 

protection in gastric conditions followed by delivery of bioactive protein in the small 

intestine. This chapter reports of efforts to overcome additional barriers to oral protein 

delivery, namely limited protein absorption in the small intestine and the bias for 

tolerogenic immune responses [1]. 

Subunit vaccines commonly rely on the presence of adjuvants to amplify immune 

responses to the antigen. This is especially critical for mucosal vaccines, as activation of 

adaptive immunity is more difficult at these surfaces due to their constant exposure to 

external substances, resulting in more tolerogenic immune responses [2]. While potent 

adjuvants have been identified for parenteral vaccines, mucosal adjuvants have different 

requirements. Parenteral vaccines directly access cells in the tissue, including antigen-

presenting cells (APCs). In contrast, mucosally-delivered vaccines first encounter cells of 

the epithelium. It is known that APCs and epithelial cells (ECs) express different pattern 

recognition receptors (PRRs) that adjuvants antagonize. PRR expression also depends on 

the anatomical location of the cells. Thus, adjuvants that function through APC-expressed 

PRRs may not demonstrate activity at mucosal surfaces due to this differential expression. 
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Here, we evaluate the ability of adjuvants to activate intestinal epithelial cells. Adjuvant-

mediated activation of epithelial cells is also necessary to overcome oral tolerance. In the 

gut, dendritic cells (DCs) are conditioned to be tolerogenic by signals that epithelial cells 

secrete constitutively, such as the cytokines TGF-b and IL-10 and the metabolite retinoic 

acid [3]. DC secretion of these retinoic acid and TGF-b results in Treg differentiation of 

naïve antigen-specific T cells [4]. To achieve activation of helper type-1 (TH1) T cell 

responses, APCs must produce a different panel of cytokines during antigen presentation, 

such as IL-12 and IL-23. Signals secreted by epithelial cells, particularly IL-15, can control 

APCs to produce such inflammatory cytokines and activate immunity rather than 

tolerance to dietary antigens [5]. Thus, adjuvant selection has the potential to activate 

epithelial cells such that signaling is shifted from tolerogenic to inflammatory. 

In addition to immune stimulation, it is also possible for adjuvants to influence 

vaccine uptake at the intestinal epithelium. Transport of orally delivered proteins is 

thought to occur primarily through the specialized intestinal M cells and Goblet cells 

along the epithelium. In addition to epithelial cells, antigen presenting cells can be 

recruited to the epithelium and extend trans-epithelial dendrites (TEDs) to sample 

luminal antigens [6]. Insights from the field of mucosal immunology have identified a 

mechanism of enhanced DC sampling of antigen from the intestinal lumen that is 

dependent on crosstalk between epithelial cells and DCs [7]. Increase of TED formation 

by DCs is enhanced through the delivery of toll-like receptor (TLR) ligands [8]. 

Additionally, oral delivery of the adjuvant CpG ODN induced the production of the DC-

recruiting chemokine CCL20 that increased TEDs formation at these CCL20-rich regions 

[9]. It is of note that in this study by Yin et al., the vaccine antigen utilized was a whole 

inactivated influenza virus that was directly administered into the ileum of the small 

intestine [9]. CCL20-mediated DC recruitment can also influence CD8+ T cell responses 

[10] that differentiate into cytotoxic T lymphocytes in order to directly kill pathogen-

infected cells [11].  
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Thus, in this chapter we characterize select adjuvants for use in oral vaccines with 

a focus on epithelial cell signaling. Adjuvant-induced DC recruitment is proposed as a 

new strategy to enhance uptake and efficacy of orally delivered vaccines. Results show 

that adjuvants with different mechanisms of cellular stimulation had distinct differences 

in activation of adaptive immune responses when used in oral protein vaccines. 

Preliminary experiments suggest that the ability to modulate epithelial cell signaling and 

antigen uptake may drive the mucosal activity of certain adjuvants. In pilot experiments, 

we observe the rapid expansion of MHCII+ cells in the small intestinal epithelium and 

different DC populations in the lymph nodes when certain adjuvants are used, identifying 

a potential mechanism to enhance adaptive immune responses. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

Albumin–fluorescein isothiocyanate conjugate (FITC-BSA), N,N-

Dimethylformamide (DMF) (anhydrous, 99.8%), sodium bicarbonate, Tris-HCl, and 

branched polyethyleneimine (PEI) (25 kDa) was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Bovine serum albumin (BSA), trypsin-EDTA (0.25%), and HEPES sodium 

salt was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Dulbecco’s 

Phosphate-Buffered Saline (PBS) was purchased from Corning Inc. (Corning, NY, USA). 

Ovalbumin (OVA) was purchased from InvivoGen (San Diego, CA, USA). Sodium 

chloride (NaCl) was purchased from EMD Millipore (Gibbstown, NJ, USA). 

(Ethylenedinitrilo)tetraacetic acid, disodium salt, dehydrate (EDTA) was purchased from 

Avantor Performance Materials (Center Valley, PA, USA). Caco-2 cells were kindly 

provided by the lab of Suzie Pun (University of Washington) and DC2.4 cells and B3Z 

cells were kindly provided by the lab of James Lai (University of Washington). 
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4.3.2 Adjuvant treatment of epithelial cells in vitro 

Caco-2 cells were seeded at 50,000 cells per well in 12-well plates (Corning) in 

DMEM (Thermo) with 20% heat-inactivated fetal bovine serum, sodium pyruvate, non-

essential amino acids, penicillin/streptomycin (all from Invitrogen, Carlsbad, CA), and L-

glutamine (Cellgro, Manassas, VA) and grown in a 37 °C incubator (5% CO2, 95% relative 

humidity) for four days. Medium was removed and replaced with fresh medium or medium 

with monophosphoryl lipid A (MPLA) (1 µg mL-1), CpG ODN 1826 (50 µg mL-1), 5’ppp-

ds RNA (1 µg mL-1), peptidoglycan from B. subtilis (10 µg mL-1), muramyl dipeptide (10 

µg mL-1), flagellin from B. subtilis (10 µg mL-1), lipopolysaccharide (LPS) (10 µg mL-1) 

(all from Invivogen), polyethyleneimine (10 µg mL-1) (Sigma), cholera toxin from Vibrio 

cholerae (10 µg mL-1) (Sigma), or human IL-1b (10 ng mL-1) (PeproTech, Rocky Hill, NJ, 

USA). After 72 hours, the supernatant was removed and assayed for production of CCL20 

using a sandwich ELISA developed in-house. Briefly, a flat non-tissue culture treated 96-

well plate (Corning) was coated with mouse anti-human CCL20 (PeproTech) at 1 µg mL-

1 and incubated overnight at room temperature. The plate was washed with wash buffer 

(PBS with 0.05% Tween 20) and blocked with 1% BSA for 1 hour at room temperature. 

Following plate washing, recombinant human CCL20 standards (1,500 – 2 pg mL-1) 

(PeproTech) and conditioned medium samples were added and incubated for 2 hours at 

room temperature. Samples were removed, the plate was washed, and biotinylated rabbit 

anti-human CCL20 (PeproTech) was added to each well. After a 2-hour incubation, the 

plate was washed and streptavidin-HRP (R&D Systems) was added for 30 minutes. A 

final plate washing was performed and TMB substrate (R&D Systems) was added to each 

well. To stop the reaction, ELISA stop solution (R&D Systems) was added. The plate 

was read at 570 nm using a reference wavelength of 450 nm with a Tecan Infinite 200 

PRO microplate reader (Tecan, Männedorf, Switzerland). Concentrations of CCL20 in 

each sample were determined from a standard curve. 
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4.3.3 Antigen uptake by epithelial and dendritic cells in vitro 

DC2.4 and Caco-2 cells were seeded at 100,000 and 50,000 per well, respectively, 

in 24-well plates overnight. Cells were treated with FITC-BSA (10 µg mL-1) only or with 

polyethyleneimine (10 µg mL-1), CpG ODN 1826 (10 µg mL-1), or IL-1b (10 µg mL-1) for 

4 hours. To compare the differences in uptake of BSA in soluble versus a particulate form, 

FITC-BSA was complexed with polyethyleneimine at PEI:BSA 1:1 (m:m) and vortexed 

for 30 seconds. Cells were then treated with soluble FITC-BSA, FITC-BSA/PEI 

complexes, or FITC-BSA+PEI for 4 hours. Cells were then washed, detached, stained 

with Live/Dead Fixable Violet (Thermo Fisher Scientific), fixed in 1.6% PFA, and 

analyzed by flow cytometry using a CantoII for FITC-BSA uptake in the live population. 

Flow cytometry analysis was performed using FlowJo software (Treestar). 

4.3.4 In vivo studies 

4.3.4.1 Animals 

Female C57Bl/6J and OT-II mice (6-8 weeks old) were purchased from The 

Jackson Laboratory. Animal studies were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Washington. All animals were cared for in 

accordance with IACUC guidelines. 

4.3.4.2 Dendritic cell migration time course 

Age-matched female C56Bl/6J were immunized with OVA (1 mg) with or without 

an adjuvant cocktail of CT (10 µg), CpG (50 µg), and PEI (50 µg) in 200 µL by oral 

gavage using a 22G metal gavage needle. At indicated time points, mice were sacrificed 

and mesenteric lymph nodes and small intestines were collected. Organs were processed 

as described below and analyzed by flow cytometry. 
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4.3.4.3 Antigen uptake and immunohistochemistry 

Age-matched female C56Bl/6J were immunized with BSA-FITC (1 - 10 mg) with 

or without CT (10 µg) in 200 µL by oral gavage using a 22G metal gavage needle. At 

indicated time points, mice were sacrificed and mesenteric lymph nodes and small 

intestines were collected. Organs were processed as described below and analyzed by flow 

cytometry. In some experiments, small intestines were collected for analysis by 

immunohistochemistry. Small intestines were flushed with PBS, cut open longitudinally, 

and incubated with paraformaldehyde (4%) for 20 minutes at room temperature. Small 

intestines were washed and incubated in sucrose (30%) for 1.5 hours at room temperature. 

Small intestines were rolled and snap-frozen in OCT compound (Thermo). Cross sections 

(20 µm thick) were prepared by the Histology and Imaging Core at the University of 

Washington. Sections were dried then cold acetone (-20°C) was added and allowed to 

evaporate. Sections were washed in Tris-buffered saline (50 mM Tris-Cl, 150 mM NaCl, 

pH 7.5), blocked with 1% BSA for 30 minutes at room temperature, and incubated with 

hamster anti-mouse CD11c-N418 (20 µg mL-1) (eBioscience) overnight at 4°C. After 

washing, sections were incubated with rabbit anti-hamster IgG-TRITC (5 µg mL-1) 

(Thermo) for 1 hour at room temperature followed by mounting in Fluoromount-G with 

DAPI (Thermo). Tissue sections were imaged using a Nikon Eclipse Ti microscope (Nikon, 

Melville, NY, USA) equipped with an Andor (model number DR-328G-C01-SIL) 

fluorescence camera (Andor, Belfast, UK). 

4.3.4.4 Activation of CD4+ T cells by DCs isolated from orally immunized 

mice 

Age-matched female C56Bl/6J were immunized with OVA (1 mg) with CT (20 µg) 

in 200 µL by oral gavage using a 22G metal gavage needle. Twenty-four hours later, mice 

were sacrificed and mesenteric lymph nodes and small intestines were collected. Organs 
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were processed into single cell suspensions as described below and enriched for CD11c+ 

cells by positive selection using CD11c microbeads (Miltenyi Biotec, Auburn, CA, USA). 

CD11c+ cells were seeded in U-bottom 96-well plates at 20,000 cells per well. As a positive 

control, exogenous OVA (20 µg) with LPS (2 µg mL-1) were individually added to some 

wells. After 24 hours, CD11c+ DCs were washed and co-cultured with CFSE-stained CD4+ 

T cells from OT-II spleens. Briefly, spleens were collected and digested in Collagenase D 

(1 mg mL-1) with DNaseI (40 µg mL-1) at 37 °C for 30 min. Spleens were passed through 

a 70 µm cell strainer, washed with PBS, and red blood cells were lysed. CD4+ T cells were 

isolated by negative selection using a CD4+ T cell isolation kit (Miltenyi). CD4+ T cells 

were stained with CFSE (10 µM) in 1% BSA/PBS at 37 °C for 10 min followed by 

quenching on ice. CFSE-stained CD4+ T cells were added to DCs at DC:T 1:1 and 1:10. 

Three days later, plates were centrifuged and supernatant was collected for analysis of 

cytokine production by ELISA (PeproTech IFN-g ELISA kit following manufacturer’s 

instructions). Cells were incubated with Fc block (anti-mouse CD16/CD32) for 5 min at 

4 °C followed by surface staining for 40 min at 4 °C. Cells were washed and stained with 

LIVE/DEAD Fixable Violet Dead Cell Stain (Thermo) on ice for 20 min. Cells were 

washed, resuspended in FACS buffer, fixed in 2% PFA/PBS, and analyzed by flow 

cytometry on a LSRII. Flow cytometry analysis was performed using FlowJo software. 

4.3.4.5 Oral immunizations to evaluate adaptive immune responses 

Age-matched female C56Bl/6J were immunized with OVA (1 mg) with or without 

CT (10 µg), MPLA (20 µg), branched PEI (200 µg), or CpG ODN 1826 (100 µg) in 200 

µL by oral gavage using a 22G metal gavage needle. These doses were chosen based on 

demonstrated efficacy when used orally (CT, CpG, MPLA) or at another mucosal surface 

(PEI). Animals were not fasted prior to immunization nor were anesthetized during the 

procedure. The immunization schedule consisted of immunizations every 4 weeks for a 

total of 3-4 doses.  
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4.3.4.6 Fluid collection and enzyme-linked immunosorbent assays (ELISAs) 

Blood was collected biweekly from the submental vein and serum was isolated by 

centrifugation and stored at -20°C until analysis. The small intestine was washed with 5 

mL PBS with 0.1 mg mL-1 trypsin inhibitor (Sigma) and 50 mM EDTA. Intestinal lavage 

fluid was vortexed and centrifuged at 2,000 x g for 30 min at 4°C. Supernatant was 

collected and stored at -20°C until analysis. Antigen-specific IgG and IgA antibodies were 

assayed from serum and intestinal lavage by ELISA. OVA in 10 mM sodium bicarbonate 

(2 µg mL-1) was used to coat well of immunoassay ELISA plates (Costar) at 4°C overnight. 

Plates were washed with PBS with 1% Tween-20 (PBS-T) and blocked with 2% bovine 

serum albumin (BSA) in PBS-T for 2 hours at room temperature. Plates were washed 

with PBS-T and incubated with samples starting at 1:100 dilution for serum and 1:10 

dilution for intestinal lavage and incubated at 37°C for 2 hours. Samples were also added 

at equivalent dilutions to wells without OVA to identify background signal for each 

sample. Plates were washed and incubated with HRP-conjugated goat anti-mouse IgG 

(Thermo) or goat anti-mouse IgA (Thermo) (1:2000 dilution) for 2 hours at 37°C. Plates 

were washed and incubated with TMB substrate (BioLegend) for 1 hour at room 

temperature. Plates were read at 605 nm. Titers were determined as the inverse dilution 

that was 2-fold higher than blank absorbance value. 

4.3.4.7 Organ processing and flow cytometry analysis 

Organs were harvested 14 days after the last immunization and processed to 

generate single cell suspensions as follows. Spleens were collected and processed through 

a 40 µm cell strainer followed by red blood cell lysis. Mesenteric lymph nodes were 

collected and processed through a 40 µm cell strainer. The small intestine was collected 

and flushed as described above to collect the luminal contents. Peyer’s patches and 

remaining mucus was subsequently removed followed by opening of the intestine 

longitudinally and processing into 1 cm fragments. Small intestinal fragments were 
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incubated in 0.15 mg mL-1 1,4-dithioerythritol (DTE) (Sigma) in complete HBSS (10 mM 

HEPES, 25 mM Na bicarbonate, 20% FBS) for 30 minutes at 37°C with lateral shaking 

(230 rpm) followed by collection of intraepithelial lymphocytes (SI-IEL) through a 100 

µm cell strainer. SI-IELs were washed with HBSS and further purified by density gradient 

centrifugation with a 44%/77% Percoll (GE Healthcare) gradient. Small intestinal tissue 

fragments were recollected following SI-IEL release, washed to remove remaining DTE, 

and digested with 1 mg mL-1 Collagenase VIII in RPMI 1640 with 40 µg mL-1 DNase I 

(Sigma) for 45 minutes at 37°C with lateral shaking (230 rpm). Small intestinal lamina 

propria (SI-LP) cells were collected through a through a 100 µm cell strainer and purified 

by density gradient centrifugation as described for SI-IELs. Single cells suspensions were 

incubated with Fc block and LIVE/DEAD Fixable Near-IR Dead Cell Stain (Thermo) for 

15 min at room temperature. Cells were washed and stained with surface antibodies for 

30 min at 4°C. The following surface antibodies were used in these studies: anti-mouse 

CD45-FITC (30-F11), CD45-Alexa700 (30-F11), CD11c-APC (N418), CD11c-

PerCP/Cy5.5 (N418), I-A/I-E-PerCP/Cy5.5 (M5/114.15.2), CD86-BV510 (GL-1), CD86-

BV605 (GL-1), H-2Kb bound to SIINFEKL Antibody-PE/Cy7 (25-D1.16), CD11b-BV711 

(M1/70), CD103-PE (2E7), CCR7-PE/Cy7 (4B12), CD3-Alexa700 (17A2), CD4-BV605 

(RM4-5), CD4-APC (GK1.5), CD8a-BV510 (53-6.7), CD8a-FITC (KT-15), CD44-

PerCP/Cy5.5 (IM7), CD44-PE (IM7), CD62L-APC-eFluor780 (MEL-14). In oral 

immunization studies, after surface staining, cells were washed and stained with the 

following tetramers for 15 min at room temperature: H-2K(b) OVA257-264 PE-labeled 

tetramer and I-A(b) OVA325-335 APC-labeled tetramer (NIH Core Tetramer Facility) 

followed by intracellular staining with the Foxp3 Transcription Factor Staining Buffer 

Set (eBioscience) per manufacturer’s instructions. Cells were stained with the following 

intracellular antibodies: anti-mouse T-bet-PE/Cy7 (4B10) and Foxp3-BV421 (MF-14). 

Cells were washed and resuspended in FACS buffer for analysis on an Attune NxT flow 

cytometer (Thermo). Flow cytometry analysis was performed using FlowJo software. 
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4.3.5 Statistics 

Results are expressed as the mean ± standard deviation. When comparing 

outcomes between groups, statistical analysis was performed by one-way analysis of 

variance (ANOVA) using Tukey’s multiple comparison post-test. When comparing 

outcomes between the same group of different conditions (for example, no treatment vs. 

treated), multiple t-tests were used with multiple comparison correction using the Holm-

Sidak method. Statistical analyses were performed using GraphPad Prism 6 software. 

Statistical significance was defined as p < 0.05 (*, p < 0.05). 

 

4.4 RESULTS AND DISCUSSION 

4.4.1 Adjuvants induce epithelial cells to secrete DC-recruiting chemokines 

The most common mucosal adjuvants, cholera toxin (CT) and E. coli heat labile 

enterotoxin (LT), are not suitable for clinical use due to their high toxicity [13]. Novel 

adjuvants that can elicit immune responses at mucosal surfaces without compromising the 

tissue integrity nor causing severe inflammation and cell death are needed. Many 

adjuvants that agonize PRRs on cells are being evaluated in pre-clinical studies. In 

particular, TLR and NOD-like receptor agonists have shown much promise in their ability 

to activate innate immune cells and generate protective responses [14]. In addition to 

stimulating immune cells to process and present antigen, it has been shown that certain 

adjuvants and other immune cytokines can induce the production of chemokines [15]. Of 

interest to oral vaccination is the chemokine CCL20, which recruits immature DCs that 

express the chemokine receptor CCR6 [16]. These DCs can be recruited from the 

surrounding tissue as well as from circulating monocytes [10]. Upon DC maturation, cells 

downregulate the expression of this receptor and upregulate CCR7, which responds to the 



 151 

chemokine CCL21 produced in lymph nodes [17,18]. In this way, DCs migrate to lymph 

nodes and secondary lymphoid organs once they have processed antigen and have a mature 

phenotype required for effective antigen presentation to naïve T cells. In the intestine, 

epithelial cells primarily produce the chemokine CCL20, which can recruit DCs to the 

epithelial layer [19]. Importantly, it has been demonstrated that these recruited DCs can 

extend dendrites between epithelial cells and access antigens in the intestinal lumen [8]. 

Through these transepithelial extensions, DCs can both uptake antigens as well as be 

activated by the adjuvant. 

Thus, we first evaluate a library of adjuvants for their ability to induce small 

intestinal epithelial cells to produce CCL20 in vitro. Adjuvants included MPLA (TLR-4), 

CpG ODN (TLR-9), dsRNA (TLR-3, RIG-I), peptidoglycan (TLR-2), muramyl dipeptide 

(NOD2), and flagellin (TLR-5). We also included the cationic polymer-based adjuvant 

PEI, as it has been shown to potentiate immune responses [20], as well as the positive 

controls LPS (TLR-4), CT, and IL-1b. We chose these adjuvants based on their 

demonstrated immunogenicity in the literature, their ability to stimulate epithelial cells, 

and due to the diversity of immune activation mechanisms [9,14,20]. For example, TLR-

4 is a cell-surface receptor that recognizes Gram-negative bacteria while TLR-9 is an 

intracellular receptor that recognizes unmethylated CpG sequences in single-stranded 

DNA. Of the 10 adjuvants tested, only 3, the TLR-9 agonist CpG ODN, the cationic 

polymer polyethyleneimine (PEI), and the cytokine IL-1b, induced significantly more 

CCL20 to be secreted by epithelial cells than was produced at steady state (Figure 4.1).  
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Figure 4.1. Production of the chemokine CCL20 by Caco-2 cells after 72-hour treatment with 

different adjuvants in vitro. All adjuvants were dosed at 10 µg mL-1. Data representative of n=3 

per experimental group and presented as mean ± standard deviation. All groups were compared 

against the no treatment control, with *p<0.05. 

 

The TLR-9 adjuvant CpG has been shown to stimulate CCL20 production by 

intestinal epithelial cells [9,21]. The increased CCL20 concentration in the small intestine 

resulted in the capture of antigen by DCs as well as an overall increase in the frequency 

of dendrite extension into the lumen [9]. The cationic polymer PEI has been shown to 

have immunogenic activity both after systemic and nasal mucosal delivery [20,22]. 

However, PEI has not, to the best of our knowledge, been implicated in the activation of 

epithelial cells nor in inducing CCL20 production. Our data also emphasize the importance 

of mucosal adjuvant choice, as all adjuvants do not have the same effect on intestinal 

epithelial cells, which likely will impact downstream immunological processes and 

immunization efficacy. 
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4.4.2 DC migration towards chemokines and epithelial cell supernatants 

Upon identification of promising epithelial cell-activating adjuvants, we evaluated 

the migration of immature DCs towards epithelial cell conditioned medium in vitro using 

both the DC line DC2.4 and bone marrow-derived DCs. In initial experiments, we 

observed a low migratory capacity of DC2.4s and mature BMDCs towards CCL20 (Figure 

S4.1). In contrast, mature BMDCs (pre-activated with an adjuvant cocktail of LPS, 

poly[I:C], and CpG) were incredibly responsive to the chemokine CCL21, whose receptor 

CCR7 is known to be upregulated upon DC stimulation (Figure S4.1). As BMDCs 

demonstrated an increased migratory capacity compared to the DC2.4 cell line, immature 

BMDCs without adjuvant stimulation were then assessed for migration towards epithelial 

cell supernatants. However, BMDC migration was found to be equivalent for all 

conditioned medium groups and there was no migration observed for the positive control 

of CCL20 in serum-free medium (Figure S4.2A). Thus, it is likely that the BMDCs, which 

were used on day 8 of derivation, had already begun to differentiate into a mature 

phenotype and were not responsive to CCL20. This hypothesis is supported by a study 

by Wang et al., in which they observed upregulation of costimulatory receptors on BMDCs 

starting at day 6 of culture [23]. We then utilized the DC line DC2.4 to determine the 

migration of immature DCs towards the conditioned medium. Similar to the results 

observed for BMDC migration, there was no difference in the percentage of migrated DCs 

between the conditioned medium groups and no migration in response to CCL20 (Figure 

S4.1B), further validating low migratory capacity of DC2.4 cells. 

Such transwell migration assays have been used to investigate the appropriate 

chemokines to induce DC migration into implants in vivo as well as in immunology studies. 

A study by Sierro et al. observed migration towards Caco-2 conditioned supernatants as 

well as recombinant CCL20 by CD34+-derived DCs from cord blood (~4% migration of 

total cells) [24]. Similarly, Thorley et al. derived DCs from blood monocytes and detected 

DC migration towards the chemokine CCL20 [25]. DCs derived from peripheral blood 
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mononuclear cells were also shown to be responsive to CCL20, with 6% of the DCs 

migrating towards Caco-2 supernatants that were found to contain CCL20 [26]. Finally, 

intestinal lymph DCs have been shown to migrate in response to CCL20, although at 

higher chemokine concentrations than used in our study [27]. Due to the existing literature 

on DC responsiveness to the chemokine CCL20, we expect our migration results thus far 

are due to the low migratory capacity of the DC2.4 cell line and a semi-mature phenotype 

of the BMDCs, in which the CCL20 receptor CCR6 has been downregulated. 

4.4.3 Oral delivery of adjuvants expands intestinal antigen presenting cell population 

After identification of adjuvants that could induce the production of CCL20 in 

vitro, we then quantified the expansion of immune cell populations in both the small 

intestine and mesenteric lymph nodes after oral administration of adjuvants. As a proof-

of-concept, we first administered the known mucosal adjuvant CT and analyzed cell 

populations in the small intestine and mesenteric lymph nodes. Two hours after 

administration, cell population percentages in the small intestine were similar between 

untreated and CT-treated mice (Figure 4.2A). However, we did observe an expansion of 

CD45+MHCII+ antigen presenting cells in the mesenteric lymph nodes (Figure 4.2B). 

These cells were predominately CD11c-, indicating that this expanded population is not 

DCs but likely macrophages or monocytes, although such markers for specific 

identification were not included in this study. This is in contrast to other studies, in which 

an increase in the number of DCs in the small intestine and in the follicle-associated 

epithelium of Peyer’s patches was increased 2 hours after CT administration [28,29]. In 

the mesenteric lymph nodes, the maximum number of DCs was observed 24 hours after 

oral adjuvant delivery [28,29]. 
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Figure 4.2. The effect of the mucosal adjuvant CT on the antigen presenting cell population in 

the A) small intestine and B) mesenteric lymph nodes 2 hours after oral administration. CT was 

orally delivered at a dose of 20 µg/mouse. Data representative of n=3 mice per group and 

presented as mean ± standard deviation. Statistical analysis was performed between no treatment 

and CT-treated groups for each cell type. *p<0.05. 

 
Recruitment of DCs at mucosal surfaces and in draining lymph node occurs during 

infection as well as after the delivery of pattern recognition receptor agonists. As 

mentioned previously, the adjuvant CT has shown to expand the DC population in the 

small intestine [29]. The adjuvant CpG has shown to recruit DCs to the intestinal lamina 

propria and induce the formation of transepithelial dendrites, although it is important to 

note that CpG was directly injected into ligated intestinal loops in this study [9]. The 

ability to recruit DCs by chemokines, cytokines, and adjuvants has been reported for the 

nasal and vaginal mucosa. DCs numbers were expanded in the nasal epithelium after the 

nasal delivery of dead bacteria (peak at day 1), live bacteria (peak at day 1), live virus 

(peak at day 5), and soluble protein antigen (peak at day 1) [30]. In another study, 

polyethyleneimine increased the percentage of DCs in the draining lymph nodes 24 hours 

after intranasal administration [20]. In studies that aimed to recruit DCs in the vaginal 

tract, a study by Ramanathan et al. looked at recruitment of DCs through topical 
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administration of various compounds and found that GM-CSF, but not CCL20, enriched 

the vaginal mucosa with CD11b+ DCs [31]. The adjuvant CpG has also been used in the 

vaginal mucosa, expanding the MHCII+CD11c+ DC population 48 hours after 

administration [32]. 

While some of adjuvants evaluated in our study, such as CT and CpG, have been 

orally administered in previous literature, it may be needed to increase sampling time 

points to capture the kinetics of cell migration in response to oral adjuvant administration. 

Thus, we next conducted a pilot experiment to identify the time-course of this observed 

APC migration. We also included analysis of the small intestine lamina propria and 

intraepithelial cells separately. Mice were orally dosed with OVA in an adjuvant cocktail 

(CT/CpG/PEI) as a positive control (designated as OVA+adjuvant). Small intestines 

and mesenteric lymph nodes were analyzed by flow cytometry at 1, 2, and 4 hours after 

administration. A control mouse receiving OVA only without adjuvants was included for 

the 4-hour time point. In the intraepithelial compartment of the small intestine, we 

observed a dramatic increase in MHCII+ CD11c- cells at all time points compared to OVA 

without adjuvant (4h) (Figure 4.3A,B). Similar percentages of DCs (MHCII+ CD11c+) 

and their phenotype (CD86 and MHCII-SIINFEKL expression) were observed in both 

groups at all time points (Figure 4.3A,B). In the small intestinal lamina propria, we 

observed a decrease in CD11c- MHCII+ cells in response to OVA with the adjuvant 

cocktail over time (Figure 4.3A,C). In contrast, the DC population in the lamina propria 

was found to increase over time after adjuvant delivery (Figure 4.3A,C). It is possible 

that CD11c- MHCII+ cells in the LP differentiate into DCs or migrate into the IEL 

compartment, resulting in a reduction in percentage. However, the percentage at the 4-

hour time point was similar between OVA only and OVA+adjuvant groups. Thus, it is 

unknown if OVA without adjuvant also results in a change in this population over time. 

DCs in the LP had similar expression of CD86 and MHCII-SIINFEKL over all time points 
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and groups (Figure 4.3C). LP DCs had much higher expression of CD86 and MHCII-

SIINFEKL compared to IEL DCs. 

 
Figure 4.3. Kinetics of antigen presenting cell recruitment in the small intestinal intraepithelial 

layer and lamina propria after oral adjuvant administration. Mice were orally immunized with 

OVA (1 mg) with or without an adjuvant cocktail of CT (10 µg), CpG (50 µg), and PEI (50 µg). 

Immune cell populations were evaluated from the small intestine by flow cytometry. A) 



 158 

Representative plots and quantification of CD11c and MHCII populations among CD45+ cells in 

the B) intraepithelial compartment or C) lamina propria. Data representative of n=1 mouse per 

group and presented as mean. 

 

In the mLNs, we observed the presence of a CD8aintCD11b+ DC population at the 

4-hour time point with OVA+adjuvant compared to earlier time points and to OVA alone 

at 4h (Figure 4.4A). Myeloid CD11b+ DCs are known to respond to the chemokines 

CCL20 and CCL9 in gut-associated lymphoid tissue and thought to be a migratory 

population [33]. CD8a+CD11b+ DCs have been shown to produce inflammatory, rather 

than tolerogenic, cytokines upon TLR activation and were not involved in Foxp3+ T cell 

induction [34]. Thus, it is possible that with the use of this adjuvant cocktail a more 

inflammatory DC population migrates to or expands in the lymph nodes to initiate effector 

T cell responses compared to antigen alone. We also looked at T cell phenotypes in the 

mLNs at the 4-hour time point. With OVA alone, we observed both effector (CD62L-) 

and central (CD62L+) memory CD8+ T cells among the CD44+ antigen-experienced 

population (Figure 4.4B). In contrast, when adjuvant was co-delivered with OVA the T 

cell response was primarily effector-memory (CD62L-) (Figure 4.4B). Effector T cells 

downregulate CD62L and are able to exit lymph nodes and enter circulation [35,36]. These 

results may indicate an increase in effector T cells with adjuvant-containing oral vaccines, 

although this hypothesis is yet to be tested in a properly powered study. 
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Figure 4.4. Effect of oral adjuvant administration on immune cell populations in the mesenteric 

lymph nodes. Mice were orally immunized with OVA (1 mg) with or without an adjuvant cocktail 

of CT (10 µg), CpG (50 µg), and PEI (50 µg). Four hours later, immune cell populations were 

evaluated from the mesenteric lymph nodes by flow cytometry. A) CD8 and CD11b expression 

among CD11c+ cells, B) CD62L expression among CD8+CD44+ cells. Data representative of n=1 

mouse per group and presented as mean. 

 

Overall, this pilot study gives insight into the time course of DC migration in 

response to orally administered vaccines, where as early as 1h MHCII+ cells expand in the 

IEL and by 4h migratory DCs can be found in the mLNs in response to adjuvant. It also 

gives insights into antigen presenting cell populations that may be involved in the 

induction of adaptive immunity after oral immunization with the use of adjuvants for 

future studies to evaluate in depth. 
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4.4.4 Adjuvants modulate antigen uptake by DCs and epithelial cells in vitro 

In addition to the ability of adjuvants to stimulate cells to secrete immune signals 

such as cytokines and chemokines to condition and recruit DCs, adjuvants can also 

influence the uptake of extracellular antigens by cells. To determine if CCL20-inducing 

adjuvants could enhance antigen uptake, we co-delivered the fluorescently labeled protein 

bovine serum albumin (BSA-FITC) and adjuvants to dendritic and epithelial cell lines in 

vitro. Adjuvant delivery did not cause cell toxicity (Figure 4.5A,B), with over 90% cell 

viability for all treatment groups, but did impact cellular uptake of the protein. In DCs, 

delivery of the adjuvant PEI significantly increased the amount of protein that the DCs 

internalized, with a mean fluorescence intensity (MFI) significantly higher than cells 

treated with protein only or protein plus CpG or IL-1b (Figure 4.5C). This metric 

represents the amount of protein associated with each DC. Similar to the trend observed 

in DCs, delivery of PEI with the protein also increased uptake in epithelial cells, increasing 

the percentage of the total epithelial cells that internalized the protein (Figure 4.5D). 

Differences in MFI were insignificant between groups. This enhancement of antigen uptake 

by epithelial cells is particularly important for oral vaccine delivery, in which antigens 

have been shown to be shuttled from the intestinal lumen to DCs in the lamina propria 

by epithelial goblet cells [37]. This could serve as a mechanism to achieve protein uptake 

following oral delivery in addition to the acquisition of protein antigens by DC 

transepithelial dendrites. 
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Figure 4.5. Co-delivery of PEI with protein antigen enhances uptake in DCs and epithelial cells 

in vitro. Viability and protein uptake of A,C) DC2.4 and B,D) Caco-2 cells following 4-hour 

incubation with BSA-FITC (10 µg mL-1) ± adjuvants (all 10 µg mL-1). Data representative of n=3 

per experimental group and presented as mean ± standard deviation. Experimental groups were 

compared to the BSA only group using one-way ANOVA with multiple comparisons, followed by 

Dunnett’s multiple comparison post-test. *p<0.05. 

 

Since the delivery of proteins in particulate form has been shown to increase cellular 

uptake, we also formed immune complexes composed of protein and the cationic polymer 
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PEI. Complexation of the protein with the cationic polymer significantly increased protein 

uptake in DC2.4 cells compared to the same dose of PEI without complexation (Figure 

4.6A). In contrast, PEI complexation was found to reduce uptake of protein in Caco-2 

intestinal epithelial cells compared to polymer and protein co-delivery (Figure 4.6B). 

These results may point to the differences in protein internalization between dendritic and 

epithelial cells, with the former having preference for the uptake of particulates. One study 

investigating the internalization of PLGA nanoparticles in different epithelial cell lines 

observed low particle uptake in Caco-2 cells [38]. Previous literature has observed a size-

dependence of Caco-2 particle uptake, with higher internalization of 0.1 µm particles 

compared to those larger than 1 µm [39]. Overall, these results support the claim that 

protein-polymer complexes can modulate protein uptake and demonstrate that protein 

internalization can be targeted to either DCs or epithelial cells through such complexation. 
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Figure 4.6. PEI complexation with protein antigens can enhance uptake in A) DC2.4 cells but not 

B) Caco-2 intestinal epithelial cells. Cells were treated with BSA-FITC (10 µg mL-1), BSA-FITC 

(10 µg mL-1) and PEI (10 µg mL-1), or BSA-FITC/PEI complexes (each 10 µg mL-1). BSA-

FITC/PEI complexes were produced by mixing BSA and PEI at a 1:1 mass ratio and vortexing 

for 30 seconds. Data representative of n=3 per group and presented as mean ± standard deviation. 

 

4.4.5 Protein localization and uptake 

We next quantified if adjuvant-mediated DC recruitment could enhance protein 

uptake in the small intestine following oral administration in vivo. First, we delivered 

soluble protein and visualized its location in the small intestine 2 hours later. We observed 

the fluorescent protein signal predominately in the ileum of the small intestine (Figure 

4.7), but also in the duodenum and jejunum. Protein was localized at the intestinal villi 

BSA on
ly

BSA + 
PEI

BSA/P
EI c

om
ple

x
0

20

40

60

80

100

%
 L

iv
e

*

BSA on
ly

BSA + 
PEI

BSA/P
EI c

om
ple

x
0

20

40

60

80

100

%
 L

iv
e

BSA on
ly

BSA + 
PEI

BSA/P
EI c

om
ple

x
0

20

40

60

80

100

%
 A

nt
ig

en
+

*

BSA on
ly

BSA + 
PEI

BSA/P
EI c

om
ple

x
0

10

20

30

40

50
%

 A
nt

ig
en

+
*

BSA on
ly

BSA + 
PEI

BSA/P
EI c

om
ple

x
0

10000

20000

30000

40000

A
nt

ig
en

 M
FI

*
*

BSA on
ly

BSA + 
PEI

BSA/P
EI c

om
ple

x
0

500

1000

1500

2000

A
nt

ig
en

 M
FI

*

A

B



 164 

epithelial lining rather than in the underlying tissue. These data support evaluating 

protein location within the small intestinal tissue using immunohistochemistry (IHC) 

techniques for future studies with various adjuvants and delivery systems. 

 
Figure 4.7. Protein localization in small intestine epithelial villi following oral delivery. Mice were 

treated with 500 µg BSA-FITC by oral gavage and sacrificed 2 hours later. Small intestines were 

prepared for microscopy and imaged using a Nikon Eclipse Ti microscope equipped with an Andor 

fluorescence camera. Data representative of n=1 mouse per experimental group. 

 

Additionally, the localization of protein in small intestinal and mesenteric lymph 

node cell populations was evaluated using flow cytometry after oral protein 

administration. Modest protein uptake was observed in CD103- and CD103+ DCs 4 hours 

after oral administration (Figure 4.8). However, upon further increase of the protein dose 

and co-delivery with CT, protein uptake was not observed in any cell populations (data 

not shown). These data support the characterization of antigen uptake in different cell 

populations and the magnitude of antigen internalization for evaluation of a variety of 

adjuvants and delivery systems after further characterization and optimization of 

experimental methods. Low levels of protein uptake have been quantified using flow 

cytometry following oral delivery with polymeric nanoparticles. In one study, two days 

after the oral administration of FITC-BSA-loaded PLGA nanoparticles 0.01% of total 

small intestinal cells were fluorescence-positive [40]. Commonly, protein absorption is 

demonstrated through microscopy of intestinal cross sections [41–43]. Unfortunately, the 
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ideal dose and sampling time to detect protein uptake in small intestinal cells, and 

specifically DCs, has not been established. 

 
Figure 4.8. Percentage of FITC+ cells in the small intestine 4 hours after oral administration of 

500 µg BSA-FITC. Data representative of up to of n=2 mice per group and presented as mean ± 

standard deviation.  

 
Finally, we aimed to verify antigen uptake by intestinal DCs by evaluating the 

ability of DCs from orally immunized mice to activate antigen-specific T cells. Ovalbumin 

co-formulated with CT adjuvant was orally delivered to mice and 24 hours later CD11c+ 

DCs were isolated from the small intestine lamina propria and the mesenteric lymph 

nodes. DCs were cultured overnight either with or without further stimulation by LPS ex 

vivo. Ovalbumin-specific CFSE+ CD4+ T cells from the spleen of OT-II transgenic mice 

were co-cultured with DCs for 72 hours. Positive controls of isolated DCs from untreated 

mice incubated with ovalbumin protein ex vivo were included for both organs. After 3 

days, no proliferation of CD4+ T cells was observed following co-culture with small 

intestinal DCs, including the positive control, indicating the inability of isolated DCs to 

present antigen to naïve T cells (Figure 4.9A,C). This may be due to the low viability of 

the isolated cells, the low efficiency of the CD11c+ selection process, or the lack of antigen 

presentation capacity of the cells, although the latter is unlikely due to existing literature 
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demonstrating antigen presentation by isolated gut DCs [44]. In contrast, DCs isolated 

from the mesenteric lymph nodes retained their ability to present antigen, as was verified 

by the positive control (Figure 4.9B,D). Modest T cell proliferation (~10%) was observed 

by MLN DCs from mice treated with ovalbumin and CT, although this proliferation was 

not statistically significant compared to proliferation elicited by MLN DCs from untreated 

mice (Figure 4.9D). The production of the cytokine IFN-g by T cells when they become 

activated by antigen presenting cells can also be used as to evaluate the acquisition of 

antigen by mucosal DCs and their ability to present to antigen-specific T cells. Thus, we 

measured the production of IFN-g in the supernatant of mucosal DC-T cell co-cultures 

after 72 hours. We did not detect any IFN-g produced in cultures with DCs isolated from 

the small intestine, except for from one mouse treated with ovalbumin and CT with LPS 

stimulation ex vivo (Figure 4.9E). This is in line with the lack of proliferation observed 

for samples with intestinal DCs. We detected higher levels of IFN-g in co-cultures of T 

cells with DCs isolated from the mesenteric lymph nodes, although differences in cytokine 

production between the untreated and treated groups was not statistically significant 

(Figure 4.9F). 



 167 

 
Figure 4.9. Activation of antigen-specific CD4+ T cells ex vivo by mucosal DCs from untreated 

or ovalbumin and CT-orally treated mice from the A) small intestine and B) mesenteric lymph 

nodes as determined by CFSE dilution. Percentage of total CD4+ T cells that proliferated after 

co-culture with C) small intestine DCs and D) mesenteric lymph node DCs (1:1) was quantified. 

IFN-g	production by CD4+ T cells after co-culture with mucosal DCs (1:1) from untreated or 

ovalbumin and CT-orally treated mice from the E) small intestine and F) mesenteric lymph nodes. 

Data representative of n=3 mice per experimental group per organ and data is presented as mean 

±	standard deviation. 

 

Thus far, experiments to evaluate antigen uptake and processing in intestinal DCs 

have produced underwhelming results. The inability to robustly and confidently determine 

the degree of DC antigen uptake following oral protein delivery may be due to a few 

reasons. One, it may be possible that unformulated oral protein delivery is leading to 

complete or extensive protein degradation. Quantification of antigen uptake by intestinal 
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DCs was achieved in a study by Zhu et al., but antigen was delivered encapsulated in 

nanoparticles, which may have protected the protein antigen during GI tract transit as 

well as facilitated uptake due to its particulate form. Two, the time points investigated in 

our studies may not be capturing the exact moment during which DCs are loaded with 

antigen in the small intestinal lamina propria, the mesenteric lymph nodes, or during their 

migration. 

 In a final effort to quantify uptake of orally administered proteins, we investigated 

if nanoparticle formulation could be used to visualize antigen uptake in the small intestine 

after oral delivery as a positive control. In this pilot study, BSA-FITC was formulated in 

PLGA nanoparticles and administered to mice by oral gavage. Two hours after oral 

administration, both lymphoid (CD45+) and epithelial (EpCAM+) cells were analyzed for 

BSA-FITC uptake. We also segmented the small intestine into the duodenum, jejunum, 

and ileum to determine if signal dilution was occurring from bulk processing of the small 

intestine, in which absorption occurred only in certain anatomical segments of the 

intestine. In mice (n=2) that received BSA-FITC in PLGA NPs, 1% and 22% of epithelial 

cells were found to be FITC+ (Figure S4.3A). In mice that received soluble BSA-FITC 

(n=2), <1% of epithelial cells were FITC+ (Figure S4.3A). However, this difference was 

not statistically significant due to the high variability observed in the PLGA NP group. 

Uptake among intraepithelial CD45+ cells was also equivalent between soluble and PLGA 

NP groups (Figure S4.3A). In the lamina propria, increased uptake in ileal epithelial cells 

was observed in one mouse in the PLGA NP group but there was no significant difference 

between groups (Figure S4.3B). Similarly, no differences in uptake were observed in 

CD45+ and DC populations (Figure S4.3B). While this was a pilot study and not 

appropriately powered, these results suggest that nanoparticle uptake occurs in more 

distal regions of the intestinal tract such as the ileum. The data also suggest that PLGA 

NP formulation could increase uptake in epithelial cells. However, we still observed low 
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and inconsistent results in quantifying protein uptake in different cell populations in the 

small intestine similar to our previous experiments. 

 

4.4.6 Induction of adaptive immune responses by oral adjuvants 

As approaches to evaluate potent mucosal adjuvants in vitro for DC recruitment 

and antigen uptake thus far proved less than optimal, we moved to screening adjuvants 

in vivo to verify differences in activity and potency before evaluation of mechanism. As 

CpG and PEI demonstrated adjuvant activity in vitro, these adjuvants were considered 

for in vivo testing. Additionally, we included the mucosal adjuvant CT as a positive 

control and the adjuvant MPLA as an adjuvant that was not observed to induce CCL20 

expression by epithelial cells but is used in vaccine formulations clinically [45]. Naïve mice 

were orally vaccinated with OVA with or without CT, CpG, PEI, or MPLA for a total of 

3 immunizations with a 4-week interval between doses. Low serum anti-OVA IgG 

responses were observed after the second immunization for all groups excluding CpG, 

which led us to immunize mice with an additional dose (Figure 4.10). One week after the 

third immunization, we observed robust production of serum anti-OVA IgG in the CpG 

adjuvant group followed by MPLA and CT (Figure 4.10). One mouse from the PEI group 

mounted a strong antibody response similar to that observed for CpG (Figure 4.10).  

 
Figure 4.10. Systemic antibody responses to oral vaccines with different adjuvants. Mice were 

immunized with OVA (1 mg) with or without the adjuvants CT (10 µg), MPLA (20 µg), branched 

PEI (200 µg), or CpG ODN 1826 (100 µg). Mice were boosted with the same vaccine formulation 
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every 4 weeks. Serum was collected and assayed for the presence of OVA-specific IgG two weeks 

after the second immunization and one week after the third immunization. Data representative of 

n=3 mice per group and presented as mean ± standard deviation. 

 

Two weeks after the last immunization, small intestinal lavage fluid was collected 

and assayed for antigen specific production of IgA to evaluate local mucosal immune 

responses. As expected, CT increased IgA in the small intestinal lumen (Figure 4.11). 

CpG was the only other adjuvant observed to induce IgA secretion upon oral 

administration (Figure 4.11). Overall, intestinal IgA responses were low. Further studies 

may optimize the assay protocol or analyze IgA from fecal samples rather than intestinal 

wash, which may dilute the antibody below limits of detection. 

 
Figure 4.11. Intestinal antibody responses to oral vaccines with different adjuvants. Mice were 

immunized with OVA (1 mg) with or without the adjuvants CT (10 µg), MPLA (20 µg), branched 

PEI (200 µg), or CpG ODN 1826 (100 µg). Mice were boosted with the same vaccine formulation 

every 4 weeks. Small intestinal lavage fluid was collected and assayed for the presence of OVA-

specific IgA two weeks after the fourth immunization. Data representative of n=3 mice per group 

and presented as mean ± standard deviation. 

 

We also evaluated the cellular response to different mucosal adjuvants. Two weeks 

after the last immunization, mesenteric lymph nodes (mLNs) and small intestinal 

intraepithelial lymphocytes (SI IEL) and lamina propria cells (SI LP) were analyzed. In 
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the gut-draining mLNs, similar percentages of CD44+ CD4+ were observed between 

groups (Figure 4.12A). Antigen-specific (I-A(b) OVA325-335 tetramer+) CD4+ T cells were 

increased in all vaccinated groups but this increase was not statistically significant 

compared to naïve (Figure 4.12B). As OVA-specific T cell numbers were low, we were 

not able to analyze polarization of T cells activated in response to the vaccine. Among 

the CD8 population in the mLNs, the percentages of CD44+ cells were also similar between 

groups (Figure 4.12C). We unexpectedly observed the highest antigen-specific (H-2K(b) 

OVA257-264 tetramer+) CD8+ T cell percentage in the OVA only group; however, this was 

not statistically significant compared to naïve (Figure 4.12D). Upon activation in 

lymphoid organs, T cells re-enter circulation and can home to mucosal sites to enact 

effector function. Thus, we looked in two compartments of the small intestine, the 

intraepithelial cells and the lamina propria, for the presence of antigen-specific T cells in 

response to vaccination. The intraepithelial layer houses memory CD8+ T cells while 

CD4+ T cells predominately reside in the underlying lamina propria. In the lamina 

propria, we observed an increase in CD44+ CD4+ T cells when PEI was used as an 

adjuvant (Figure 4.12E). CT also expanded this population but was not statistically 

different than naïve. Among this population, we observed that CpG increased the 

percentage of OVA-specific T cells at this site (Figure 4.12F). In the IEL, OVA and 

OVA+CT groups were unfortunately excluded from analysis due to ineffective processing, 

in which <50% of the cells were CD8+. In other groups, this population makes up >80% 

of the total cells. The percentage of CD44+ CD8+ T cells was similar between all groups 

(Figure 4.12G). However, we observed that PEI significantly increased the OVA-specific 

CD8+ T cell population compared to naïve (Figure 4.12H). In the nasal mucosa, the 

polymeric adjuvant polyethyleneimine (PEI) was shown to expand immune cell 

populations and enhance uptake of protein antigens in the nasal-associated lymphoid 

tissue and draining lymph nodes. However, the role of epithelial cell-DC crosstalk in this 

process was not investigated nor has this polymer been investigated as an adjuvant at 
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other mucosal surfaces [20]. PEI has been used as a transfection agent to increase 

intracellular delivery of nucleic acids. Taking advantage of this feature, nanoparticles 

composed of PEI and OVA demonstrated enhanced MHCI presentation by DCs [46]. 

These findings may explain the enhanced CD8+ T cell activation we achieved through use 

of PEI as an adjuvant. 

 
Figure 4.12. Cellular immune responses to oral vaccines with different adjuvants. Mice were 

immunized with OVA (1 mg) with or without the adjuvants CT (10 µg), MPLA (20 µg), branched 

PEI (200 µg), or CpG ODN 1826 (100 µg). Mice were boosted with the same vaccine formulation 

every 4 weeks. Mesenteric lymph nodes (A-D) and small intestinal lamina propria (E, F) and 

intraepithelial cells (G, H) were collected two weeks after the fourth immunization and analyzed 

by flow cytometry for CD4+ and CD8+ T cell CD44 expression and antigen-specific (tetramer+) 

expansion. Data representative of n=2-3 mice per group and presented as mean ± standard 

deviation. 
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Overall, we observed that CpG delivered orally can drive systemic and mucosal 

humoral immune responses as well as activate antigen-specific CD4+ T cells in the small 

intestine. PEI also demonstrated cellular activity through increased TH1 CD4+ T cells in 

the mLNs and increasing the antigen-specific CD8+ population in the small intestine. 

However, PEI was not observed to activate humoral immunity in the intestine and was 

inconsistent in eliciting systemic antibodies. In terms of cellular immune responses, CpG 

and PEI were the most potent adjuvants, where CpG established CD4 responses and PEI 

established CD8 responses (Table 4.1). Future work may focus on the scale-up of these 

experiments and the use of more robust methods to track antigen-specific cells, such as 

the use of pentamers or adoptive transfer of transgenic antigen-specific T cells prior to 

immunization. These methods would enhance the characterization of the antigen-specific 

cellular immune response in terms of polarization in response to different mucosal 

adjuvants delivered orally. 

 

Table 4.1. Summary of adaptive immune responses elicited from orally delivered adjuvants. 

Adjuvant Serum IgG Intestinal IgA CD4 CD8 

CT + +   

CpG +++ + ++  

MPLA + -   

PEI +/- - + ++ 

 

4.5 CONCLUSIONS 

In conclusion, this work has investigated adjuvants for use in oral vaccines and 

establish the adaptive immune profiles of four adjuvants when used orally. We find that 

in addition to CT, the TLR-9 agonist CpG ODN and the cationic polymer PEI can be 

used as adjuvants to amplify adaptive immune responses to oral subunit vaccines. In 

contrast to the clinically relevant TLR-4 agonist MPLA, which was not as robust of a 
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mucosal adjuvant, CpG and PEI modulated epithelial cell signaling in vitro. As signals 

secreted by epithelial cells can control DC function, this feature may contribute to the 

mucosal adjuvant activity observed. In pilot studies, the application of these mucosal 

adjuvants in combination results in a dramatic expansion in small intestinal intraepithelial 

MHCII+ cells that may be better poised to internalize antigen and initiate immune 

responses. We also observed different DC populations in the draining lymph nodes with 

the use of adjuvants, which may modulate the polarization and magnitude of the adaptive 

immune responses. CpG elicited robust humoral responses both systemically and 

mucosally while antibody production in response to PEI was inconsistent. However, PEI 

activated CD8+ T cell responses in the small intestine. This may be due to the ability of 

PEI to increase antigen uptake in both epithelial and DCs observed in vitro. This study 

was the first evaluation of PEI as an oral adjuvant and shows much potential by this 

route. Ultimately, these data suggest the use of different adjuvants to generate specific 

immune responses depending on the desired immunological outcome. This is an important 

consideration for the development of immunity in the intestine to either combat infection, 

cancer, or autoimmunity. Future work may quantify in depth the adjuvant mechanism of 

action, specifically into modulation of signaling cytokines in the intestine and its effect on 

DC migration, phenotype, and antigen uptake in vivo. In the context of this thesis, future 

work will incorporate the identified adjuvants CpG and PEI in an oral vaccine platform 

for further evaluation of immune responses. 
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Chapter 5. BIOMATERIAL FORMULATION OF ANTIGENS 

TO STUDY THE EFFECT OF 

GASTROINTESTINAL DIGESTION ON IMMUNE 

RESPONSES 

Portions adapted from: Frizzell, H., Park, J., & Woodrow, K. A. Activation of intestinal 

CD8+ T cells by an oral vaccine through nanofiber-mediated gastric protection of epitopes 

and the mucosal adjuvant PEI. Manuscript in preparation. 

 

5.1 ABSTRACT 

Orally administered vaccines are exposed to digestive environments in the 

gastrointestinal tract, which can result in antigen cleavage depending on amino acid 

sequence. Studies have shown that gastric digestion of proteins leads to tolerogenic 

responses, while digestion-resistant proteins induce inflammation and allergy. Here, we 

investigate how gastrointestinal digestion affects the immunogenic potential of a model 

protein antigen, ovalbumin (OVA), in terms of innate and T cell activation, which have 

been less studied. We find that OVA pre-exposed to simulated digestion conditions is 

unable to induce dendritic cell maturation compared to native OVA. Activation of 

antigen-specific CD4+ and CD8+ T cells by dendritic cells treated with digested OVA was 

predicted based on susceptibility of the epitope sequences to cleavage by gastrointestinal 

enzymes. Resistance of the CD4 epitope to gastrointestinal enzyme cleavage resulted in 

equivalent levels of CD4+ T cell proliferation. However, IFN-g production was reduced 

with gastrointestinal-digested OVA, potentially due to the less mature dendritic cell 

phenotype observed. As the CD8 epitope contains gastric enzyme cleavage sites, CD8+ T 

cell activation was reduced when dendritic cells were treated with gastric-digested OVA. 



 180 

We next developed and evaluated polymeric delivery platforms to provide protection from 

gastric digestion, in which emulsion electrospun fibers demonstrated enhanced ability to 

prevent antigen release in gastric conditions compared to nanoparticles. While gastric 

protection on its own was not sufficient to induce CD8+ T cell responses in mice after oral 

administration, protection in combination with the use of the mucosal adjuvant 

polyethyleneimine resulted in significantly increased CD8+ T cells in lymphoid organs and 

the small intestine epithelium. Thus, we evaluated the immunological consequences of 

gastrointestinal digestion of antigens and highlight the need to protect susceptible 

immunogenic epitopes to activate adaptive immunity. We also identify biomaterial 

delivery systems capable of providing protection in the gastric environment. A robust oral 

vaccination strategy for the activation of CD8+ T cells is established through epitope 

protection and adjuvant selection. 

 

5.2 INTRODUCTION 

Immunization through the oral route provides many immunological and practical 

advantages in terms of the development of mucosal immunity and ease of administration 

[1]. However, protein-based subunit vaccines are sensitive to the protease-rich 

environment in the gastrointestinal tract as are other biotherapeutics that are 

administered by this route [2]. In the context of oral vaccines, retention of antigen 

structure and immunogenic epitope sequences are critical for mounting an antigen-specific 

immune response. How the digestive gastrointestinal environment affects the development 

of an immune response against orally-delivered vaccines is not fully understood. 

Seminal studies established that proteins administered directly into the intestinal 

tract, bypassing the gastric environment, were able to elicit a systemic immune response 

while the same protein administered orally led to the development of oral tolerance [3]. 

Gastric-digested fragments of protein antigens have also been shown to suppress delayed-
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type hypersensitivity responses when administered parenterally [4]. Findings in the allergy 

field have reported that proteins resistant to gastrointestinal enzymatic degradation are 

more likely to induce allergic responses [5]. A recent study also found an increased risk for 

the development of allergic symptoms in patients on gastric acid-inhibiting drugs, which 

raise the gastric pH and inactivate degradative enzymes [6]. These results support the 

notion that protein antigens administered orally are manipulated by the gastrointestinal 

environment in such a way that reduces immunogenicity, resulting in an inability to 

activate protective immune responses. The mechanisms governing this reduction in 

immunogenicity, however, is not yet known. Additionally, the effect of digestion on 

cellular immunity and the relative contributions of gastric and intestinal digestion have 

not been widely studied. Further investigation may reveal immunological mechanisms 

involved in the induction of tolerance or immunity and identify requirements for oral 

vaccines to ensure a robust immune response is established. 

To prevent gastrointestinal digestion of antigens, strategies including the use of 

protease inhibitors, use of protease-resistant shielding proteins, and biomaterial delivery 

carriers have been investigated. The delivery of protease inhibitors can prevent digestion 

of delivered antigens through enzyme inhibition [7,8]. However, there are limitations to 

their clinical application, including the reduced digestion and absorption of dietary 

proteins, potential overproduction of proteases, and toxicity [9]. Recently, expression of 

protease-resistant proteins on the surface of virus-like particles provided antigen 

protection, were highly immunogenic, and significantly enhanced protective immune 

responses [10]. Material-based carriers are also commonly employed to overcome 

physiochemical challenges associated with different administration routes [11–13]. Such 

systems can sequester therapeutics from external environments and selectively mediate 

their release upon exposure to environmental triggers [14]. In addition to improving the 

bioavailability, pharmacokinetics, and targeting of therapeutics, these formulations can 

also be used to study immunological mechanisms [15]. Encapsulation of a protein antigen 
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in a gastric-resistant polymeric microparticle increased the systemic antibody response 

compared to oral delivery without protection [16]. Other biomaterial delivery platforms 

also demonstrate enhanced immune responses compared to soluble vaccine delivery [17]; 

however, how well these delivery systems protect vaccines from gastrointestinal digestion 

and how this feature affects both innate and adaptive immunity is not clear. Overall, 

studies investigating the role of digestion on innate immune cell functions and on T cell 

responses, which are required to effectively combat infection, are lacking. We hypothesize 

that controlled delivery systems can be used to increase our understanding of 

gastrointestinal digestion of vaccines and the protection requirements to elicit immune 

responses. 

Here, we first investigate the individual effects of gastric and intestinal digestion 

on the immunogenicity of a model antigen ovalbumin (OVA) in terms of its ability to 

activate dendritic cells and be presented to antigen-specific T cells. We focus on known 

gastrointestinal enzyme cleavage sites within immunologically-relevant epitope sequences 

of OVA. The results of these experiments then motivated the design and evaluation of 

polymeric vaccine delivery systems to provide protection of the vaccine in specific 

gastrointestinal environments that cleave within these epitopes. Finally, we determine 

how protection of vaccines from digestion affects the elicited cellular and humoral immune 

response after oral administration, both systemically and mucosally. We find that 

protection of the OVA257-264 CD8 epitope from gastrointestinal digestion, which was found 

to contain cleavage sites in contrast to the OVA325-335 CD4 epitope, preserves the 

activation of epitope-specific CD8+ T cells by dendritic cells in vitro. In vivo, induction 

of local antigen-specific CD8+ T cell responses required epitope preservation in 

combination with specific adjuvant stimulation. 
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5.3 MATERIALS AND METHODS 

5.3.1 Animals 

Female C57Bl/6J and OT-II mice (6-8 weeks old) were purchased from The 

Jackson Laboratory. All procedures were approved by and followed protocols approved 

by the IACUC. Mice in experimental oral vaccination studies were age-matched between 

groups. 

5.3.2 Cell lines and bone marrow-derived dendritic cell derivation 

The immortalized dendritic cell line DC2.4 and the CD8+ T cell hybridoma cell 

line B3Z were provided by the Stayton lab at the University of Washington. Bone marrow-

derived dendritic cells (BMDCs) were derived from the bone marrow of tibias and femurs 

collected from naïve female C57Bl6J mice. Bone marrow was cultured at 37°C, 5% CO2 

in complete medium (RPMI-1640 supplemented with 2 mM L-glutamine and 10% heat-

inactivated fetal bovine serum [FBS, Thermo], 100 U mL-1 penicillin and streptomycin 

[Invitrogen], 1X non-essential amino acids [Gibco], 1X HEPES [Gibco]) with 20 µg mL-1 

granulocyte-macrophage colony stimulating factor (GM-CSF) (PeproTech). On day 3 

fresh medium with GM-CSF was added and on days 5 and 7 non-adherent cells were 

collected, spun down at 1500 rpm for 5 min, and resuspended in fresh medium with GM-

CSF. BMDCs were collected by cell dissociation buffer (Gibco) and used for experiments 

on day 8 of culture. 

5.3.3 In vitro antigen digestion 

Chicken egg albumin (OVA, Invivogen) was added to simulated gastric (2 g L-1 

NaCl, pH 1.2) or intestinal (6.8 g L-1 KH2PO4, pH 6.8) fluid containing pepsin (Sigma) or 

pancreatin from porcine pancreas (Sigma), respectively, at an OVA:enzyme mass ratio of 
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20:1. Samples were placed in a rotating incubator (150 rpm) at 37°C for 1 hour (gastric 

conditions) or 2 hours (intestinal conditions). For gastrointestinal conditions, gastric and 

intestinal digestion was performed in series. Following gastric digestion, samples were pH-

adjusted to 7, diluted in simulated intestinal fluid, and incubated at 150 rpm and 37°C 

for 2 hours. 

5.3.4 Polyacrylamide gel electrophoresis 

Native and digested OVA samples added to lanes of a 4-20% Mini-PROTEAN 

TGX Precast Protein Gel (Bio-Rad) at 1 µg OVA. Samples were prepared in NuPAGE 

LDS Sample Buffer (Invitrogen) with b-mercaptoethanol (b-ME) as a reducing agent. 

Novex Sharp Unstained Protein Standard (Invitrogen) was used. Gels were run in a 0.1% 

sodium dodecyl sulfate (SDS) running buffer (25 mM Tris, 192 mM glycine) at 110 V for 

1 hour. Gels were washed 3 times with DI water for 5 minutes followed by staining in 20 

mL SimplyBlue SafeStain (Thermo) covered for 1 hour at room temperature with gentle 

shaking. Gels were washed with 100 mL DI water overnight followed by 100 mL fresh DI 

water for 1 hour before imaging with a Gel Doc EZ System (Bio-Rad). 

5.3.5 Dendritic cell maturation 

BMDCs were plated overnight in 48-well tissue culture-treated plates at 2.5 x 105 

per well in complete medium with GM-CSF (20 µg mL-1). The next day, medium was 

collected and BMDCs were treated with native OVA or OVA digests (0.1 mg mL-1) for 

24 hours. BMDCs were detached and cells were incubated with Fc block (anti-mouse 

CD16/CD32) (BDBiosciences) and LIVE/DEAD Fixable Blue Dead Cell Stain (Thermo) 

in PBS for 15 min at room temperature. Cells were washed, resuspended in FACS buffer 

(1% BSA, 1 mM [Ethylenedinitrilo]tetraacetic acid, disodium salt, dehydrate [EDTA, 

Avantor Performance] in PBS), and stained with the following antibodies for 30 min at 

4°C: anti-mouse CD45-FITC (30-F11), CD11c-APC (N418), I-A/I-E-PerCP/Cy5.5 



 185 

(M5/114.15.2), CD86-BV605 (GL-1). All antibodies were purchased from BioLegend. 

Supernatants were assayed for IL-12 using a standard enzyme-linked immunosorbent 

assay (ELISA) kit (PeproTech) following manufacturer’s instructions. 

5.3.6 CD8+ T cell activation 

BMDCs or DC2.4s were plated overnight in 96-well U-bottom tissue culture-treated 

plates at 5 x 104 per well in complete medium. For BMDCs, media included GM-CSF (20 

µg mL-1). The next day, medium was removed and DCs were treated with native OVA 

or digested OVA (0.1 mg mL-1) for 24 hours. DCs were co-treated with lipopolysaccharide 

(LPS, 0.5 µg mL-1) at the time of OVA addition. Cells were washed and 5 x 104 OVA-

specific B3Z CD8+ T cells were added per well. After 24 hours, plates were spun at 500 x 

g for 5 minutes and supernatant was removed. Cells were resuspended in lysis medium 

(0.15 mM chlorophenol red-b-D-galactopyranoside, 9 mM MgCl2, 0.125% Nonidet P-40, 

and 100 µM 2-mercaptoethanol) and incubated at 37°C for 2-72 hours. The plate was read 

at 595 nm on an Infinite 200 PRO microplate reader (Tecan). 

5.3.7 CD4+ T cell activation  

BMDCs were plated overnight in 96-well U-bottom tissue culture-treated plates at 

5 x 104 per well in complete medium with GM-CSF (20 µg mL-1). The next day, medium 

was removed and BMDCs were treated with native OVA or OVA digests (0.1 mg mL-1) 

for 24 hours. Spleens from OT-II mice were chopped and digested in 1 mg mL-1 

Collagenase D (Sigma) digestion medium (complete medium with 40 µg mL-1 DNase I 

[Sigma]) for 20 min at 37°C. Digested spleens were resuspended, passed through a 70 µm 

cell strainer, and red blood cells were lysed. Cells were washed and resuspended in MACS 

buffer followed by passage through a 70 µm cell strainer. CD4+ T cells were isolated by 

negative selection using a CD4+ T cell isolation kit (Miltenyi Biotec) following 
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manufacturer’s instructions. Isolated CD4+ T cells were stained with 10 µM CFSE in 0.1% 

BSA/PBS (CellTrace CFSE Cell Proliferation Kit, Thermo) for 10 min at 37°C. CFSE 

staining was stopped by adding ice-cold complete medium then incubating cells for 5 min 

on ice. CD4+ T cells were added to washed BMDCs at 5 x 104 per well in complete 

medium with GM-CSF (20 µg mL-1). After 72 hours, the plate was centrifuged, and 

supernatants were collected and stored at -20°C. Cells were resuspended in FACS buffer 

and incubated with Fc block and LIVE/DEAD Fixable Near-IR Dead Cell Stain (Thermo) 

for 15 min at room temperature. Cells were washed and stained with the following 

antibodies for 30 min at 4°C: anti-mouse CD3-PerCP/Cy5.5 (17A2), CD4-APC (GK1.5). 

After surface staining, cells were washed and prepared for intracellular staining with the 

Foxp3 Fix/Perm Buffer Set (BioLegend) per manufacturer’s instructions. Cells were 

stained with the following intracellular antibodies: anti-mouse T-bet-PE/Cy7 (4B10) and 

Foxp3-BV421 (MF-14). All antibodies were purchased from BioLegend. Cells were washed 

and resuspended in FACS buffer for analysis on an Attune NxT flow cytometer (Thermo). 

Flow cytometry analysis was performed using FlowJo software (Treestar). Supernatants 

were assayed for IFN-g using a standard enzyme-linked immunosorbent assay (ELISA) kit 

(PeproTech) following manufacturer’s instructions. 

5.3.8 Nanoparticle synthesis  

Poly(lactic-co-glycolic acid) (PLGA) (50:50, acid-terminated, 0.55 – 0.75 dL g-1) 

(Lactel) was dissolved in dichloromethane (Sigma) at 50 mg mL-1. Ovalbumin in solution 

was added dropwise into the PLGA solution at 10% volume while vortexing. The primary 

emulsion was probe-sonicated (500 W Ultrasonic Processor GEX500) at 38% amplitude 

for 30 seconds followed by placement on ice, repeated for a total of 3 times. The primary 

emulsion was added drop-wise into an equivalent volume of 5% polyvinyl alcohol (PVA, 

30 – 70 kDa, 87-90% hydrolyzed) (Sigma) while vortexing. The secondary emulsion was 
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sonicated as described above and transferred into 0.3% PVA and stirred overnight to 

allow for solvent evaporation. 

Eudragit L100 was dissolved in methanol at 12.5 mg mL-1 and ovalbumin in 

solution was added dropwise into the PLGA solution at 10% volume while vortexing. The 

primary emulsion was sonicated at 38% amplitude for 30 seconds followed by placement 

on ice for a total of 3 times. The primary emulsion was added drop-wise into 100 mL 

citrate buffer (46.67 mM sodium citrate, 59.02 mM citric acid, pH-adjusted to 5) with 1% 

PVA (30 – 70 kDa, 87-90% hydrolyzed) while stirring and allowed to evaporate overnight. 

Nanoparticle suspensions were centrifuged at 10,000 x g for 20 min at 4°C and particles 

were resuspended in DI water for a total of 3 washes. After the last wash, particles were 

resuspended in DI water, transferred to vials and frozen at -80°C, and lyophilized. 

5.3.9 Electrospinning, nanofiber characterization, and nanofiber micronization 

Eudragit L100 nanofibers containing OVA were electrospun from an emulsion as 

described [18]. Eudragit L100 (kindly provided by Evonik Health Care) was dissolved in 

EtOH:DMF (4:1 v:v) at 15 wt%. To form an emulsion, Tween-20 was added at 0.4% 

volume and OVA in solution was added dropwise to the Eudragit L100/Tween-20 solution 

while vortexing at a 5-20% aqueous phase. This emulsion was then electrospun onto waxed 

paper on a metal collector using a needle-rig electrospinning set up (12.5 kV, 25 µL min-

1 flow rate, 12 cm distance) in a fume hood. OVA-loaded Eudragit L100 nanofibers were 

processed into micron-sized fiber pieces (micronization) that could be passed through a 

22G gavage needle by wet blending (BlendTec) in DI water pH 2. Blended fibers were 

passed through a 250 µm metal sieve followed by collection using vacuum filtration. 

Collected fibers were resuspended in DI water pH 2, frozen, and lyophilized. OVA loading 

in Eudragit L100 nanofibers was quantified using a MicroBCA Protein Assay Kit 

(Thermo) before and after micronization to confirm no loss of cargo upon the 

micronization process (data not shown). 
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5.3.10 HRP activity assay 

HRP was electrospun in Eudragit L100 nanofibers using emulsion electrospinning 

as described above. Bioactivity retention of encapsulated HRP was determined by kinetic 

colorimetric substrate assays of the proteins after incubation in simulated gastric fluid 

with pepsin (1 mg mL-1) for 1 hour at 37 °C. Samples or freshly prepared HRP controls 

were added to a 96-well flat bottom plate (5 ng mL-1 HRP) and TMB substrate solution 

(1:1 Substrate A:Substrate B, vol:vol) (BioLegend) was added to start the assay. Change 

in absorbance at 652 nm was monitored every 15 seconds using a Tecan Infinite 200 PRO 

microplate reader (Männedorf, Switzerland) over 10 minutes. The maximum increase in 

absorbance per minute (max slope) from the initial linear portion was determined and the 

retained protein bioactivity was calculated compared to fresh HRP. 

5.3.11 Release studies in simulated gastrointestinal fluids 

OVA-loaded nanoparticle and nanofiber formulations were incubated in simulated 

gastric fluid with or without pepsin (OVA:enzyme 20:1, m:m) for 1 hour at 37°C. For 

nanoparticle samples, samples were spun down at 14,000 rpm for 15 minutes and 

supernatant was collected. Nanoparticles were resuspended in 0.1M NaOH to dissolve 

remaining nanoparticles. For nanofiber samples, fiber-free supernatant was collected, and 

fiber mats were removed and dissolved in PBS. Protein released into the supernatant and 

remaining in the carrier after incubation in simulated gastric fluid was quantified by 

MicroBCA Assay controlling for supernatant pepsin concentration. 

5.3.12 Oral immunization 

Age-matched female C56Bl/6J were immunized with OVA in solution or in 

micronized Eudragit L100 emulsion electrospun fibers in 200 µL by oral gavage using a 

22G metal gavage needle. Animals were not fasted prior to immunization nor were 
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anesthetized during the procedure. Mice were vaccinated every 4 weeks for a total of 4 

immunizations. In some studies, branched PEI (100 µg) (Sigma) was included in the dose. 

5.3.13 Organ processing and staining for flow cytometry 

Organs were harvested 14 days after the last immunization and processed into 

single cell suspensions as follows. Spleens were collected and processed through a 40 µm 

cell strainer followed by red blood cell lysis. Mesenteric lymph nodes were collected and 

processed through a 40 µm cell strainer. The small intestine was collected and flushed 

with 5 mL PBS with 0.1 mg mL-1 trypsin inhibitor (Sigma) and 50 mM EDTA to collect 

the luminal contents. Peyer’s patches and remaining mucus were removed followed by 

opening of the intestine longitudinally and processing into 1 cm fragments. Small intestinal 

fragments were incubated in 0.15 mg mL-1 1,4-dithioerythritol (DTE) (Sigma) in complete 

HBSS (10 mM HEPES, 25 mM sodium bicarbonate, 20% FBS) for 30 minutes at 37°C 

with lateral shaking (230 rpm) followed by collection of intraepithelial lymphocytes (SI 

IEL) through a 100 µm cell strainer. SI IELs were washed with HBSS and further purified 

by density gradient centrifugation with a 44%/77% Percoll (GE Healthcare) gradient. 

Small intestinal tissue fragments were recollected following SI IEL release, washed to 

remove remaining DTE, and digested with 1 mg mL-1 Collagenase VIII in RPMI 1640 

with 40 µg mL-1 DNase I for 45 minutes at 37°C with lateral shaking (230 rpm). Small 

intestinal lamina propria (SI LP) cells were collected through a 100 µm cell strainer and 

purified by density gradient centrifugation as described for SI IELs. Single cells 

suspensions were incubated with Fc block and LIVE/DEAD Fixable Near-IR Dead Cell 

Stain (Thermo) for 15 min at room temperature. Cells were washed and stained with the 

following tetramers for 15 min at room temperature: H-2K(b) OVA257-264 PE-labeled 

tetramer and I-A(b) OVA325-335 APC-labeled tetramer (NIH Core Tetramer Facility). 

Cells were washed and stained with the following antibodies for 30 min at 4°C: anti-mouse 

CD3-Alexa700 (17A2), CD4-BV605 (RM4-5), CD8-FITC (KT-15), CD44-PerCP/Cy5.5 
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(IM7). After surface staining, cells were washed and prepared for intracellular staining 

with the Foxp3 Transcription Factor Staining Buffer Set (eBioscience) per manufacturer’s 

instructions. Cells were stained with the following intracellular antibodies: anti-mouse T-

bet-PE/Cy7 (4B10) and Foxp3-BV421 (MF-14). Cells were washed and resuspended in 

FACS buffer for analysis on an Attune NxT flow cytometer (Thermo). Flow cytometry 

analysis was performed using FlowJo software (Treestar). Tetramer gates were set based 

on unstained controls from each experiment. 

5.3.14 Statistical analysis 

Data presented as mean ± standard deviation and analyzed by one-way ANOVA 

with Tukey’s or Dunnett’s multiple comparisons test using Prism (GraphPad). 

Statistically significant differences are indicated as *p<0.05, **p<0.01, and ***p<0.001. 

 

5.4 RESULTS AND DISCUSSION 

5.4.1 Gastrointestinal digestion of OVA reduces DC maturation 

Dendritic cells have a central role in the elicitation of adaptive immune responses 

as well as in the induction of oral tolerance [19–21]. Thus, we first evaluated the effect of 

antigen digestion on dendritic cell phenotype. The model protein antigen ovalbumin 

(OVA) was digested in simulated gastric conditions with pepsin for 1 hour followed by 

intestinal digestion for 2 hours through pH adjustment and the addition of pancreatin. 

This protocol simulating gastrointestinal digestion induced the partial digestion of OVA 

through observance of low molecular weight protein fragments by SDS-PAGE gel 

electrophoresis (Figure 5.1A). Exposure of OVA to simulated gastric digestion alone was 

sufficient to generate protein fragments (Figure 5.1A). These results are in accordance 

with other studies that observed partial resistance of OVA to digestion in simulated 
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gastrointestinal conditions compared to other proteins [5,22]. Pepsin cleaves preferentially 

at the C-terminal side of aromatic amino acids while trypsin cleaves on the C-terminal 

side of positively-charged lysine and arginine residues, unless proline is on the carboxylic 

side of the cleavage site. As gastrointestinal enzymes are known to cleave at specific amino 

acid sites, we investigated commonly studied OVA CD4 (OVA323-339) and CD8 (OVA257-

264) epitopes for their susceptibility to gastric and intestinal digestion using the ExPASy 

PeptideCutter tool (Figure 5.1B) [23]. Based on cleavage predictions, the OVA323-339 

epitope sequence was not vulnerable to pepsin or trypsin activity. The first identification 

of this antigenic fragment was from trypsin-processed OVA protein, supporting the 

prediction that trypsin cleaves around the epitope [24]. In contrast, both pepsin and 

trypsin cleavage sites are found within the OVA257-264 epitope region, suggesting this 

epitope would be compromised in the gastrointestinal tract prior to cell processing and 

presentation. These results highlight the importance of antigen sequence in the 

preservation of immunogenic epitopes of orally administered vaccines.  

We next determined if digested OVA would have a differential effect on the 

maturation of dendritic cells, which require expression of costimulatory surface molecules 

and secretion of inflammatory cytokines in addition to antigen presentation to activate 

antigen-specific T cells [25]. Bone marrow-derived CD11c+ dendritic cells (BMDCs) 

increased expression of the costimulatory marker CD86 after incubation with native, 

undigested OVA (Figure 5.1C,D). Inclusion of the immunostimulant LPS was used as a 

positive control to identify the mature dendritic cell population, which dramatically 

increased CD86 expression (data not shown). In contrast, BMDCs did not mature when 

incubated with gastrointestinal-digested OVA (Figure 5.1C,E), indicating a loss of DC-

stimulating potential of OVA upon digestion. Exposure of BMDCs to OVA exposed to 

only gastric digestion conditions also resulted in a lack of maturation (Figure 5.1C,E) 

suggesting that gastric digestion is sufficient to result in a loss of DC-stimulating potential 

prior to intestinal digestion. Similar trends were observed with respect to secretion of the 
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inflammatory cytokine IL-12 by BMDCs treated with native or digested OVA (Figure 

5.1D), demonstrating that antigen digestion can result in a loss of function in addition to 

a less mature phenotype. This inflammatory cytokine is a necessary signal for the 

activation and differentiation of TH1 CD4+ T cells and their production of IFN-g [26–28]. 

 
Figure 5.1. Gastric-digested OVA loses ability to mature dendritic cells. A) OVA was incubated 

in simulated gastrointestinal conditions and analyzed by SDS-PAGE. Lane 1, ladder; Lane 2, 

native OVA; Lane 3, gastric-digested OVA; Lane 4, gastrointestinal-digested OVA. B) Predicted 
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cleavage sites of pepsin and trypsin on most common CD4 and CD8 immunogenic epitopes of 

OVA generated using the ExPASy PeptideCutter tool. C, D) BMDCs were treated with OVA 

digested in simulated gastrointestinal conditions for 24 hours and dendritic cell phenotype was 

analyzed by flow cytometry. E) After OVA treatment of BMDCs, supernatant was collected and 

assayed for IL-12 by ELISA. Data representative of n=3 per group from two independent 

experiments and presented as mean ± standard deviation and analyzed by one-way ANOVA 

(*p<0.05). 

 

5.4.2 Ability of dendritic cells to activate T cells is influenced by antigen 

digestion in vitro 

As we observed a reduced ability of gastrointestinal OVA to activate dendritic 

cells, we next investigated enzymatically-modified antigen would affect dendritic cell 

presentation to and activation of antigen-specific CD4+ and CD8+ T cells. BMDCs treated 

with native or gastrointestinal-digested OVA were cultured with CFSE-labeled OVA323-

339-specific CD4+ T cells purified from the spleens of OT-II mice. OVA exposed to gastric 

or intestinal digestion conditions separately were also included to evaluate the relative 

contribution of each digestive environment. BMDCs treated with undigested and digested 

OVA induced CD4+ T cells to proliferate to the same degree (Figure 5.2A). This is likely 

due to the predicted resistance of OVA323-339 to pepsin digestion. When assayed for the 

production of IFN-g by activated CD4 T cells, representing function, reduced cytokine 

concentration was observed when OVA underwent simulated gastrointestinal digestion 

(Figure 5.2B). These results may be due to the less mature state and lack of IL-12 secretion 

of DCs treated with pre-digested antigen, which influences CD4 T cell activation and 

polarization [26,29]. CD4+ T cells that underwent antigen-specific proliferation were 

analyzed for polarization towards Treg or TH1 through expression of the nuclear 

transcription factors Foxp3 and T-bet, respectively. In contrast to proliferation patterns, 

gastrointestinal digestion of OVA significantly increased the expression of Foxp3 and 
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decreased the expression of T-bet in primed CD4+ T cells (Figure 5.2C). Neither gastric 

nor intestinal digestion of OVA on their own was sufficient to increase Foxp3 expression 

in CD4+ T cells that had proliferated in response to antigen-presentation by BMDCs 

(Figure 5.2C). In contrast, we did observe a significant reduction of T-bet+ CD4+ T cells 

when OVA was subjected to intestinal digestion only (Figure 5.2C). These transcription 

factor expression results are in accordance with the decreased IFN-g produced with 

gastrointestinal-digested antigens, as T-bet+ TH1 cells are characterized by their 

production of this inflammatory cytokine while Foxp3+ Treg cells predominately secrete 

IL-10 [30]. The presence of IFN-g itself can also drive T-bet induction [31]. These results 

indicate that exposure to different gastrointestinal conditions can influence the 

polarization of CD4+ T cells by BMDCs, with polarization towards the Treg lineage being 

favored over TH1 in response to gastrointestinal-digested antigens in vitro. 

 

 
Figure 5.2. Gastrointestinal digestion of OVA affects CD4+ T cell polarization but not 

proliferation. BMDCs were treated with native or digested OVA for 24 hours followed by co-

culture with CFSE-stained CD4+ OT-II T cells for 3 days. A) Proliferation, B) IFN-g secretion, 

and C) polarization of OT-II CD4+ T cells 3 days after culture with BMDCs treated with OVA 

digested in gastrointestinal conditions. Data representative of n=3 per group from one independent 

experiment and presented as mean ± standard deviation and analyzed by one-way ANOVA 

(**p<0.01, ****p<0.0001). 
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Dendritic cells are also able to present antigen on MHC class I to CD8+ T cells. 

Activation of CD8+ T cells is critical to develop cytotoxic immunity in which CD8+ T 

cells themselves can combat infection and cancer directly [32]. To evaluate how 

gastrointestinal antigen digestion affects dendritic cell cross-presentation of antigens to 

CD8+ T cells, we utilized the B3Z CTL hybridoma that is specific to OVA257-264. Without 

additional stimulation of dendritic cells, cross-presentation of OVA did not occur (data 

not shown), but CD8+ B3Z cells were able to be activated by LPS-stimulated BMDCs 

(Figure 5.3A) and DC2.4s (Figure 5.3B) pre-incubated with native OVA. When dendritic 

cells were treated with gastrointestinal-digested OVA, CD8+ B3Z activation was not 

observed (Figure 5.3A,B). In both dendritic cell sources, only digestion of OVA in 

intestinal conditions resulted in CD8+ B3Z activation (Figure 5.3A,B). These results 

indicate that the loss of cross-presentation of OVA to SIINFEKL-specific CD8+ T cells is 

driven by gastric digestion, likely due to the susceptibility of the epitope recognized by 

the B3Z T cell receptor to gastric enzyme cleavage. 

 
Figure 5.3. Gastrointestinal-digested OVA loses ability to be cross-presented to CD8+ T cells in 

vitro. A) BMDCs and B) DC2.4s were treated with native or digested OVA for 24 hours followed 

by co-culture with B3Z CD8+ T cells for 24 hours. Cells were lysed and CPRG substrate was 

added. B3Z activation was evaluated by monitoring absorbance, indicative of β-galactosidase-

mediated substrate conversion. Data representative of n=3 per group from 1-3 independent 

experiment and presented as mean ± standard deviation and analyzed by one-way ANOVA 

(*p<0.05, ****p<0.0001). 
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5.4.3 Differential ability of polymeric delivery platforms to protect OVA from 

gastrointestinal digestion 

Since gastrointestinal digestion influenced dendritic cell maturation and the ability 

to activate CD4+ and CD8+ T cell responses, we next developed vaccine delivery systems 

to provide protection of antigens from digestion. Commonly, nanoparticles (NPs) are used 

to encapsulate therapeutics and modulate their physical structure to influence trafficking 

and uptake [33]. Thus, we first synthesized NPs composed of the biocompatible polymer 

poly(lactic-co-glycolic acid) (PLGA) to provide protection of OVA from enzymatic 

cleavage in both gastric and intestinal conditions. We hypothesized these polymeric NPs 

could protect OVA due to the long-term degradation profiles of PLGA-based delivery 

platforms in vivo [34]. A double emulsion method was used to produce OVA-loaded PLGA 

NPs (~450–600 nm diameter) (Figure S5.1). OVA-loaded PLGA NPs were incubated with 

BMDCs followed by co-culture with CD8+ B3Z T cells. Formulation of native OVA in 

PLGA NPs significantly increased B3Z T cell activation compared to soluble OVA (Figure 

5.4A). This is likely due to the enhanced protein uptake in DCs observed with PLGA NP-

formulation (Figure S5.2). Concurrently, we produced PLGA NPs loaded with pre-

digested OVA to separate the effect of digestion from NP formulation, as the latter was 

observed to affect immune responses compared to soluble antigen. Interestingly, gastric-

digested OVA encapsulated in PLGA NPs led to significant activation of CD8+ B3Z cells 

in contrast to the loss of antigenicity observed when soluble OVA was digested in gastric 

conditions (Figure 5.4B). These data demonstrate that particulate formulation of digested 

antigens may recover their potential to induce antigen-specific CD8+ T cell responses. We 

hypothesize that formulation of digested OVA in NPs may modulate uptake of antigens 

or access more immunogenic intracellular trafficking pathways, leading to enhanced cross-

presentation compared to digested antigen in soluble form. 



 197 

To evaluate the function of OVA-loaded PLGA NPs to protect antigens from 

gastrointestinal digestion, we next exposed NPs to simulated conditions prior to 

incubation with DCs. Although NP formulation of OVA enhanced B3Z T cell activation, 

this capability was completely abrogated when NPs were pre-exposed to simulated 

gastrointestinal conditions (Figure 5.4A). Incubation of OVA-loaded PLGA NPs in gastric 

or intestinal conditions separately revealed that the loss of function occurred in the gastric 

environment, as NPs exposed to intestinal conditions retained their ability to activate 

B3Z cells (Figure 5.4A). Evaluation of PLGA NP physical properties after incubation in 

simulated gastrointestinal fluids revealed no change in particle diameter nor polydispersity 

index (PDI) that may have contributed to the observed loss of function (Figure S5.1). 

These data led us to hypothesize that OVA encapsulation in PLGA NPs may be 

compromised upon exposure to simulated gastric conditions leading to loss of function, as 

it is known that NP delivery systems suffer from an initial burst release of their loaded 

cargo [35]. To test this, we quantified the release of OVA from PLGA NPs in simulated 

gastric conditions with and without the gastric protease pepsin. After 1 hour in simulated 

gastric conditions without pepsin, PLGA NPs released ~20% of the total encapsulated 

OVA (Figure 5.4C). Inclusion of pepsin in the medium accelerated release of OVA from 

the NPs, with ~60% of OVA released from the NPs after 1 hour (Figure 5.4C). Based on 

these results, protein-loaded NPs released a majority of encapsulated protein in the gastric 

environment where we aimed to protect antigen from digestion. Thus, we explored 

additional biomaterial-based formulation strategies to limit antigen release in gastric 

conditions and provide protection from digestion. 
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Figure 5.4. OVA-loaded PLGA NPs lose ability to activate CD8+ T cells after exposure to 

simulated gastric conditions. OVA-loaded PLGA NPs were incubated in simulated gastrointestinal 

conditions and added to BMDCs for 24 hours. Cells were washed and co-cultured with B3Z CD8+ 

T cells for 24 hours. Cells were lysed and CPRG substrate was added. B3Z activation was evaluated 

by monitoring absorbance, indicative of β-galactosidase-mediated substrate conversion into a 

colorimetric product. B) OVA was digested in simulated gastric conditions and formulated in 

PLGA NPs. Gastric-digested OVA-loaded PLGA NPs were used in BMDC-B3Z CD8+ T cell 

activation assays as described above. C) OVA-loaded PLGA NPs were incubated in simulated 

gastric conditions with or without pepsin for 1 hour. OVA release was quantified by MicroBCA. 

Data representative of n=3 per group from 1-2 independent experiment and is presented as mean 

± standard deviation and analyzed by one-way ANOVA (ns, not significant; ****p<0.0001). 

 
In Chapter 3, we identified emulsion electrospinning as a technique to encapsulate 

proteins in polymeric nanofibers, in which the protein is located in an aqueous core 

surrounded by a polymeric shell [18]. We hypothesized that this formulation strategy 

could provide better protection of encapsulated proteins in digestive conditions compared 

to NPs as synthesized by double emulsion. Orally delivered vaccines need to be absorbed 

at the intestinal epithelium to access immune cells and inductive sites. However, the use 

of hydrophobic polymers, such as PLGA, in nanofiber formulation results in slow, 

sustained release of the encapsulated protein. Even after 24 hours, at which point orally 

administered substances are cleared from the body, less than 20% of the total protein is 
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released (Figure S5.3). Thus, we chose to use a pH-responsive polymer Eudragit L100, 

which is soluble in pH conditions above 6, to encapsulate antigens in the gastric 

environment while facilitating release in the intestine for absorption and initiation of 

immune responses. We have demonstrated that 100% of the loaded cargo is released within 

1 hour after exposure of fibers to simulated intestinal pH conditions [18]. While we cannot 

determine the effect of complete protection from both gastric and intestinal digestion 

conditions on immune responses to oral vaccines, this strategy elucidates how effective 

gastric protection alone is at improving responses to antigens administered orally and 

provides insight to the formulation requirements of oral vaccines. As we observed that 

gastric digestion drove the loss of CD8+ T cell activation capacity of OVA, preventing 

this activity loss may be desirable to generate multifunction immune responses in vivo. 

To validate that OVA-loaded Eudragit L100 emulsion electrospun fibers could 

protect antigens in gastric conditions, we first quantified OVA release in simulated gastric 

conditions with or without pepsin as evaluated for OVA-loaded PLGA NPs. Additionally, 

we compared the release profiles of Eudragit L100 electrospun nanofibers with Eudragit 

L100 NPs to identify the most relevant delivery platform. As observed with PLGA NPs, 

Eudragit L100 NPs released a majority of their protein cargo in pepsin-containing 

simulated gastric conditions (Figure 5.5A). In contrast, Eudragit L100 nanofibers limited 

the release of OVA in gastric conditions to <10% (Figure 5.5B). Additionally, we verified 

that the electrospinning process did not compromise the antigenic function of OVA. 

Dendritic cells (DC2.4s) treated with OVA-loaded Eudragit L100 fibers were able to 

activate CD8+ B3Z cells (Figure 5.5C). DCs treated with blank Eudragit L100 fibers did 

not induce B3Z activation (Figure 5.5C). As these experiments only revealed the ability 

of Eudragit L100 nanofibers to control the release of functional OVA in different pH 

conditions, we next evaluated the platform for protection of proteins from pepsin-mediated 

activity loss. Here, we encapsulated the enzyme horseradish peroxidase (HRP) in Eudragit 

L100 nanofibers followed by exposure of fibers to simulated gastric conditions with pepsin. 
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After 1-hour, unprotected HRP lost ~90% of its initial activity after exposure to digestive 

conditions while Eudragit L100 nanofiber formulation retained ~75% enzyme activity 

(Figure 5.5D). 

 
Figure 5.5. Emulsion electrospun Eudragit L100 nanofibers limit protein release in simulated 

gastric fluid and protect proteins from pepsin-mediated activity loss. OVA-loaded Eudragit L100 

A) NPs and B) nanofibers were incubated in simulated gastric conditions with or without pepsin 

for 1 hour. OVA release was quantified by MicroBCA. C) OVA-loaded EudragitL100 nanofibers 

were dissolved in PBS and added to DC2.4s at 0.1 mg mL-1 OVA for 24 hours. Cells were washed 

and co-cultured with B3Z CD8+ T cells for 24 hours. Cells were lysed and CPRG substrate was 

added. B3Z activation was evaluated by absorbance. D) Soluble HRP or HRP encapsulated in 

Eudragit L100 nanofibers was incubated in simulated gastric fluid with pepsin for 1 hour. Rate of 

substrate conversion by HRP was compared to freshly prepared enzyme to determine activity 

retention. Data representative of n=3 per group from 1-2 independent experiments and presented 

as mean ± standard. 
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5.4.4 Formulation of OVA in nanofibers preserves ability to activate T cells after 

gastric digestion 

Since emulsion electrospun Eudragit L100 nanofibers demonstrated gastric 

protection of encapsulated antigen, we next used these materials to evaluate how 

protection from digestion would influence the activation of T cell responses in vitro. OVA 

encapsulated in Eudragit L100 nanofibers was exposed to simulated gastrointestinal 

digestion conditions prior to incubation with dendritic cells. These primed dendritic cells 

were then cultured with OVA-specific CD4+ OT-II T cells or CD8+ B3Z T cells. As CD8+ 

T cell activation was diminished upon exposure of soluble OVA to gastric digestion 

conditions, we hypothesized that protection from digestion through encapsulation in 

Eudragit L100 nanofibers may prevent this activity loss. DCs treated with OVA-loaded 

Eudragit L100 nanofibers cells exposed to all gastrointestinal digestion conditions were 

able to activate CD8+ B3Z T cells, both by BMDCs (Figure 5.6A) and DC2.4s (Figure 

5.6B). Compared to soluble OVA exposed to gastrointestinal digestion conditions, 

Eudragit L100 nanofiber formulation of OVA resulted in CD8+ B3Z T cell activation 

(Figure 5.6C). These results demonstrate that Eudragit L100 nanofiber formulation can 

prevent pepsin-mediated loss of CD8 epitope immunogenicity through protection of the 

antigen from digestion by gastric enzymes. 
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Figure 5.6. Encapsulation of OVA in Eudragit L100 nanofibers prevents loss of CD8+ activation 

ability upon exposure to simulated gastrointestinal digestion. A, C) BMDCs and B) DC2.4s were 

treated with native or digested OVA-loaded Eudragit L100 nanofibers for 24 hours followed by co-

culture with B3Z CD8+ T cells. After 24 hours, cells were lysed and CPRG substrate was added. 

B3Z activation was evaluated by monitoring absorbance, indicative of β-galactosidase-mediated 

substrate conversion into a colorimetric product. Data representative of n=3 per group from 1-3 

independent experiments and presented as mean ± standard deviation and analyzed by one-way 

ANOVA (*p<0.05; ns, not significant). 

 

As observed with soluble OVA, similar levels of CD4+ T cell proliferation was 

induced by OVA-containing Eudragit L100 nanofibers regardless of exposure to 

gastrointestinal conditions (Figure 5.7A). OVA encapsulation in Eudragit L100 nanofibers 
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induced IFN-g production by CD4 T cells for all digestion conditions, in contrast to 

reduced IFN-g observed when soluble OVA was exposed to gastrointestinal digestion 

(Figure 5.7B). Overall, delivery of OVA in Eudragit L100 nanofibers increased IFN-g 

secretion compared to soluble OVA. As Foxp3 expression was increased only after total 

gastrointestinal digestion, we hypothesized gastric protection of OVA would result in 

Foxp3 induction similar to that observed for intestinal digestion only. However, exposure 

of OVA-loaded Eudragit L100 nanofibers to gastrointestinal digestion also increased the 

percentage of Foxp3+ CD4+ T cells compared to undigested OVA (Figure 5.7C). 

Decreased expression of the transcription factor T-bet was found to be driven by intestinal 

digestion of soluble OVA. Even though EudragitL100 nanofibers provide protection in 

gastric but not intestinal conditions, we did not observe a decrease in T-bet expression 

when OVA was delivered in Eudragit L100 nanofibers for all digestion conditions (Figure 

5.7C). Similar to the trend observed with IFN-g production, there was an overall increase 

in the percentage of proliferating CD4+ T cells that were T-bet+ in the Eudragit L100 

nanofiber groups compared to soluble OVA delivery (23% vs. 30% for undigested soluble 

OVA and undigested EudragitL100 nanofiber-delivered OVA, respectively). As TH1 cells 

are known to secrete IFN-g, the increased T-bet expression correlates with the increase in 

IFN-g observed when OVA is delivered in EudragitL100 nanofibers. 
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Figure 5.7. Effect of gastric protection of OVA in Eudragit L100 nanofibers on proliferation and 

polarization of CD4+ T cells. OVA-loaded Eudragit L100 nanofibers were incubated in simulated 

gastrointestinal conditions and added to BMDCs for 24 hours. OVA-treated BMDCs were co-

cultured with CFSE-labeled CD4+ OTII T cells for 3 days. A) Proliferation, B) IFN-g secretion, 

and C) polarization of CD4+ T cells 3 days after culture with BMDCs treated with Eudragit L100 

nanofiber-encapsulated OVA digested in gastrointestinal conditions. Data representative of n=3 

per group from one independent experiment, presented as mean ± standard deviation, and analyzed 

by one-way ANOVA. 

 

5.4.5 Enhanced activation of intestinal CD8+ T cell responses by an oral vaccine 

through epitope protection in nanofibers in combination with the mucosal adjuvant PEI 

We next investigated how antigen digestion would influence the activation of 

adaptive immune responses in vivo. Naïve mice were immunized with OVA by oral gavage 
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and boosted every 4 weeks. Based on our in vitro studies, we observed that gastric 

digestion had the most significant impact on the CD8 T cell response, likely due to the 

susceptibility of the SIINFEKL epitope to pepsin-mediated cleavage. Our data also 

suggested that gastric protection through formulation in Eudragit L100 nanofibers may 

recover the ability to activate cytotoxic T lymphocytes that is lost upon antigen digestion 

in the gastric environment. Thus, we chose to focus on how protection from gastric 

digestion through formulation in emulsion electrospun Eudragit L100 nanofibers would 

impact the SIINFEKL-specific CD8+ T cell response and evaluated the expansion of these 

CD8+ T cells after oral immunization with or without gastric protection. After oral 

immunization with soluble OVA or OVA in Eudragit L100 nanofibers, the percentage of 

antigen-experienced (CD44+) CD8+ T cells was similar in the spleen, mesenteric lymph 

nodes, and small intestinal intraepithelial compartment (IEL) between the two groups 

(Figure 5.8A). Additionally, the percentage of SIINFEKL-tetramer+ CD8+ T cells in these 

organs was also similar (Figure 5.8B). 
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Figure 5.8. CD8+ T cell responses to oral immunization with unprotected or gastric-protected 

antigen. Female C56Bl/6J mice were treated with soluble (sOVA) or Eudragit L100 nanofiber-

encapsulated OVA (fOVA) (0.2 mg OVA) by oral gavage and adaptive immune responses were 

evaluated 14 days after the last dose. Spleens, mesenteric lymph nodes (mLNs), and small 

intestinal intraepithelial cells (SI IEL) were processed into single cell suspensions and analyzed 

by flow cytometry. C) Percentage of CD44+ of CD8+ T cells and D) H-2K(b) OVA257-264 tetramer 

positive CD8+ CD44+ T cells in various organs. Data representative of n=2-6 mice per group and 

presented as mean ± standard deviation and analyzed by one-way ANOVA. 

 

As the inclusion of an adjuvant was necessary to induce cross-presentation of 

exogenous protein to activate CD8+ T cells in our in vitro studies, protection from gastric 

digestion may not be sufficient on its own to induce a CD8+ T cell response in vivo. In 

other studies, the use of certain adjuvants has been shown to modulate the cross-

presentation of protein antigens [36]. First observed to be a potent mucosal adjuvant when 

used at the nasal mucosa [37], in Chapter 4 we identified the adjuvant polyethyleneimine 
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(PEI) to also be a robust adjuvant for CD8 responses when delivered orally. Thus, we 

incorporated this adjuvant in the vaccine formulation in which OVA was either delivered 

in soluble form or protected in Eudragit L100 nanofibers. PEI was not observed to cause 

histological changes to the small intestinal tissue after oral administration (Figure S5.4). 

We observed a significant increase in antigen-specific (tetramer+) CD8+ T cells in the 

spleens and mesenteric lymph nodes when OVA was co-delivered with PEI compared to 

unimmunized mice for both soluble and Eudragit L100 fiber oral delivery (Figure 5.9A,B). 

However, we only observed an increase in antigen-specific CD8+ T cells in the small 

intestine when OVA was protected from gastric digestion through delivery in Eudragit 

L100 nanofibers and co-delivered with PEI (Figure 5.9C). These results suggest for oral 

vaccines to generate robust T cell responses in both lymphoid and mucosal tissues, 

protection of immunogenic epitopes from digestion in combination with a potent mucosal 

adjuvant is advantageous. 

 
Figure 5.9. Gastric protection of oral antigen enhances CD8+ T cell responses when co-delivered 

with mucosal adjuvant. Female C56Bl/6J mice were treated with soluble (sOVA) or Eudragit 

L100 nanofiber-encapsulated OVA (fOVA) (0.2 mg OVA) with PEI (100 µg) by oral gavage and 

adaptive immune responses were evaluated 14 days after the last dose. A) Spleens, B) mesenteric 

lymph nodes (mLNs) and C) small intestinal intraepithelial cells (SI IEL) were processed into 

single cell suspensions and stained for analysis by flow cytometry for the percentage of H-2K(b) 

OVA257-264 tetramer positive CD8+ CD44+ T cells. Data representative of n=2-5 mice per group 

and is presented as mean ± standard deviation and analyzed by one-way ANOVA. 
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At the same time, we evaluated the humoral and CD4+ T cell responses to 

unprotected or gastric-protected OVA. Similar to other studies [16], we did not observe a 

significant increase in antigen-specific IgG in the serum after oral OVA administration, 

either in soluble form or encapsulated in Eudragit L100 nanofibers (Figure S5.5A). 

Intestinal IgA responses were also low in both groups (Figure S5.5B). Based on our in 

vitro data, we would not expect to observe significant differences in antigen-specific CD4+ 

T cell expansion between oral immunization with gastric-protected or unprotected OVA 

due to the ability of DCs to induce CD4 proliferation when treated with digested OVA. 

Indeed, percentages of CD44+ antigen-experienced CD4+ T cells in the mLNs and SI LP 

were similar between soluble and Eudragit L100-delivered OVA (Figure S5.5C,D). 

Percentages of OVA-specific CD44+ CD4+ T cells were also similar between groups in 

these organs. Overall, elicitation of antigen-specific CD4+ T cells was low (<5% of the 

CD44+ CD4+ population). Thus, evaluation of the polarization of antigen-specific CD4+ 

T cells activated in response to oral vaccination was unable to be evaluated, which is 

where we observed effects of gastrointestinal digestion on CD4+ T cells in vitro. Among 

the general antigen-experienced population, the percentage of Foxp3+ and T-bet+ among 

CD44+ cells was similar between both groups, although this population does not 

exclusively represent OVA-specific cells primed upon immunization (Figure S5.5C,D). 

Future studies may investigate the production of cytokines by lymphocytes re-stimulated 

with antigen ex vivo or track adoptively transferred OVA-specific T cells to determine 

CD4 T cell polarization.  

Cytotoxic T lymphocytes in response to OVA delivered orally encapsulated in 

Eudragit microbeads without the use of an adjuvant [38]. In their study, splenocytes from 

orally immunized mice were enriched for T cells three weeks after immunization and 

incubated with antigen and antigen presenting cells. Antigen-specific proliferation was 

evaluated by [3H]thymidine incorporation, which was heightened with Eudragit-coated 

OVA compared to mice receiving blank microbeads. However, proliferation was not 
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compared to OVA delivered in soluble form. Their results suggest that in vitro 

restimulation may reveal differences in T cell activation after oral immunization without 

the use of an adjuvant, although the impact of protection in gastric conditions was not 

directly evaluated in their study. As we observed increases in antigen-specific CD8+ T 

cells in lymphoid organs of mice immunized with both soluble and gastric-protected OVA, 

it may be that similar levels of proliferation in response to in vitro stimulation would be 

observed. Another study encapsulating OVA in EudragitL100 microbeads observed 

systemic antibody responses after oral immunization compared to soluble OVA delivery 

[16]. This study used an OVA dose of 5 mg, 25-fold higher than the dose used in our 

study, which may explain the lack of antibodies observed here. Other studies that provide 

both antigen digestion protection and immune stimulation have observed increased 

systemic antibody responses at lower antigen doses [10,17,39]. However, these studies used 

different antigens, vaccination schedules, vaccine doses, and different immunostimulatory 

components and thus it is difficult to compare to our results. Antigen and adjuvant doses 

as well as immunization schedule may need to be optimized to effectively activate humoral 

responses. In contrast to antibodies, CD4+ T cell responses are not widely evaluated. One 

study found increased levels of IL-4 from re-stimulated splenocytes with oral 

administration of OVA encapsulated in EudragitL100 compared to soluble OVA, but 

detected low levels of IFN-g from both groups [40]. Overall, our data are in accordance 

with most studies to date evaluating adaptive immune responses to orally delivered 

protein antigens. 

 

5.5 CONCLUSIONS 

The susceptibility or resistance of proteins to gastrointestinal digestion has been 

implicated in the induction of oral tolerance as well as allergy. Here, we show that 

digestion of the protein antigen OVA results in reduced maturation of DCs and leads to 
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differences in both CD4 and CD8 proliferation and polarization. Consideration of the 

presence of gastrointestinal enzyme cleavage sites within immunogenic epitopes is of 

critical importance for oral vaccines, as we found an inability to activate T cells that 

recognized epitopes that contained such cleavage sites. Formulation of OVA in pH-

responsive nanofibers sequestered OVA from the gastric environment, provided protection 

from digestion, and prevented loss of CD8 T cell-activating capacity. This translated to 

the activation of CD8+ T cells when used as an oral vaccine in vivo, but only when the 

adjuvant PEI was co-delivered. We also demonstrate the broader activity of PEI as a 

mucosal adjuvant, particularly in the elicitation of CD8 responses. These results provide 

additional evidence and mechanistic insights on the requirement of oral vaccines to be 

resistant to enzymatic degradation. However, digestion resistance on its own was 

insufficient to activate CD8 immunity and required the use of specific mucosal adjuvants 

for immune stimulation. 
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Chapter 6. CONCLUSIONS 

6.1 SUMMARY AND FUTURE DIRECTIONS 

The global impact of immunization has been demonstrated since the widespread 

uptake of this clinical intervention, dramatically reducing the incidence and spread of 

infectious disease. While most vaccines are administered by injection, this administration 

method has drawbacks that limits immunization accessibility due to resource requirements 

as well as in the development of mucosal immunity. Oral immunization is one such 

alternative administration route that has the potential to improve vaccine access in low 

resource settings and establish immune responses at mucosal surfaces. However, effective 

oral immunization is difficult due to the myriad of physiological and immunological 

challenges, including the digestive gastrointestinal environment, low bioavailability, and 

oral tolerance. In this thesis, we focused on understanding and overcoming these barriers 

to oral vaccination through the use of biomaterial-based delivery platforms and applied 

immunology. 

 Upon ingestion, oral vaccines are subject to the harsh acidic and protease-rich 

environment in the stomach. For protein-based vaccines, macromolecular structure as well 

as the immunogenic epitopes necessary to simulate an adaptive immune response can be 

compromised. Previous work has established that antigen digestion in the gastric tract 

contributes to oral tolerance. Thus, we first developed a biomaterial delivery for oral 

vaccines focused on gastric protection and explored electrospun nanofibers for this 

application. This fabrication method is relevant for large-scale translation, produces a 

solid dosage form, and can be used with a variety of polymers. In the first specific aim, 

protein formulation in pH-responsive nanofibers was developed using emulsion 

electrospinning. We found that varying emulsion parameters impacted protein bioactivity 

and were able to achieve 100% bioactivity retention through reduction of the aqueous 
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phase percentage in the emulsion. These materials were observed to have a core/shell 

architecture, which limited protein release in acidic environments and provided partial 

protection from pepsin-mediated activity loss. Shelf life of these protein-loaded materials 

could be extended through lyophilization to reduce residual water content of the fibers. 

 While the first aim developed an electrospinning platform to protect vaccines in 

the gastric environment and facilitate their release in the intestine for uptake, aim 2 

focused on the use of adjuvants to stimulate intestinal epithelial cells to overcome 

subsequent barriers to oral vaccination. Epithelial cells are known to regulate immunity 

in the intestine, as they communicate to underlying immune cells and condition them to 

be immunotolerant. Through stimulation of epithelial cells, the signaling profile can be 

changed such that immune cells are activated and recruited for antigen internalization to 

mediate adaptive immune responses. We aimed to develop a new strategy to increase 

immune responses to oral vaccines through targeting these important immune cells. The 

TLR agonist CpG and cationic polymer PEI were found to increase adaptive immune 

responses to orally delivered protein vaccine antigens, with CpG increasing antibody and 

CD4+ T cell responses and PEI expanding CD8+ T cell responses in vivo. In vitro, these 

two adjuvants induced intestinal epithelial cells to secrete DC-recruiting cytokines, which 

may contribute to their activity observed in vivo. PEI was also found to modulate antigen 

uptake in both epithelial and dendritic cells. However, at this time we cannot definitively 

say that the enhanced adaptive immunity observed by certain adjuvants is due to this 

differential action. Future work may more robustly evaluate the immune signatures of 

each adjuvant over the course of the immune response, potentially through transcriptional 

analysis. 

Finally, we applied the pH-responsive nanofiber delivery platform to further study 

the role of gastrointestinal digestion on the immunogenicity of protein-based vaccines. 

While multiple studies have supported the notion that the gastric environment leads to 

tolerogenic rather than immunogenic responses, the mechanisms behind this effect are not 
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known. Additionally, if protection in the intestinal environment is also necessary has not 

been evaluated. We hypothesized that cleavage of protein antigens by gastrointestinal 

enzymes would reduce their potential to activate immune responses. We find that both 

gastric and intestinal digestion reduce the ability of a model antigen to induce dendritic 

cell maturation and secretion of the inflammatory cytokine IL-12. However, the induction 

of T cell proliferation depends on if relevant immune epitopes contain gastrointestinal 

enzyme cleavage sites. Using the nanofiber platform developed, we demonstrate that 

antigen formulation in nanofibers can protect susceptible epitopes from enzymes and 

induce T cell proliferation after exposure to simulated gastrointestinal conditions. In 

contrast to nanofibers, nanoparticles did not effectively protect antigens from gastric 

conditions and lost function similar to unprotected antigens. When administered orally to 

mice in vivo, soluble and fiber-encapsulated antigens both demonstrated low induction of 

immune responses. However, when combined with adjuvants identified in the second aim, 

CD8+ T cell responses, which recognized antigen epitopes that were susceptible to gastric 

enzyme cleavage, were enhanced. Overall, this work demonstrates how gastrointestinal 

digestion influences innate immune cell activation and antigen processing, leading to 

differences in T cell activation potential. For vaccines with immunogenic epitopes that 

contain cleavage sites for gastrointestinal enzymes, prevention of such digestion through 

protective biomaterial formulation is a strategy to increase epitope-specific immune 

responses. While in this work we predominately focused on the antigen-specific CD8+ T 

cell response, as we found this epitope to contain multiple cleavage sites, future work may 

focus on the difference in functional responses of antigen-specific CD4+ T cells. While the 

epitopes recognized by the T cell receptors for these cells did not contain cleavage sites 

within the epitope, we did observe differences in polarization and cytokine secretion. 

Finally, how protection of antigen epitopes from gastrointestinal digestion through 

biomaterial formulation as well as the use of different adjuvants impacts the development 
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of immune memory will be critical to evaluate for the translation of such vaccine 

technologies. 

During the course of this dissertation, additional work was completed investigating 

dendritic cell priming ex vivo to develop cells with higher antigen loading and an enhanced 

ability to activate CD8+ T cells for use in cell-based vaccines and immunotherapies 

(Appendix C). Through an NSF GROW pre-doctoral fellowship, the expression and 

regulation of fatty acid binding proteins, which are known to be involved in cellular 

metabolism, in tissue-resident memory T cells was studied. This work was completed in 

the laboratory of Dr. Laura Mackay at the University of Melbourne and Doherty Institute 

for Infection and Immunity. 
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APPENDIX A: CHAPTER 4 SUPPLEMENTARY 

INFORMATION 

 

Supplementary Methods 

Bone marrow dendritic cell derivation 

Bone marrow-DCs (BMDCs) were derived as previously described [12]. Briefly, 

tibias and femurs were collected from the hind limbs of 8-12-week-old female C57BL/6J 

mice (Jackson Laboratory, Bar Harbor, ME, USA) and the bone marrow was flushed out. 

Red blood cells were lysed and the remaining cells were cultured on petri dishes in 

complete cell culture medium: RPMI-1640 (Cellgro), 2 mM L-glutamine (Cellgro), 10 mM 

HEPES, 1x non-essential amino acids, 1 mM Na Pyruvate, 55 µM 2-mercapthoethanol, 

1% penicillin/streptomycin, and 10% heat-inactivated fetal bovine serum (all from 

Invitrogen) with 20 ng mL-1 GM-CSF (PeproTech). After 3, 5, and 7 days of culture the 

cells were supplemented with new medium and GM-CSF at 20 ng mL-1. BMDCs were 

used for experimentation between day 7 and 9. 

 

Dendritic cell migration in vitro 

BMDCs or DC2.4s were seeded on the apical side of a 5 µm transwell membrane 

filter in 24-well plates (Corning) at 100,000 cells per membrane and allowed to attach for 

30 minutes. Serum-free medium, CCL20 (250 ng mL-1) in serum-free medium, or 

supernatants from Caco-2 cells treated with adjuvant were added into the lower chamber 

of the wells. After 2 hours, the membranes were processed for quantification of the number 

of migrated DCs by removing the non-migrated cells from the apical side of the membrane 

using cotton swabs and adding 0.25% trypsin in the lower well in contact with the 

basolateral side of the membrane. Detached cells were collected, washed in FACS buffer 

(1% BSA in PBS), fixed in 1.6% PFA, and quantified using a CantoII flow cytometer. 
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Nanoparticle synthesis, characterization, and in vivo uptake study 

Poly(lactic-co-glycolic acid) (PLGA) (50:50, acid-terminated, 0.55 – 0.75 dL g-1) 

(Lactel, Birmingham, AL, USA) was dissolved in dichloromethane (Sigma) at 50 mg mL-

1. BSA-FITC in solution was added dropwise into the PLGA solution at 10% volume 

while vortexing. The primary emulsion was probe-sonicated (500 W Ultrasonic Processor 

GEX500) at 38% amplitude for 30 seconds followed by placement on ice, repeated for a 

total of 3 times. The primary emulsion was added drop-wise into an equivalent volume of 

5% polyvinyl alcohol (PVA, 30 – 70 kDa, 87-90% hydrolyzed) (Sigma) while vortexing. 

The secondary emulsion was sonicated as described above and transferred into 0.3% PVA 

and stirred overnight to allow for solvent evaporation.  

Age-matched female C56Bl/6J were immunized with BSA-FITC in PLGA 

nanoparticles (5 mg) in 200 µL by oral gavage using a 22G metal gavage needle. Two 

hours later, mice were sacrificed and small intestines were collected. Small intestines were 

flushed with PBS and processed into three sections of equal length. Single cell suspensions 

of small intestinal IEL and LP cells were generated and stained for flow cytometry analysis 

following methods as described in the main text (Section 4.3.4.7). Cells were analyzed for 

BSA-FITC uptake on an Attune NxT flow cytometer (Thermo) and analyzed using 

FlowJo software. 
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Supplementary Figures 

 

Figure S4.1. Maturation status of DCs influences responsiveness to chemokines. DC2.4 cells and 
mature BMDCs were seeded on the apical side of a transwell membrane with 5 µm pores and the 
degree of migration towards serum-free RMPI, CCL20, CCL21, or GM-CSF (all 250 ng mL-1) in 
the lower chamber was evaluated after 2 hours. Data representative of n=1 per group. 
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Figure S4.2. Migration of A) semi-mature BMDCs and B) DC2.4 cells towards Caco-2 conditioned 
media (CM) through a 5 µm transwell membrane after 2 hours. Data representative of n=3 per 
experimental group and presented as mean ± standard deviation. 
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Figure S4.3. Protein uptake after oral delivery in PLGA nanoparticles. Mice were orally 
administered PBS or PLGA nanoparticles (5 mg) encapsulating BSA-FITC. Two hours after 
administration, mice were sacrificed, small intestines were collected, and separated in into three 
sections. Small intestinal sections were processed into single cell suspensions of A) intraepithelial 
cells and B) lamina propria cells. Cells were stained and analyzed for uptake of BSA by flow 
cytometry. Data representative of n=2 mice per group and presented as mean ± standard 
deviation. 
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APPENDIX B: CHAPTER 5 SUPPLEMENTARY 

INFORMATION 

 

Supplementary Methods 

Dendritic cell protein uptake 

BSA was fluorescently labeled using DyLight 800 NHS Ester (Thermo) following 

manufacturer’s instructions and encapsulated in PLGA NPs. DC2.4 cells were seeded at 

100,000 per well in 24-well plates overnight in complete medium (RPMI 1640 

supplemented with 2 mM L-glutamine, 10% FBS, and 100 U mL-1 penicillin and 

streptomycin). Cells were treated with BSA-Dylight800 (10 µg mL-1) in soluble form or 

encapsulated in PLGA NPs for 4 hours. Cells were then washed, detached, stained with 

Live/Dead Fixable Violet (Thermo Fisher Scientific), fixed in 1.6% PFA, and analyzed 

by flow cytometry using a CantoII for BSA uptake in the live population. Flow cytometry 

analysis was performed using FlowJo software (Treestar). 

 

Nanoparticle characterization  

Nanoparticle size was determined by dynamic light scattering (Zetasizer, Malvern) 

in PBS or simulated gastrointestinal fluids with or without enzymes (pepsin and 

pancreatin for gastric and intestinal fluids, respectively). 

 

PLGA emulsion electrospun nanofiber synthesis and release studies 

In some studies, BSA was loaded in emulsion electrospun PLGA nanofibers. PLGA 

was dissolved in HFIP at 15 wt%. To form an emulsion, Tween-20 was added at 1% 

volume and BSA in solution was added dropwise to the PLGA/Tween-20 solution while 

vortexing at a 10% aqueous phase. The emulsion was then electrospun onto waxed paper 

on a metal collector using a needle-rig electrospinning set up (12 kV, 40 µL min-1 flow 

rate, 12 cm distance) in a fume hood. BSA-loaded PLGA nanofibers were massed and 
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placed in PBS at 37°C under lateral shaking (150 rpm). At the designated time points, 

sample was removed for analysis followed by volume replacement. Samples were analyzed 

by MicroBCA Protein Assay Kit (Thermo) to quantify protein release following 

manufacturer’s instructions. 

 

Fluid collection and enzyme-linked immunosorbent assay (ELISA) 

Blood was collected biweekly and serum was separated by centrifugation and stored 

at -20°C until analysis. The small intestine was washed with 5 mL PBS with 0.1 mg mL-

1 trypsin inhibitor (Sigma) and 50 mM EDTA. Intestinal lavage fluid was vortexed and 

centrifuged at 2,000 x g for 30 min at 4°C. Supernatant was collected and stored at -20°C 

until analysis. Antigen-specific IgG and IgA antibodies were assayed from serum and 

intestinal lavage fluid by ELISA. OVA (2 - 5 µg mL-1) in 10 mM sodium bicarbonate was 

adsorbed to 96-well high-binding ELISA plates (Costar) at 4°C overnight. Plates were 

washed with PBS with 1% Tween-20 (PBS-T) and blocked with 2% bovine serum albumin 

(BSA) in PBS-T for 2 hours at room temperature. Plates were washed with PBS-T and 

incubated with pre-diluted samples and incubated at 37°C for 2 hours, starting at 1:100 

sample dilution for serum and 1:10 sample dilution for intestinal lavage fluid. Samples 

were also added at equivalent dilutions to wells without pre-adsorbed OVA to identify 

background signal for each sample. Plates were washed and incubated with HRP-

conjugated goat anti-mouse IgG (Thermo) or goat anti-mouse IgA (Thermo) (1:1000 - 

1:2000 dilution) for 2 hours at 37°C. Plates were washed and incubated with TMB 

substrate (BioLegend) for 1 hour at room temperature. Absorbance was read at 605nm. 

 

Immunohistochemistry 

Female C56Bl/6J were administered BSA-FITC (10 mg) and PEI (50 µg) by oral 

gavage. Four hours later, mice were sacrificed, and small intestines were flushed with PBS, 

cut open longitudinally, and incubated with paraformaldehyde (4%) for 20 minutes at 
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room temperature. Small intestines were washed and incubated in sucrose (30%) for 1.5 

hours at room temperature. Small intestines were rolled and snap-frozen in OCT 

compound (Thermo). Cross sections (20 µm thick) were prepared by the Histology and 

Imaging Core at the University of Washington. Sections were dried and cold acetone (-

20°C) was added to sections and allowed to evaporate. Sections were washed in Tris-

buffered saline (50 mM Tris-HCl, 150 mM NaCl, pH 7.5), blocked with 1% BSA for 30 

minutes at room temperature, and incubated with hamster anti-mouse CD11c-N418 (20 

µg mL-1) (eBioscience) overnight at 4°C. After washing, sections were incubated with 

rabbit anti-hamster IgG-TRITC (5 µg mL-1) for 1 hour at room temperature followed by 

mounting in Fluoromount-G with DAPI (Thermo). Sections were imaged using a Nikon 

Eclipse Ti microscope (Nikon, Melville, NY, USA) equipped with an Andor (model 

number DR-328G-C01-SIL) fluorescence camera (Andor, Belfast, UK). 

 

Supplementary Figures 

 
Figure S5.1. Simulated gastrointestinal fluids do not affect PLGA NP diameter or polydispersity 
index. PLGA NPs were incubated in PBS or simulated gastric (SGF) or intestinal (SIF) fluids 
with or without pepsin or pancreatin, respectively. NP diameter (left axis) and PDI (right axis) 
were determined by dynamic light scattering. Data representative of n=3 per group. 
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Figure S5.2. Enhanced dendritic cell uptake of proteins when formulated in PLGA NPs. DC2.4 
cells were treated with soluble BSA-DyLight800 or PLGA NP-encapsulated BSA-DyLight800 at 
10 ug mL-1 BSA. Uptake of BSA was evaluated after 4 hours by flow cytometry. Data representative 
of n=3 per group. 
 

 
Figure S5.3. BSA release from PLGA nanofibers formed by emulsion electrospinning. 

 

 
Figure S5.4. Histology of small intestine after oral administration of PEI. Fluorescent microscopy 
images of small intestinal cross sections of mice treated with BSA-FITC (10 mg) and A) no 
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adjuvant or B) PEI (50 µg) 4 hours after oral gavage. Blue, DAPI; Green, BSA-FITC; Red, 
CD11c. 
 

 
Figure S5.5. Antibody and CD4+ T cell responses to oral immunization with unprotected or 
gastric-protected antigen. Female C56Bl/6J mice were treated with soluble or Eudragit L100 
nanofiber-encapsulated OVA (0.2 mg) by oral gavage and adaptive immune responses were 
evaluated 14 days after the last dose. Antigen-specific A) serum IgG and B) small intestinal IgA 
were quantified by ELISA. Mesenteric lymph nodes (mLNs) and small intestinal lamina propria 
(SI LP) were processed into single cell suspensions and stained for analysis by flow cytometry. 
Percentage of CD44+ CD4+ T cells, I-A(b) OVA325-335 tetramer positive CD44+ CD4+ T cells, 
and T-bet+ or Foxp3+ CD44+ CD4+ T cells in C) mLNs and D) SI LP. Data representative of 

n=2-6 mice per group and is presented as mean ± standard deviation and analyzed by one-way 
ANOVA. 
 



 229 

APPENDIX C: DENDRITIC CELL-BASED VACCINE 

PROGRAMMING 

 

Publication: Frizzell, H., Park, J., Lou, N. C., & Woodrow, K. A. (2017). Role of 

heterogeneous cell population on modulation of dendritic cell phenotype and activation of 

CD8 T cells for use in cell-based immunotherapies. Cellular Immunology, 311, 54-62. 

 

Abstract 

Dendritic cell (DC)-based immunotherapies have much utility in their ability to 

prime antigen-specific adaptive immune responses. However, there does not yet exist a 

consensus standard to how DCs should be primed. In this study, we aimed to determine 

the role of heterogeneous co-cultures, composed of both CD11c+ (DCs) and CD11c- cells, 

in combination with monophosphoryl lipid A (MPLA) stimulation on DC phenotype and 

function. Upon DC priming in different co-culture ratios, we observed reduced expression 

of MHCII and CD86 and increased antigen uptake among CD11c+ cells in a CD11c- 

dependent manner. DCs from all culture conditions were induced to mature by MPLA 

treatment, as determined by secretion of pro-inflammatory cytokines IL-12 and TNF-a. 

Antigen-specific stimulation of CD4+ T cells was not modulated by co-culture 

composition, in terms of proliferation nor levels of IFN-g. However, the presence of CD11c- 

cells enhanced cross-presentation to CD8+ T cells compared to purified CD11c+ cells, 

resulting in increased cell proliferation along with higher IFN-g production. These findings 

demonstrate the impact of cell populations present during DC priming, and point to the 

use of heterogeneous cultures of DCs and innate immune cells to enhance cell-mediated 

immunity. 

 

 



 

Introduction 

Dendritic cells (DCs) are unique immune cells that bridge the innate and adaptive 

immune systems through their ability to effectively present antigen to T cells [1]. DC-

based immunotherapies prime DCs ex vivo with a specific antigen, induce their 

maturation, and then re-administer them back into the body where they will home to the 

lymph nodes and activate the adaptive immune system [2]. Many DC-based therapies 

have moved into clinical trials and demonstrated safety and the ability to elicit antigen-

specific immune responses. However, these studies have shown only modest performance 

in objective clinical outcomes such as tumor response rates [3,4]. While the exact 

mechanism for these observed outcomes has not been fully elucidated, using DC-vaccines 

in combination with other immuno-regulatory therapies as well as generating DCs that 

are more immunogenic and functional for administration are active areas of investigation 

[5]. The efficacy of DC-vaccines to generate desired immune responses has been probed 

with respect to parameters such as type of antigen loaded, maturation stimuli used, route 

of administration, and the subsets of DCs utilized [4,6,7]. Overall, generation of these DC-

therapies has not been optimized and its achievement is critical to understand how to 

generate more effective immunotherapies. 

One strategy to improve DC-therapies involves the use adjuvants, such as toll-like 

receptor (TLR) agonists, to activate DCs and induce their maturation and migration to 

lymph nodes where they can interact with T cells [8–10]. This stimulation renders DCs 

with the ability to effectively activate encountered T cells and induce lineage commitment 

and effector responses. Specifically, the TLR4-agonist monophosphoryl lipid A (MPLA) 

has been shown to increase the function of antigen presenting cells (DCs and macrophages) 

to induce T cell proliferation and polarization into T-helper 1 cells (TH1), which are 

important in fighting intracellular pathogens and tumors [11,12]. Many DC-therapy 

clinical trials have shown a superiority of mature over immature DCs in terms of clinical 

outcomes [13,14]. Thus, in adoptive cell transfers, DCs are commonly pulsed with 



 

stimulating factors, such as TLR ligands, to induce their maturation and enhance their 

effectiveness [15]. 

In the generation of these therapies for pre-clinical studies, DCs are frequently 

derived from monocyte precursors in the bone marrow using granulocyte macrophage-

colony stimulating factor (GM-CSF), which is a growth factor that generates a 

heterogeneous population of both CD11c+ (DCs) and CD11c- cells (non-DC monocytes 

and granulocytes) [16–18]. For application in human clinical trials, DCs are commonly 

derived from blood monocytes [19]. Crosstalk between cell populations, particularly 

between immune cell populations, has been shown to exist dynamically. Such 

communication can control immune responses and influence the balance between 

inflammation and tolerance [20–23]. For instance, paracrine signaling of cytokines and 

other soluble factors can activate nearby cells and propagate the immune response [24,25]. 

Additionally, direct cell-cell contact via receptor binding can also induce intracellular 

signaling that leads to activation and suppression of cellular programs or the production 

of immunological factors in a variety of immune settings [25–27]. The effect of such cell 

crosstalk can be observed in the context of DC-based therapies, in which the use of the 

bone marrow-derived heterogeneous CD11c+ and CD11c- population significantly 

increased the percentage of tumor-free mice after melanoma challenge compared to the 

purified DC population. This study demonstrated the importance of the presence of 

CD11c- cells in achieving the desired immune response of restricting tumor growth [17]. 

Extensive crosstalk and cell-cell communication could occur in this heterogeneous 

environment to modulate DC maturation, antigen uptake, processing, and presentation, 

which are critical for the success of DC-based therapies. Although this parameter has 

shown to be necessary to induce antitumor protection in mice in vivo, the role of cell 

populations present during ex-vivo priming is still significantly understudied. Moreover, 

how DC phenotype and immunogenicity is affected by TLR activation when DCs are 

cultured in a heterogeneous cell population has not been investigated. 



 

We aim to further exploit the use of heterogeneous co-cultures to strengthen DC-

therapies. Here, we explore how different percentages of CD11c- cells present during DC 

priming and stimulation influence DC phenotype and capability of activating adaptive 

immune responses. Such findings can impact priming protocols for cell-based therapies to 

produce superior DCs, thereby potentially leading to improved clinical outcomes. In this 

study, we hypothesized that DC phenotype, antigen uptake, and functional ability to 

stimulate T cells are controlled by MPLA stimulation in combination with the 

composition of the CD11c+/- population in culture. Interestingly, the heterogeneous 

population of MPLA-treated CD11c+/- cells at specific ratios negatively affected DC 

maturation and preferentially induced CD8+ T cell proliferation via cross-priming. Hence, 

we demonstrate that an ex vivo DC preparation protocol based on a combination of 

heterogeneous cells and TLR stimulation can possibly be a potent strategy to enhance 

cellular immunity against tumors or infections. 

 

Materials and Methods 

Derivation of bone marrow DCs and CD11c+ isolation 

Bone marrow-DCs were derived as previously described [29]. Briefly, tibias and 

femurs were collected from the hind limbs of 8-12-week-old female C57BL/6 mice (Jackson 

Laboratory, Bar Harbor, ME) and the bone marrow was flushed out. Red blood cells were 

lysed and the remaining cells were cultured on petri dishes in complete cell culture media: 

RPMI-1640 (Cellgro, Manassas, VA), 2 mM L-glutamine (Cellgro), 10 mM HEPES, 1x 

non-essential amino acids, 1 mM Na Pyruvate, 55 µM 2-mercapthoethanol, 1% 

penicillin/streptomycin, and 10% heat-inactivated fetal bovine serum (all from Invitrogen, 

Carlsbad, CA) with 20 ng mL-1 GM-CSF (PeproTech, Rocky Hill, NJ). After 3, 5, and 7 

days of culture the cells were supplemented with new media and GM-CSF (20 ng mL-1). 

On day 8, all cells were detached, collected, and magnetically labeled with anti-CD11c 

microbeads (Miltenyi Biotec, Auburn CA). Labeled cells were flowed through a magnetic 



 

column and CD11c+ cells were isolated by positive selection. The retained fraction 

(CD11c enriched) was separated from the eluted fraction (CD11c reduced) and used for 

further experimentation. Immediately after separation, the CD11c enriched isolate was 

found to be 70.98% CD11c+ ± 20.22 and the CD11c reduced isolate was found to be 

26.36% CD11c+ ± 7.90 as identified by flow cytometry (FACS Canto II). Data were 

analyzed using FlowJo software (Tree Star). 

 

CD11c+ DC phenotype analysis with and without TLR stimulus 

After CD11c+ cell isolation, cells were seeded in 24-well plates at varying ratios of 

cells from the CD11c enriched isolate to cells from the CD11c reduced isolate. Ratios of 

8:1, 1:1, and 1:8 were investigated. Wells with only CD11c enriched and reduced isolate 

cells were included as controls. Total cell number was kept constant for all ratios at 

250,000 cells per well. After seeding, cells received either media only or stimulation with 

MPLA (10 µg mL-1) (InvivoGen, San Diego, CA). Lipopolysaccharide (LPS) stimulation 

(1 µg mL-1) of CD11c enriched cells was included in the first experiment as a positive 

control. Twenty-four hours later, all cells were collected using Cell Dissociation Buffer 

(Thermo Fisher Scientific, Waltham, MA), blocked with anti-Fc antibody, and stained 

with APC anti-mouse CD11c, PerCP/Cy5.5 anti-mouse MHC Class II (MHCII), Brilliant 

Violet (BV) 605 anti-mouse CD86 (antibodies purchased from BD Biosciences, Franklin 

Lakes, NJ), and LIVE/DEADâ Fixable Violet Dead Cell Stain (Thermo Fisher Scientific). 

After fixation with 1.6% paraformaldehyde, cells were analyzed by flow cytometry (FACS 

Canto II). Flow cytometry data were analyzed by FlowJo software for surface marker 

expression of the live, CD11c+ gated population. 

 

Antigen uptake 

Cells were seeded at varying CD11c enriched to CD11c reduced isolate ratios in 

24-well plates as described above and fluorescently labeled ovalbumin (OVA-Alexa Fluor 

647) (Thermo Fisher Scientific) was added to cultures at a concentration of 10 µg mL-1 



 

simultaneously with MPLA stimulus (10 µg mL-1). Twenty-four hours later, all cells were 

collected, washed extensively, stained with PerCP anti-mouse CD11c and LIVE/DEADâ 

Fixable Violet, fixed with 1.6% paraformaldehyde, and analyzed by flow cytometry 

(LSRII). Flow cytometry data were analyzed by FlowJo software for OVA-Alexa Fluor 

647 signal of live cells. 

 

Antigen-specific CD4+ and CD8+ T cell proliferation assay 

Following CD11c isolation of bone marrow cells, cells were seeded at CD11c 

enriched to CD11c reduced isolate ratios of 8:1, 1:1, and 1:8 in 96-well plates at 10,000 

total cells per well. Controls of CD11c enriched and reduced cells only were included. Cells 

were incubated with MPLA stimulus (2 µg) and EndoFit ovalbumin (20 µg) (InvivoGen) 

for 24 hours before co-culture with T cells. CD11c enriched cells without treatment with 

ovalbumin were included as a negative control and CD11c enriched cells treated with LPS 

(0.2 µg) were included as a positive control. CD4+ and CD8+ T cells were collected from 

the spleens of OTII and OTI transgenic mice (Jackson Laboratory, New Harbor, ME), 

respectively. Briefly, spleens were collected and placed in 4 mL digestion media at 1.5 mg 

mL-1 Collagenase D and 40 µg mL-1 DNase I (Sigma-Aldrich, St. Louis, MO) in RPMI-

1640. Spleens were then incubated at 37 °C for 30 minutes. Connective tissue was filtered 

out by a 70 µm cell strainer, and red blood cells were lysed. To select for CD4+ or CD8+ 

T cells, remaining splenocytes were incubated with magnetically-labeled antibodies and 

isolated by negative selection through a magnetic column (Miltenyi). Purified T cells were 

then labeled with carboxyfluorescein succinimidyl ester (CFSE) (10 µM) (Thermo Fisher 

Scientific) for proliferation tracking. T cells were co-cultured with OVA- and MPLA-

treated CD11c+/- cells at CD11c+/- cells:T cells 1:10 for CD4+ and 1:30 for CD8+ T 

cell proliferation analysis. After 72 hours, cells were collected, stained with APC anti-

mouse CD4 or APC anti-mouse CD8 (BD Biosciences) and LIVE/DEADâ Fixable Violet, 

fixed with 1.6% paraformaldehyde, and analyzed by flow cytometry (LSRII). Fraction 



 

diluted was quantified by the CFSE signal dilution of the live, CD4+ or CD8+ population. 

Proliferation index was calculated using FlowJo v9 Proliferation Platform. 

 

Analysis of cytokine production 

Concentration of cytokines IL-12, IL-10, IL-1b, TNF-a in the cell culture 

supernatant of CD11c+/- co-cultures after 24 hour MPLA treatment and of cytokines IL-

4 and IFN-g accumulated in the cell culture supernatant from CD11c+/- and T cell 

cultures after 72 hours were analyzed by enzyme-linked immunosorbent assay (ELISA) 

according to the manufacturer’s instructions (PeproTech). 

 

Statistical analysis 

Results are expressed as the mean ± standard deviation. When comparing outcomes 

between groups, statistical analysis was performed by one-way analysis of variance 

(ANOVA) using Tukey’s multiple comparison post-test. When comparing outcomes 

between the same group of different conditions (no stimulus vs MPLA-treated), multiple 

t-tests were used with multiple comparison correction using the Holm-Sidak method. 

Statistical analyses were performed using GraphPad Prism 6 software. Statistical 

significance was defined as p<0.05 (*p<0.05; **p<0.01; ***p<0.005; ****p<0.001). 

 

Results 

Co-cultures of CD11c+ and CD11c- cells modulate adjuvant-induced DC maturation 

We examined DC maturation marker expression from co-cultures of varying ratios 

of CD11c+ and CD11c- cells to understand how these heterogeneous cell populations 

respond to TLR stimulation. The co-culture groups investigated were CD11c enriched, 

CD11c reduced, and combinations of 8:1, 1:1, and 1:8, respectively. MPLA-stimulation 

induced the upregulation of the maturation markers CD86 and MHCII among the CD11c+ 

DC population for all co-culture conditions as quantified by mean fluorescence intensity 

(MFI). Compared to non-stimulated cells of the same culture condition, stimulation by 



 

MPLA resulted in an MFI increase of up to 14- and 3-fold for CD86 and MHCII 

respectively, demonstrating the ability of DCs to strongly respond to maturation stimuli 

(Figure 1a). However, although all cultures were exposed to the same amount of adjuvant, 

DCs in the presence of CD11c- cells did not upregulate surface markers CD86 and MHCII 

to the same extent as when cultured as a CD11c+ enriched population (Figure 1b,c, 

respectively). Surface upregulation was further dampened with increased fraction of 

CD11c- cells in the culture. 

 
Figure 1. Presence of bone marrow-derived CD11c cells reduces extent of inflammatory surface 

marker expression by CD11c+ DCs upon MPLA stimulation. Bone marrow- derived cells were 

separated into CD11c enriched and CD11c reduced isolates, co-cultured at varying ratios, and 

treated with or without MPLA (10 µg mL-1). (a) The CD11c+ population was analyzed for 

expression of CD86 and MHCII. Relative mean fluorescence intensity (MFI) of (b) CD86 and (c) 



 

MHCII of CD11c+ cells after MPLA stimulation for 24 h under different co-culture conditions. 

Untreated and LPS-treated (1 µg mL-1) CD11c enriched cells were included as negative and 

positive controls, respectively. Data is representative of the mean of three independent experiments 

± standard deviation. Statistical analysis was performed by one-way analysis of variance using 

Tukey’s multiple comparison post-test comparing groups against the CD11c enriched culture 

condition. ***p < 0.005; **p < 0.01; *p < 0.05. 

 

In the absence of MPLA stimulation, the majority of CD11c+ cells did not co-

express the maturation markers MHCII and CD86 for all co-cultures (Figure 2a,b). We 

observed a slight decrease in the percentage of CD11c+ cells that were double positive for 

both markers as the percentage of CD11c- cells in the culture increased, although this 

trend was not significant. Upon MPLA stimulation, we observed a significantly lower 

percentage of CD86 and MHCII double positive CD11c+ cells in co-cultures containing a 

higher fraction of CD11c- cells (Figure 2a,c). Low expression of these activation markers 

was observed on the CD11c- population for all culture ratios after MPLA stimulation, in 

which MFI values of CD86 and MHCII were up to ~12- and 9-fold less than that of the 

CD11c+ population, respectively (data not shown). From these data, we can conclude 

that the presence of CD11c- cells during DC priming with a TLR adjuvant impede MPLA-

driven DC maturation and result in DCs with a less mature phenotype. 



 

 
Figure 2. Presence of bone marrow-derived CD11c cells reduces CD11c+ DC maturation by 
MPLA adjuvant. Bone marrow-derived cells were separated into CD11c enriched and CD11c 
reduced isolates, co-cultured at varying ratios, and treated with or without MPLA (10 µg mL-1). 
(a) Representative flow plots showing CD86 and MHCII co-expression on CD11c+ cells both with 
and without MPLA stimulation. Percentage of live, CD11c+ cells that were CD86+ MHCII+ 
double positive 24 h after co-culture at varying ratios (b) without MPLA stimulation and (c) with 
MPLA stimulation. LPS-treated (1 µg mL-1) CD11c enriched cells were included as a positive 
control. Data representative of the mean of three independent experiments ± standard deviation. 
Statistical analysis was performed by one-way analysis of variance using Tukey’s multiple 
comparison post- test comparing groups against the CD11c enriched culture condition. **p < 
0.01; *p < 0.05. 
 

To investigate how the co-culture conditions modulate cytokine secretion from 

cells, we analyzed co-culture supernatants both with and without MPLA treatment for 



 

the presence of common inflammatory cytokines. Without adjuvant stimulation, all 

culture conditions secreted low levels of the cytokines IL-12 and TNF-α (Figure 3a,b), 

whereas no secretion of IL-10 or IL-1β was detected. After addition of MPLA, we observed 

a dramatic increase up to 400- and 56-fold in the concentration of IL-12 and TNF-α, 

respectively, compared to non-stimulated cells of the same culture condition (Figure 3a,b). 

Similar concentrations of TNF-α was detected from all cultures and although not 

statistically significant, we observed a trend for increased IL-12 secretion with increased 

percentage of CD11c+ cells present. Thus, for the common cytokines investigated, co-

culture ratio does not play a role in modulating cytokine secretion. 

 
Figure 3. MPLA adjuvant stimulation induces enhanced inflammatory cytokine expression by all 
CD11c± co-culture ratios. Bone marrow-derived cells were separated into CD11c enriched and 
CD11c reduced isolates, co-cultured at varying ratios, and received either no stimulus or MPLA 
treatment (10 µg mL-1). Supernatants were assessed by ELISA for the presence of (a) interleukin-

12 (IL-12) and (b) tumor necrosis factor alpha (TNF-a) after 24h. Data is representative of the 
mean of three independent experiments ± standard deviation. Statistical analysis was performed 
by comparing no stimulus and MPLA treatment values for each co-culture condition using multiple 
t-tests. ****p < 0.001; ***p < 0.005. 
 

Combination of both CD11c+ and CD11c- cells enhances antigen uptake by DCs 

Given that DC maturation status was observed to be dependent on CD11c+/- co-

culture ratio, we hypothesized that antigen uptake by MPLA-stimulated CD11c+ cells 

would also be influenced by the presence of CD11c- cells in culture since antigen uptake 

capacity is downregulated upon DC maturation. The elucidation of this parameter is 



 

critical in order to achieve high DC loading of antigen during ex vivo priming. Using an 

OVA-Alexa Fluor 647 antigen, we treated CD11c+/- cultures with both MPLA and OVA 

simultaneously and observed that almost all of the CD11c+ population in co-culture with 

CD11c- cells was OVA+. Degree of antigen uptake was found to be dependent on the 

CD11c- fraction in the culture, as OVA MFI of CD11c+ cells increased as the percentage 

of CD11c- cells in the culture increased (Figure 4a). In particular, we observed a significant 

increase in uptake of OVA by almost two-fold in the 1:8 co-culture compared to the 

CD11c+ enriched population. In contrast, a low percentage of the CD11c- population was 

OVA+ and displayed lower OVA signal per cell (Figure 4b). In summary, the presence of 

CD11c- cells during DC maturation and antigen loading enhance uptake of antigen in 

CD11c+ DCs. 

 
Figure 4. Presence of CD11c- cells enhances antigen uptake in CD11c+ DCs. Bone marrow-
derived cells were separated into CD11c enriched and CD11c reduced isolates, co- cultured at 
varying ratios, and were incubated with ovalbumin-Alexa Fluor 647 (OVA) (10 µg) in combination 
with MPLA treatment (10 µg mL-1). The presence of OVA was analyzed by flow cytometry for 
both the (a) CD11c+ population and (b) CD11c- population. CD11c enriched cells not treated 
with adjuvant were included as a negative control. To reduce mouse-to-mouse variability, OVA 
MFI was normalized to the CD11c+ population from the CD11c enriched culture condition from 
each experimental replicate. Data is representative of the mean of three independent experiments 
± standard deviation. Statistical analysis was performed by one-way analysis of variance using 
Tukey’s multiple comparison post-test comparing groups against the CD11c enriched culture 
condition. *p < 0.05. 
 

 



 

Presence of CD11c- cells enhance CD8+ T cell proliferation and activation 

We next sought to understand the functional differences of DCs when cultured in 

the presence of CD11c- cells at varying ratios through investigation of CD4+ and CD8+ 

T cell proliferation. Through the utilization of T cells bearing transgenic receptors specific 

for OVA epitopes, we elucidated DC antigen presentation and capacity to stimulate 

antigen-specific T cells. Upon culture of CD4+ T cells with OVA-pulsed, MPLA-

stimulated CD11c+/- cell ratios, we observed a similar percentage of CD4+ T cells that 

underwent at least one round of proliferation (fraction diluted) from all co-culture 

conditions, with around 80% of all T cells undergoing at least one round of proliferation 

(Figure 5a,b). We also investigated the secretion of T cell cytokines IFN-g and IL-4 after 

72 hours to identify T cell polarization into a TH1 or TH2 phenotype, respectively. No IL-

4 was detected in any cultures and IFN-g was detected in all cultures at similar levels 

(Figure 5c). These data indicate that the presence of CD11c- cells do not prevent or reduce 

MHCII presentation to CD4+ T cells nor their polarization toward the TH1 lineage. 

 
Figure 5. Equivalent activation of antigen-specific CD4+ T cells by all CD11c± co-culture ratios. 
Bone marrow-derived cells were separated into CD11c enriched and CD11c reduced isolates, co-



 

cultured at varying ratios, incubated with ovalbumin (OVA) (10 µg) in combination with MPLA 
treatment (10 µg mL-1) for 24 h, and then cultured with OVA-specific CFSE+ CD4+ T cells at 
CD11c±:T cell 1:10 for 72 h. (a) Dilution of CFSE+ signal among CD4+ T cells after culture 
with CD11c± cells was observed by flow cytometry. (b) Fraction of CD4+ T cells diluted with 
respect to CD11c± ratio. (c) Supernatants were assessed by ELISA for the presence of interferon 
gamma (IFN-g). CD11c enriched cells that were not incubated with ovalbumin antigen before co-
culture with T cells were included as a negative control for the assay. Untreated and LPS-treated 
(0.2 µg) CD11c enriched cells were included as negative and positive controls, respectively. Data 
is representative of the mean of three independent experiments ± standard deviation. 
 

Upon co-culture of OVA-pulsed, MPLA-stimulated CD11c+/- cells with CD8+ T 

cells, we observed a trend in the percentage of CD8+ T cells that underwent at least one 

round of division and percentage of CD11c- cells in the co-culture (Figure 6a,b). Strikingly, 

as the percentage of CD11c- fraction increased in the culture, more rounds of division by 

CD8+ T cells were induced, resulting in an increased proliferation index (i.e. the average 

number of cell divisions that the responding T cells underwent) of up to 127% (Figure 

6c). The average percentage of CD8+ T cells that underwent more than 1 round of 

proliferation was 15% when cultured with CD11c enriched cells and increased to 38% 

when cultured with CD11c reduced cells. This same trend was observed for the secretion 

of IFN-g, in which higher production of the anti-viral cytokine was achieved through co-

culture of CD8+ T cells with both CD11c+ and CD11c- cells (Figure 6d). These results 

demonstrate that the presence of CD11c- cells enhance MHCI cross-presentation by 

antigen-presenting cells and the activation of CD8+ T cells compared to cultures of 

CD11c+ only. 



 

 
Figure 6. Presence of CD11c cells enhances antigen-specific CD8+ T cell priming. Bone marrow-
derived cells were separated into CD11c enriched and CD11c reduced isolates, co-cultured at 
varying ratios, incubated with ovalbumin (OVA) (10 µg) in combination with MPLA treatment 
(10 µg mL-1) for 24 h, and then cultured with OVA-specific CFSE+ CD8+ T cells at CD11c±:T 
cell 1:30 for 72 h. (a) Dilution of CFSE+ signal among CD8+ T cells after culture with CD11c± 
cells was observed by flow cytometry. (b) Fraction of CD8+ T cells diluted and (c) proliferation 
index of CD8+ T cells with respect to CD11c± ratio. (d) Supernatants were assessed by ELISA 
for the presence of interferon gamma (IFN-g). CD11c enriched cells that were not incubated with 
ovalbumin antigen before co-culture with T cells were included as a negative control for the assay. 
Untreated and LPS-treated (0.2 µg) CD11c enriched cells were included as negative and positive 
controls, respectively. Data is representative of the mean of two independent experiments ± 
standard deviation. Statistical analysis was performed by one-way analysis of variance using 
Tukey’s multiple comparison post-test comparing groups against the CD11c enriched culture 
condition. *p < 0.05. 
 



 

Discussion 

Dendritic cell based immunotherapies have promise in vaccination and therapeutic 

interventions through the role of DCs to induce antigen-specific adaptive immune 

responses [30–32]. The importance of the maturation state of the adoptively transferred 

DC and the types of immune cells present during ex vivo priming is known to influence 

immune responses in vivo. For example, the use of the CD11c- immune cell population 

along with DCs as well as the use of different DC subsets in combination has shown to be 

beneficial in pre-clinical studies of DC-therapies [17,22,33,34]. Clearly, understanding the 

ex vivo preparation of DCs for immunotherapies can have large impacts on the quality of 

effector adaptive immunity and the clinical efficacy of such interventions [5,35]. Here, we 

show for the first time the influence of CD11c- cells at varying percentages in culture upon 

TLR stimulation on CD11c+ DC maturation status, antigen uptake, and ability to 

activate effector T cells. 

In our study, we produced a cell co-culture environment wherein crosstalk can 

occur among bone marrow-derived CD11c+ and CD11c- cells either directly (via cell-cell 

interaction) or indirectly (via signaling proteins). We found that the presence of CD11c- 

cells in culture during adjuvant stimulation resulted in significantly reduced expression of 

the surface markers CD86 and MHCII of CD11c+ cells in a CD11c- dose-dependent 

manner. According to a previous study, DC derivation from bone marrow results in a 

population comprised of DCs, macrophages, monocytes, and granulocytes such as 

neutrophils. These innate immune cells have been shown to communicate with each other 

both directly and indirectly, ultimately modulating the resulting immune response of the 

host [28]. Neutrophils can directly communicate with DCs, such as through the binding 

of DC-SIGN surface receptor, which can induce DC activation. However, ligation of DC-

SIGN by neutrophils has also been shown to interrupt TLR 4-mediated signaling of DCs 

[36–38]. Macrophages also contribute to immune signaling and respond to various stimuli 

by secreting factors that balance pro-inflammatory (IL-1, IL-6, IL-23) and anti-



 

inflammatory/wound healing (IL-10, TGF-b, IL-4) responses [39,40]. Additionally, 

regulatory macrophages can inhibit inflammatory functions in response to stress [39]. In 

these ways, DC phenotype can be modulated by the response of CD11c- cells that are in 

close proximity, such as in our co-culture system in the present study. Though we 

investigated DC maturation using cultures of cells derived from monocyte precursors in 

the bone marrow, for practical clinical application DCs are commonly derived from blood 

monocytes. While similar cell types may be generated through both methods, the specific 

effect of non-DCs from protocols using blood monocytes will need to be investigated. 

Robust uptake of antigen by DCs is critical in ex vivo DC preparation for enhancing in 

vivo stimulation of T cells [41,42]. In accordance with down-regulation of antigen 

endocytosis of DCs upon maturation [43–45], we found that OVA uptake positively 

correlated with immature status of CD11c+ cells in the co-culture. However, due to the 

nature of our experimental set-up, the amount of OVA increased per CD11c+ cell in co-

cultures with increased CD11c- cells. Thus, we do not know how the combination of the 

more immature status of CD11c+ cells and the increased ratio of OVA to CD11c+ cell 

contributed to OVA uptake in the CD11c+ population. Interestingly, we also found that 

OVA was taken up primarily by CD11c+ cells in the co-culture system. This uptake 

peaked at the co-culture ratio of 1:8 but not the CD11c reduced control, which included 

CD11c+ cells that exhibited the lowest levels of maturation phenotype. Therefore, it is 

conceivable that the immature status of CD11c+ DCs still positively controls antigen 

uptake but there is specific ratio of antigen concentration to a single CD11c+ cell for a 

maximum antigen uptake. These indicate that we can possibly generate DCs using the 

co-culture system with both desired qualities of maximum antigen loading and mature 

phenotype [35,46,47]. 

Ability of DCs to stimulate CD4+ and CD8+ T cells ultimately controls the 

effector functionality of the therapy. For applications in DC-based cancer immunotherapy, 

the elicitation of both CD8+ cytotoxic T lymphocytes (CTLs) and TH1 CD4+ T cells is 



 

critical for tumor eradication [34]. The generation of CTLs requires the presentation of 

exogenous antigens or proteins onto MHC Class I. DCs possess this function through 

adapting their endocytic and phagocytic pathways [48]. Cross-presentation of extracellular 

peptide onto MHCI molecules have been shown to be favored for high density antigens 

[49]. Thus, if more OVA is being taken up by CD11c+ cells when co-cultured with CD11c- 

cells during MPLA stimulation and antigen priming, it is possible that there is higher 

frequency of OVA-MHCI complexes that are able to activate CD8+ T cells. Additionally, 

depending on the maturation state of the DC, encountered antigens can be favored to be 

processed in distinct endocytic compartments, which can influence the fate of the antigen 

for MHCI or MHCII presentation [50]. Thus, OVA presentation on MHCI may be favored 

when cells are cultured with both CD11c+ and CD11c- cells, which is supported by our 

data. These finding may contribute to the results of a previous study, in which there was 

a significant increase in the percentage of tumor-free animals when vaccinated with both 

CD11c+ and CD11c- cells but not with CD11c+ cells alone [51]. 

In our study, we expected highest CD4+ T cell proliferation from the CD11c+ 

isolate only culture, in which we observed a CD11c+ cell phenotype of higher frequencies 

and densities of the costimulatory molecules MHCII and CD86. However, as we observed 

similar abilities of all co-cultures to activate CD4+ T cells and induce IFN-g secretion 

(TH1 polarization), our results may indicate that the maturation level of the DCs, the 

number of mature DCs, or both was sufficient to activate CD4+ T cells from all culture 

ratios. Importantly, the presence of CD11c- cells did not hinder the ability of DCs to 

present to and activate CD4+ T cells. Results from both CD8+ and CD4+ T cell 

proliferation studies highlight the phenotypic differences in cells derived using different 

culture methods that are important to keep in mind for future studies, in which certain 

types of immune responses are desired for therapeutic efficacy. 

 

 



 

Conclusions 

In conclusion, we have shown that by varying the cellular composition in culture 

during DC priming and maturation, adaptive immune responses can be modulated, most 

notably amplifying CD8+ T cell stimulation and the production of type II interferons. 

Our data thus support the use of CD11c+ DCs and other immune cell populations, such 

as monocytes and granulocytes, as an ex vivo DC culture strategy for DC-therapies to 

activate CD4+ T cells while enhancing the expansion of CD8+ T cells, which are critical 

for the success of immunotherapies. Future work should focus on mechanisms of 

communication between heterogeneous CD11c+ and CD11c- populations and on 

recapitulation of this observed increase in cross-priming of CD8+ T cells in in vivo 

experiments. 
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