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Abstract 

Short peptides are poorly immunogenic when delivered sublingually – under the 

tongue. This challenge has prevented widespread investigation into sublingual peptide 

vaccines, leaving their considerable potential untapped. Sublingual immunization is 

logistically favorable due to its ease of administration and can raise both strong systemic 

immune responses and mucosal responses in tissues throughout the body. Peptide 

epitopes are highly specific, allowing for the generation of immune responses directed 

solely against precisely selected targets, without accompanying off-target antibody or T-

cell production. To enable sublingual peptide immunization, we designed a strategy 

based on molecular self-assembly of epitopes within nanofibers. We then extract and 

expound several key implications from this finding, including insights into the 

mechanism of action, development of a translatable administration modality, and 

application to a currently unmet clinical need. 

The design of our sublingual peptide immunization strategy is described in the 

first part of this thesis (Chapter 3). We sought to utilize nanomaterial delivery of 

peptides to enhance sublingual immunogenicity, a strategy that has proved successful in 

several other immunization routes. However, the salivary mucus layer is a significant 

barrier to nanomaterial delivery, particularly for supramolecular materials, due to its 

ability to entrap and clear these materials rapidly. We designed β-sheet nanofibers 
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conjugated at a high-density to the mucus-inert polymer polyethylene glycol (PEG) to 

shield them from the mucus layer. Strikingly, sublingually delivered PEGylated peptide 

nanofibers (PEG-Q11) raised extremely durable antibody and T-cell responses against 

peptide epitopes when mixed with a mucosal adjuvant. We showed that PEG decreases 

nanofiber interactions with mucin in vitro, and extends the residence time of nanofibers 

at the sublingual space in vivo. Further, we showed that we could achieve similar results 

by adapting the use of PASylation (modification with peptide sequences rich in Pro, Ala, 

and Ser) to mucosal delivery. 

In the second part of this thesis (Chapter 4) we designed a supramolecular 

strategy for enhancing sublingual nanofiber immunization. Mucosal adjuvants, such as 

cyclic-di-nucleotides (CDNs), can promote sublingual immune responses but must be 

co-delivered with the antigen to the epithelium for maximum effect. We designed 

peptide-polymer nanofibers displaying nona-arginine (R9) at a high density to promote 

complexation with CDNs via bidentate hydrogen-bonding with arginine side chains. We 

co-assembled PEG-Q11 and PEG-Q11R9 peptides to titrate the concentration of R9 

within nanofibers. In vitro, PEG-Q11R9 fibers and cyclic-di-GMP or cyclic-di-AMP 

adjuvants had a synergistic effect on enhancing dendritic cell activation that was STING-

dependent and increased monotonically with increasing R9 concentration. However, 

intermediate levels of R9 within sublingually-administered PEG-Q11 fibers were 
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optimal for sublingual immunization, suggesting a balance between polyarginine’s 

ability to sequester CDNs along the nanofiber and its potentially detrimental 

mucoadhesive interactions. These findings reveal important design considerations for 

the continuing development of sublingual peptide nanofiber vaccines. 

We sought to enhance the translational capacity of our immunization strategy by 

designing a highly accessible vaccine method (described in Chapter 5). Significant 

barriers exist to improving vaccine coverage in lower- and middle-income countries, 

including the costly requirements for cold-chain distribution and trained medical 

personnel to administer the vaccines. To address these barriers, we built upon our 

sublingual nanofiber platform to design a heat-stable and highly porous tablet vaccine 

that can be administered via simple dissolution under the tongue. We produced SIMPL 

(Supramolecular Immunization with Peptides SubLingually) tablet vaccines by freeze-

drying a mixture of self-assembling peptide-polymer nanofibers, sugar excipients, and 

adjuvant. We showed that even after heating for 1 week at 45 °C, SIMPL tablets could 

raise antibody responses against a peptide epitope from M. tuberculosis, in contrast to a 

conventional carrier vaccine (KLH) which lost sublingual efficacy after heating. Our 

approach directly addresses the need for a heat-stable and easily deliverable vaccine to 

improve equity in global vaccine coverage. 
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To demonstrate the clinical usefulness of our technology, we designed a 

sublingual vaccine against uropathogenic E. coli (UPEC), the pathogen that causes most 

urinary tract infections (UTIs). Sublingual peptide immunization is uniquely 

advantageous for immunization against UTIs, as sublingual immunization raises 

antibodies in the blood and urinary tract, and peptide epitopes allow for targeting UPEC 

without perturbing commensals. We co-assembled PEG-Q11 nanofibers containing three 

different B-cell epitopes from UPEC along with a helper T-cell epitope, allowing us to 

raise simultaneous antibody responses against three targets systemically and in the 

urinary tract. These antibodies were highly specific for UPEC, exhibiting no binding to a 

non-pathogenic strain. Further, these antibodies demonstrated clinical potential by 

protecting mice from an intraperitoneal UPEC challenge. Finally, we showed the ability 

to use SIMPL tablets to raise anti-UPEC responses in rabbits, which contain an oral 

cavity with key similarities to humans. 

This thesis demonstrates a critical enabling technology for sublingual peptide 

immunization and builds upon this technology to report findings with key implications 

for supramolecular biomaterial design, accessible vaccination, and treatment of UPEC-

mediated diseases. This interdisciplinary research synthesizes and utilizes knowledge 

from materials science, immunology, vaccinology, pharmaceutical sciences, and 
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pathology to present an important original contribution to the field of immune 

engineering. 
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1. Introduction  

1.1 Overview 

The overall goal of this thesis is to design and characterize a sublingual 

nanofiber platform capable of raising peptide epitope-specific immune responses, and to 

leverage that platform’s unique advantages for the development of highly accessible 

vaccines against uropathogenic E. coli. 

1.2 Specific Aims 

We propose to achieve the above goal through the following specific aims: 

Specific Aim 1: Build a sublingual peptide nanofiber vaccine platform and establish 

design rules for sublingual delivery of supramolecular assemblies. 

 Effective sublingual immunization requires that vaccine material be delivered to 

antigen-presenting cells in the sublingual mucosae, which is protected by a thick and 

rapidly cleared layer of mucus. Two major avenues by which mucus penetration might 

be reduced are surface property alteration and nanofiber length reduction. The objective 

of this aim is to determine the critical parameters for sublingual Q11 immunization and 

to investigate the mechanism by which they impart their effects. 

 

Specific Aim 2: Develop a heat-stable and quick-dissolving sublingual tablet vaccine 

based on immunogenic peptide-polymer nanofibers. 
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 A heat-stable, sublingually delivered tablet would eliminate the costly 

requirements of cold-chain storage and trained vaccine administrators. We have 

developed a simple nanofiber tabletization process using excipient sugars and 

lyophilization. The objective of this aim is to demonstrate the translational viability of this 

process for producing heat-stable, sublingual tablet vaccines that are effective against a 

model epitope from the M. tuberculosis pathogen. 

 

Specific Aim 3: Optimize sublingual vaccine platform to elicit protective multi-

epitope antibody responses against uropathogenic E. coli. 

 We will produce peptide nanofibers containing multiple B-cell peptide epitopes 

selected from UPEC siderophores, which are critical to UPEC survival and not expressed 

on non-virulent E. coli or other common commensals. These nanofibers will be 

chemically modified based on the findings of Aim 1 and delivered sublingually to 

achieve the objective of producing durable and protective anti-UPEC antibody responses 

in mice systemically and within the urinary tract. A preclinical model of UPEC infection 

in mice will be used to assess the effectiveness of vaccine formulations. 
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2. Background 

2.1 The Emergence of Immune-Modulating Nanomaterials1 

Recently there has been an explosion of new research designing biomaterials for 

intervening in immunological processes to achieve therapeutic results in applications 

ranging from infectious disease to autoimmunity to cancer. This is occurring in part 

because basic immunology has taken great strides in recent decades, and many 

underlying mechanisms of immune activation and tolerance have been discovered. This 

depth of knowledge has begun to approach that which is necessary for a system to be 

“engineerable,” giving rise to the burgeoning field of immunomodulatory 

biomaterials[2]. Further, the rapid expansion of available biomaterials systems that have 

been introduced in the past few decades provides a rich toolbox from which to draw. 

Immune-modulating nanomaterials can be tailored due to the control researchers 

have over the synthesis process. The nascent field of immune engineering has designed 

several materials that allow for control over their immune modulating element[3-5]. In 

addition, even long-studied biomaterials such as alginate, agarose, chitosan, hyaluronic 

acid, and PLGA can have varying effects on the phenotypic aspects of the immune 

response, such as T cell polarization[6]. In this way, even seemingly immunologically 

 

1 This section was adapted from a previously published manuscript. [1] Kelly, S. H.; Shores, L. S.; Votaw, N. 

L.; Collier, J. H., Biomaterial strategies for generating therapeutic immune responses. Advanced drug delivery 

reviews 2017, 114, 3-18.  
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inert materials may have more subtle and complex interactions with the immune system 

than is generally recognized. Defined biomaterials also facilitate intervention in specific 

aspects such as the M1/M2 polarization of macrophages[7-13]; as one recent example, 

Reeves et al. demonstrated repolarization of M1 to M2 and reversed using controlled 

release from a coated silk polymer[9]. The silk biomaterials enabled a localized, short-

term release of either IFNγ or IL4 to shift macrophage polarization between M1 and M2. 

Approaches based on self-assembling peptides, such as the aforementioned Q11 

peptide, allow for the incorporation of desired epitopes during synthesis. These 

materials elicit a relatively unpolarized or moderately Th2-polarized T cell response and 

strong B cell/antibody response[5, 14-15]. In particular, their ability to raise strong antibody 

responses without inflammatory adjuvants has received attention[14-16]. The ability to co-

assemble fibers bearing different epitopes allows for the formation of supramolecular 

assemblies with precise control over the concentration of each epitope within the 

assembly; one important immunological consequence of this control that has been 

demonstrated is that the ratio of B and T cell epitopes can alter the resulting T cell 

phenotype after immunization[14]. By utilizing an additional fibrillizing peptide domain, 

protein ligands were also incorporated into Q11-based assemblies while retaining their 

native activity[17]. This provides the potential to explore several new areas of immune 

engagement, by attaching conformational protein epitopes or functional proteins such as 
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cytokines or chemokines. The use of solid-phase peptide synthesis allows for precise 

changes to the material's structure that can alter the resulting immune phenotype. For 

example, the incorporation of D-amino acids into the self-assembling motif KFE8 

(FKFEFKFE) produced nanofibers that, when conjugated to the model 

epitope ovalbumin (OVA) and used to immunize mice, led to significantly higher levels 

of IgG, IgM, and IgA than the L-amino acid variant[18]. Such a change might allow for 

tuning the level of immune response to match the therapeutic context. 

The Tirrell group has pioneered the use of another platform for engaging the 

immune system, peptide amphiphiles (PAs). PAs consist of a lipid tail region joined to a 

hydrophilic peptide head group, and they self-assemble to form micelles. When an 

immunogenic epitope is selected as the head group, PAs can elicit self-adjuvanting 

cytotoxic responses to CD8 epitopes[19] or antibody responses to B cell epitopes[20]. These 

responses can be further augmented by co-assembling the micelles with TLR agonists[20]. 

Micelles composed of polymers have also been developed for immune engagement, 

such as a RAFT-polymerized block copolymer micelle from the Wilson lab[21]. This 

approach utilized a fatty acid-mimetic core to overcome solubility challenges associated 

with the small molecule TLR7 imiquimod, and a hydrophilic corona for antigen 

attachment. Intranasal immunization of mice with OVA and IMQ-loaded micelles led to 

both cellular and humoral immune responses. In a conceptually related approach, the 
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Irvine group developed interbilayer-crosslinked multilamellar vesicles, which utilize an 

aqueous core and lipid bilayers to co-deliver antigen and adjuvant, eliciting immune 

responses after both subcutaneous and pulmonary immunization[22-23]. Hubbell, Swartz, 

and coworkers have engineered Pluronic-stabilized polypropylene sulfide nanoparticles, 

which can be synthesized at ultra-small (25 nm) sizes to target dendritic cells in draining 

lymph nodes via efficient transport through lymphatic capillaries[24]. When conjugated to 

antigen, these nanoparticles can act as vaccines, eliciting adaptive immune responses in 

the absence of adjuvant by activating the complement system. They can also be 

formulated with additional adjuvant to enhance or alter the resulting immune 

response[25-26]. The choice of whether and which adjuvants to include in these platforms 

lends an additional input to their design. 

In fact, while adjuvants were once referred to as the “immunologist's dirty little 

secret,” they are becoming a truly engineerable component of biomaterial design[27]. 

Jewell and coworkers have used layer-by-layer assembly to create immune 

polyelectrolyte multilayers (iPEMs) composed of adjuvant and antigen on gold 

nanoparticle templates[28-29]. The use of negatively charged nucleic TLR agonists and 

positively charged peptidic antigens allows for these two immune signals to be 

codelivered to antigen presenting cells[30] antigen presenting cells, while obviating the 

need for additional components that could impact the resulting immune response. The 
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synthetic process also provides control over the number of layers in the iPEM, and the 

process can be modified to use sacrificial templates to form iPEM capsules composed 

exclusively of antigen and adjuvant[31]. The Esser-Kahn lab has performed studies that 

explore the synergistic effects of combining multiple adjuvants[32-33]. Interestingly, in 

immunization against heat-inactivated vaccinia virus, a small-molecule core tri-

functionalized with agonists for TLRs 4, 7, and 9 served as a better platform than a 

simple mixture of the three agonists, generating an antibody response against a larger 

number of antigens. As with the importance of co-assembling T and B cell epitopes in 

peptide nanofibers mentioned above, design rules may emerge regarding the use of 

such adjuvant combinations, though more research is needed. 

 

2.2 Sublingual Immunization and the Mucus Barrier 

Most clinical vaccines are delivered via injection. Mucosal immunization, 

delivery of vaccines across the body’s mucosal surfaces, offers key advantages over 

injected vaccines[34]. Most notably, while injected vaccines typically raise only systemic 

immunity, mucosally delivered vaccines can raise immune responses at the very 

mucosal surfaces through which most pathogens enter the body[35-36]. For example, 

antibodies at mucosal surfaces have the potential of binding to pathogens and 

facilitating their clearance before they are able to establish infection. The most well-
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studied mucosal immunization routes are oral and intranasal. Less well characterized is 

sublingual immunization, in which vaccine material is delivered to the mucosal surfaces 

at the ventral surface of the tongue and the floor of the mouth[37]. Clinically, the 

sublingual route is primarily studied for the induction of tolerance in allergen 

immunotherapies[38]. There are considerable potential advantages to sublingual 

vaccination, however, including the ability to elicit simultaneous systemic immune 

responses and responses at a range of mucosal surfaces that include the upper and lower 

respiratory tracts and the urogenital tract[37]. Further, sublingual delivery can occur via 

several painless and needle-free administration modalities, including droplets, sprays, 

and dissolvable tablets or wafers. 

 A major barrier to successful sublingual immunization is the salivary 

mucus layer that covers the epithelium. Mucus protects the body’s mucosal surfaces 

against pathogen entry, but also acts as a barrier to biomaterial delivery. The primary 

component of mucus is a crosslinked network of large glycoproteins called mucins that 

create a highly hydrated gel[39]. Mucus is rapidly cleared, generally within minutes or 

hours, and entanglement of biomaterials within this rapidly cleared layer can prevent 

them from reaching the epithelium[40-41]. Biomaterial entrapment occurs through 

adhesive interactions between the material and mucus that are driven by surface 

properties, particularly charge and hydrophobicity.  
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 In an attempt to identify materials with favorable properties for transport 

through mucus, Justin Hanes and colleagues found that polyethylene glycol (PEG) is a 

“muco-inert” polymer, with surface properties that allow rapid penetration through 

mucus[41-42]. This finding was unexpected due to earlier research that showed PEG to be 

mucoadhesive[43]. The answer to the paradox lies in the density and molecular weight of 

PEG used – critically, the PEG must be both highly dense and relatively low molecular 

weight[39]. High molecular weight PEG, such as that used earlier by Nicholas Peppas and 

colleagues[44], is adhesive due to interpenetrating polymer network effects, while low 

density PEG fails to sufficiently shield the biomaterial from mucus. 

 Mucus is a formidable barrier preventing biomaterial access to the 

sublingual epithelium, but once it has been passed, a different set of chemical properties 

are important. While dendritic cells have been found to sample antigens through the 

epithelium in some instances[45], delivery across the epithelium provides more direct 

access to the dendritic-cell rich sublingual mucosa. The unstirred mucus layer directly 

above the epithelium is cleared much less rapidly than the thicker, outer layer, so 

mucoadhesion can be beneficial to prolong retention[40]. Researchers have attempted to 

address the importance of mucus penetration and epithelial interaction using dual 

strategies; one such strategy was the use of mucoadhesive particles with a dissociable 

mucus-inert polymeric coating for oral delivery[46]. The combinatory effects of 
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mucoadhesive methylglycol chitosan and PEG on sublingual liposome immunization 

has also been explored[47]. The optimal balance between mucoadhesion and mucus 

penetration has not been characterized for sublingual biomaterial immunization. 

 

 

2.3 Challenges for Equitable Global Vaccine Coverage 

Vaccines are widely recognized as one of the greatest public health triumphs in 

human history. Diseases for which effective vaccines are available – known as vaccine-

preventable diseases (VPDs) – are nearly completely eradicated in areas where 

widespread vaccination coverage is achieved; such diseases include diphtheria, measles, 

and pertussis[48]. The continued usage of vaccines is estimated by the World Health 

Organization to save 2-3 million lives globally each year[49]. The success of vaccines has 

driven further research into developing more vaccines, including for targets outside of 

infectious disease such as autoimmune diseases[1]. 

Vaccines, however, face the prospect of significant future challenges not only in 

spite of their success, but due to it. Changing attitudes around vaccination have led to the 

identification of a paradoxical interaction between the effectiveness of vaccines and the 

current and projected future public support for them[50-51]. As the incidence of VPDs 

approaches zero, there is less societal recognition of the dangers of these diseases and a 
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lower awareness of the critical need for continued vaccination against them. Additionally, 

the increased number of vaccines being delivered raises the total number of causally and 

coincidentally related vaccine adverse events[50]. The incidence of VPDs in developing 

countries is projected to reach parity with developed nations in the coming decades, 

resulting in a so-called grand convergence in public health[52-53]. Combined with the 

increasing number of vaccines, this is expected to drive increased expectations around 

vaccines and greater demands upon them[51]. 

The increased concerns around vaccines can be divided into two categories: safety 

and tolerability, and demand for value. With the effects of VPDs no longer at the forefront 

of individuals’ minds, individuals may become less accepting of adverse effects such as 

reaction site inflammation and mild post-vaccine illness. Parents of children with needle 

phobias (the development of which peaks at ages 5-10[54]) may decide that foregoing the 

pain and distress associated with injections is a significant enough trade-off to forego 

vaccinating their child. Further, as VPD incidence becomes negligible globally, resource-

limited governments may choose to finance horizontal investments in public health rather 

than purchase vaccines. Finally, the costly demands for infrastructure will continue to rise 

with the increase in the number of vaccines. This includes the cold chain, in which 

vaccines must be kept continuously at 4° C (39° F) to remain viable[55], and the need for 

trained personnel to properly prepare and inject the vaccines. 
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In light of these considerations, there is a critical need to develop new vaccines 

that address the concerns around safety and value, so that vaccine coverage can be 

maintained. Already, outbreaks of VPDs have occurred due to vaccine resistance in the 

United Kingdom and the United States[56]. To meet the needs of the changing landscape 

around vaccination, an ideal future vaccine should be 1) chemically defined to reduce 

adverse effects, 2) heat-stable to obviate the need for expensive cold-chain storage, and 3) 

needle-free to reduce discomfort and allow for self-administration.  

 

2.4 The State of Urinary Tract Infection Treatment and 
Prevention 

Urinary tract infections (UTIs) are a major public health problem, leading to high 

morbidity in millions of afflicted individuals each year[57]. Half of all women will have a 

UTI during their lifetime, with one quarter of these experiencing a recurrence within the 

following year[58]. For decades, UTIs have been managed with long-term, prophylactic 

antibiotics. However, increasing incidences of antibiotic resistance to drugs such as 

ampicillin and trimethoprim-sulfamethoxazole (TMP-SMX) threaten the continued 

viability of current UTI treatments. Notably, multidrug resistance has been observed 

among uropathogenic E. coli, which cause over 80% of uncomplicated UTIs, and is 

rising[59]. The problem of antibiotic resistance of many pathogens is of such importance 

that the World Health Organization (WHO) issued a Global Action Plan on 
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antimicrobial resistance in 2015, which noted urinary tract infections among the 

conditions whose treatments may be threatened[60]. The WHO report specifically noted 

that “vaccination, where appropriate as an infection prevention measure, should be 

encouraged[60].” 

 A vaccine that raises endogenous, long-term antibody responses against 

UTI-causing bacteria would represent a paradigm shift in the treatment of UTIs. 

However, the development of an effective vaccine to prevent UTIs is challenging, as it 

should specifically target virulent strains to avoid disruption of commensal populations, 

raise antibody responses both systemically and within the urogenital tract, and target 

multiple epitopes due to the diversity of pathogens that cause UTIs. 

The current state of clinical UTI vaccine development may be divided into two 

classes, ‘immunoactive agents’ and ‘true vaccines,’ using the nomenclature of Magistro 

and Stief[58]. Immunoactive agents are strategies to elicit immune protection against UTI-

causing pathogens, but require extremely long and frequent dosing regimens and may 

provide only temporary protection. OM-89 is a capsule composed of lyophilized 

proteins from 18 strains of uropathogenic E. coli[61].  OM-89 has a nine-month 

administration routine: three months of daily oral administration, then three months 

with no administration, and finally three months of taking 10 capsules each month. 

Results from randomized controlled trials have shown some benefit in preventing UTI at 
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6 months after completion of treatment. Clinical trial results have more recently been 

reported for Uromune, which contains lysates of E. coli, K. pneumonia, P. vlugaris, and E. 

faecalis, delivered as a sublingual spray[62-63]. The dosing regimen consisted of two sprays 

each day for three months, with fasting required before each dose. In human data 

published in 2019, 64.7% of individuals experienced one or fewer UTIs at six months 

after completing the Uromune regimen. 

A “true vaccine” to prevent UTIs, ExPEC4V, reported results from a phase 1b 

clinical trial in 2017[64]. This vaccine is given intramuscularly and is composed of 

polysaccharide antigens from extraintestinal E. coli. In contrast to the immunoactive 

agents OM-89 and Uromune, a single injection of ExpEC4V was given in this study. 

While the vaccine had a favorable safety profile, the study was unable to detect clinical 

efficacy, which may be partially attributed to the small size of the study (less than 100 

individuals in both ExPEC4V and placebo groups). 

There remains a significant need for a safe and effective vaccine that provides 

long-term protection against UTIs and reduces the reliance on antibiotics. 

 

 

 

 



 

15 

 

3. Enabling sublingual peptide immunization with self-
assembling peptide-polymer nanofibers1  

3.1 Motivation 

Engineered nanomaterials are being investigated as potential vaccines and 

immunotherapies for infectious diseases, cancer, chronic inflammation, and 

autoimmunity, yet the sublingual route remains minimally explored for nanomaterial 

vaccination. Nanomaterial-based vaccines can be used to elicit immune responses with 

more tailored phenotypes than traditional vaccines based on inactivated or attenuated 

pathogens[1, 3, 66] and have been constructed from platforms including self-assembling 

peptides,[15-16, 67-71] micelles,[72-73] polymeric particles,[74-79] and lipid particles.[22, 47, 80-81] As 

this new generation of vaccines moves towards clinical translation, the choice of delivery 

route will be a critical consideration.  

            Mucosal vaccines, delivered across the mucosal barriers through which most 

pathogens enter the body, have key advantages over vaccines delivered via needles.[35-36, 

82-83] Importantly, such vaccines can elicit protective antibodies in mucosal compartments 

to neutralize and clear pathogens from the body before they become established. 

Furthermore, depending on the chosen mucosal delivery route, they may have 

 

1 This chapter is reprinted from a previously published manuscript. [65] Kelly, S. H.; Wu, Y.; Varadhan, A. 

K.; Curvino, E. J.; Chong, A. S.; Collier, J. H., Enabling sublingual peptide immunization with molecular self-

assemblies. Biomaterials 2020, 119903.. 
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significant logistical and financial benefits. Sublingual vaccination, a subset of mucosal 

vaccination, has been shown to elicit antibody responses in an anatomically broad range 

of mucosal surfaces, such as the upper and lower respiratory tracts and the reproductive 

tract, in addition to raising systemic responses in the blood.[37] It is also a favorable 

delivery route to encourage patient compliance, because in addition to avoiding the use 

of needles, it allows for pain-free and potentially self-administered vaccination using 

droplets, sprays, microneedle arrays[84], or dissolvable tablets and wafers.[37] Because it 

does not in principle require needles or trained personnel, sublingual immunization 

could also be achieved at a lower overall cost compared to needle-based delivery, a 

critical constraint when designing vaccines for the developing world,[85] and it eliminates 

the potential for needle re-use.[86] 

            Despite clear potential advantages of sublingually delivered nanomaterial-based 

vaccines, they have received surprisingly little attention, with only a few examples in the 

literature.[47, 87-88] It is likely that this is due to the challenge of delivering nanomaterials 

through the salivary mucus layer in order that they be acquired by dendritic cells at the 

sublingual epithelium with enough efficiency and with adequate immunostimulation to 

induce a systemic response. The sublingual epithelium contains 6-8 layers in mice, 

within which 3-4% of cells have been reported to be dendritic cells[89-90]. The protective 

mucus layer is composed largely of glycoprotein fibers that crosslink and entangle to 
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form a network[91] that hinders biomaterial transport via highly polyvalent, low-affinity 

adhesive interactions driven by charge and hydrophobicity[39]. However, it has been 

shown that conjugation of hydrophilic polymers such as polyethylene glycol (PEG) can 

dramatically improve the mucosal delivery of nanomaterials[39, 42, 92-94] by minimizing 

these adhesive interactions between the nanomaterial and the mucus network.  

            We sought to develop a sublingually-active nanomaterial vaccine platform based 

on  nanofiber-forming peptides shown previously to be immunogenic via other routes 

including the subcutaneous,[95] intraperitoneal,[15] and intranasal[96] routes. We utilized 

the Q11 peptide system, in which short synthetic peptides self-assemble into fibers with 

lengths of hundreds of nanometers or more and widths of approximately 10-20 nm. We 

and others have shown that Q11 [69, 95] and other fibrillar peptide nanomaterials [18, 68, 97]  

can raise epitope-specific immune responses against chosen T- or B-cell epitopes co-

assembled within them, even without supplemental adjuvants, and that the character of 

the immune response can be adjusted based on controllable parameters such as the ratio 

between T- and B-cell epitopes.[14, 67] 

 Here, we found that neither soluble peptide epitopes, PEGylated soluble 

peptide epitopes, nor self-assembled peptide nanofibers were immunogenic 

sublingually, even when delivered with mucosal adjuvants, and that nanofiber 

shortening was unable to improve immunogenicity. However, strikingly, modification 
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of self-assembled nanofibers with PEG or with peptides rich in proline, alanine, and 

serine (PAS) rendered them strongly immunogenic when delivered sublingually with 

mucosal adjuvants, capable of raising class-switched antibodies in the blood and in 

multiple different mucosal tissues. This strategy was compatible with multiple different 

peptide epitopes and multiple different adjuvants and illustrated that even surprisingly 

large nanomaterials can be made immunogenic sublingually via polymer conjugation. 

 

3.2 Methods 

3.2.1 Peptide Synthesis and Purification 

OVAQ11 (H2N-ISQAVHAAHAEINEAGRSGSGQQKFQFQFEQQ-NH2) and 

pOVA (H2N-ISQAVHAAHAEINEAGR-NH2) were synthesized using standard Fmoc 

solid-phase synthesis on Rink amide resin. For synthesis of OVAQ11-PEG and pOVA-

PEG, peptides were synthesized using a PAP Tentagel resin (Peptides International, 

RTS-9002) which produces peptides C-terminally conjugated to a 3000 MW PEG block 

after cleavage. mPEG variants were synthesized by on-resin conjugation of 350, 1000, or 

2000 MW mPEG-NHS (Creative PEGWorks PJK-208, PLS-215, or PLS-214) to the N-

terminus of Q11OVA (H2N-SGSGQQKFQFQFEQQSGSGISQAVHAAHAEINEAGR-

NH2) or Q11ESAT651-70 (H2N-

SGSGQQKFQFQFEQQSGSGYQGVQQKWDATATELNNALQ-NH2). Fluorescent 
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peptides were synthesized by on-resin conjugation of 5(6)-TAMRA (AnaSpec, AS-81120-

01) to the N-terminus using DIC and Cl-HOBt as coupling reagents. Peptides were 

cleaved for 2 hours at room temperature in a 95/2.5/2.5 TFA/triisopropylsilane/water 

cocktail, followed by washing with cold diethyl ether. Peptides were purified by 

reverse-phase HPLC using either a C18 column (OVAQ11, pOVA, W-Q11, mPEG350-

Q11OVA) or a C4 column (OVAQ11-PEG, pOVA-PEG, mPEG1000-Q11OVA, mPEG2000-

Q11OVA, mPEG2000-Q11ESAT651-70) and lyophilized. Peptide identity was confirmed 

using matrix-assisted laser desorption/ionization mass spectrometry on a Bruker 

Autoflex Speed LRF MALDI-TOF spectrometer using α-cyano-4-hydroxycinnamic acid 

as the matrix.  

            To prepare immunization formulations, lyophilized peptides were first dissolved 

at 8 mM in sterile water and incubated at 4 °C overnight. The solutions were then 

brought to the final concentrations indicated in 1X PBS by addition of sterile water and 

sterile 10X PBS and incubated at room temperature for 3 h. To create sheared nanofibers, 

solutions were subsequently subjected to repeated passage (15 - 20 times) through a 100 

nm polycarbonate track-etched (PCTE) membrane using an Avanti Polar Lipids Mini-

Extruder (Avanti, 610000). ImageJ was used to determine the length of 450 individual 

sheared fibers and 96 non-sheared fibers.  

 



 

20 

 

3.2.2 Transmission Electron Microscopy (TEM) 

Peptides were prepared at 2 mM and diluted with 1X PBS to 0.2 mM, then 5 μL 

of peptide solution was deposited onto Formvar/carbon-coated 400 mesh copper grids 

(Electron Microscopy Sciences, EMS400-Cu). The sample was allowed to incubate for 1 

min, washed with ultrapure water, and negatively stained for 1 minute with 1 % w/v 

uranyl acetate in water prior to wicking away with filter paper. Samples were imaged on 

an FEI Tecnai G² Twin electron microscope. Nanofiber lengths were measured using 

ImageJ. 

 

3.2.3 Secondary Structure Analysis Using Circular Dichroism and 
Fluorescent Probes 

For CD, peptides were prepared at 3 mM in 1X PBS and diluted to 0.1 mM in 

potassium fluoride (KF) buffer just prior to analysis. CD spectra were collected on a 

Chiroscan Plus spectrometer from 220 nm to 260 nm in a 0.1 cm path length quartz 

cuvette.  

 For Thioflavin T (ThT) and pyrene assays, lyophilized peptides were dissolved in 

either a 4.0 X 10-2 g/L solution of ThT (Alfa Aesar, J61043)  in 1X PBS or a 1.3 X 10-4 g/L 

solution of pyrene (Sigma, 82648) in 1X PBS and incubated at room temperature for 3 h. 

A 100 μL aliquot of each solution was added to a black 96-well plate and read using a 

Molecular Devices Spectramax M2 spectrophotometer. For pyrene, the excitation 
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wavelength was 339 nm, and the emission wavelength was 373 nm. For Thioflavin T 

assays, following the method of Hamley and coworkers,[98] OVAQ11-PEG and OVAQ11 

were dissolved at several concentrations in PBS containing thioflavin T, and the 

fluorescence intensity was measured at 488 nm with an excitation wavelength of 440 nm. 

The intensity for each peptide concentration was divided by the intensity of a ThT 

solution containing no peptide (Io). The graphical estimates of critical aggregation 

concentration correspond to the intersection of the pre- and post-assembly tangent lines.  

 

3.2.4 Zeta-potential Measurements 

Peptides were prepared at 2 mM and diluted to 0.2 mM with 1X PBS just prior to 

analysis. Zeta-potential was measured at 25 °C using a Malvern Nano ZetaSizer. 

 

3.2.5 Mice and Immunizations 

Except where indicated otherwise, female C57BL/6 mice were purchased from 

Envigo, and experiments were initiated for mice between 8-12 weeks of age (age 

matched within experiments). CBA/J mice were used for immunization with the 

ESAT651-70 epitope due to haplotype compatibility, while hairless SKH-1 Elite mice were 

used for IVIS imaging. Animal experiments were approved by the Institutional Care and 

Use Committees of Duke University and the University of Chicago. Some subcutaneous 
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immunizations were performed at the University of Chicago; all other mouse 

experiments were performed at Duke University. For subcutaneous immunizations, 

mice were anesthetized using isoflurane and given two 50 μL injections of 2 mM 

peptide, one behind each shoulder, and booster immunizations of the same dose were 

given 4 weeks after the primary immunizations. For sublingual immunizations, mice 

were deeply anesthetized by a 100 μL intraperitoneal injection of a cocktail delivering 

100 mg/kg ketamine and 10 mg/kg xylazine. A micropipette with a 20 μL tip was used to 

apply of the immunizing solution below the tongue, and the mice’s heads were placed 

in anteflexion for 20 min following administration to prevent swallowing of the 

material. Adjuvanted formulations included 2 μg of cholera toxin (List Biological 

Laboratories, 101B), 10 μg of CTB (List Biological Laboratories, 103B), or 10 μg of cyclic-

di-AMP (Invivogen, vac-nacda) as described in figure captions. 

 

3.2.6 In Vitro Presentation Assay 

Bone marrow derived dendritic cells (BMDCs) were isolated from the femurs 

and tibias of naïve mice and added at 2 X 106/mL (5 mL) in complete RPMI medium to a 

6-well plate. To each well, 1 μg of Flt-3L (Thermo Fisher, PHC9411) was added, and the 

BMDCs were incubated at 37 °C for 8 d. The BMDCs were added at 2 X 105/mL (50 μL) 

to a 96-well plate along with 50 μL of serially diluted peptides, and incubated at 37 °C 
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for 2 h. The plates were centrifuged at 500 X g for 5 min, the supernatant was aspirated, 

and 100 μL of DOBW cells (T cell hybridoma) resuspended at 5 X 10-5 cells/mL in 

complete DMEM media were added to each well and incubated overnight at 37 °C. 

DOBW cells produce IL-2 when they encounter pOVA presented in MHC class II (I-Ab). 

The plates were centrifuged for 5 min at 500 X g, the supernatant was collected, and the 

IL-2 concentration was measured using an ELISA kit (BD Bioscience, Cat# 55148). 

DOBW T cell hybridoma cells were provided by C. Harding. 

 

3.2.7 Mucosal Antibody Responses 

To measure antibody responses in the reproductive tract, mice were immunized 

at weeks 0, 1, 3, and 9 with 7 μL of 5.6 mM peptide with 2 μg cholera toxin adjuvant per 

mouse. Mice were sacrificed at week 10 (one week after the final immunization), and 

vaginal washes were collected. Samples were diluted 1:10 and pOVA-specific IgG was 

measured by ELISA.  To collect vaginal washes, mice were anesthetized with isoflurane 

and the vagina was flushed with 40 μL of 1X PBS using a micropipette. Nasal wash was 

collected in post-mortem mice by flushing 200 μL of 1X PBS through the choanae. 
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3.2.8 Measurement of Antibody Responses Using ELISA 

Serum was collected via the submandibular vein. For analysis of antigen-specific 

IgG by ELISA, plates were coated with a 20 μg/mL streptavidin solution and incubated 

overnight at 4 °C. Plates were washed with 0.5 g/L Tween-20 in PBS (1X PBST), blocked 

by Superblock blocking buffer solution (Thermo Fisher, Cat #37515), washed again, and 

coated with 20 μg/mL of biotin-pOVA or biotin-pESAT651-70 for 1 h at room temperature. 

Sera or mucosal secretions were diluted in 10 g/L BSA in 1X PBST and added to the 

plate, and antigen-specific IgG was detected by horseradish peroxidase (HRP) 

conjugated Fcγ fragment specific goat anti-mouse IgG (Jackson Immuno Research, Cat 

#115-035-071). Titers were calculated as previously described.[95] For measuring antibody 

subclasses, HRP conjugated goat anti-mouse detection antibodies were purchased from 

Southern Biotech (IgG1: 1071-05, IgG2b: 1091-05, IgG2c: 1078-05, IgG3: 1101-05). 

 

3.2.9 Measurement of T Cell Responses Using ELISPOT 

To analyze T cell activation by ELISPOT, mice were sacrificed 7 d after the final 

booster immunization and spleens were harvested. Briefly, 0.25 million splenocytes in 

200 μL were plated in each well of a 96-well ELISPOT plate (Millipore, MSIPS4510). The 

cells were stimulated with 5 μM pOVA peptide, left untreated as negative controls, or 

stimulated with Concanavalin A (ConA)  (Sigma, C5275) as positive controls. To detect 
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IFNγ secreting cell spots, a biotinylated anti-mouse IFNγ (Mabtech, 551881) detection 

antibody pair from BD Bioscience, streptavidin-alkaline phosphatase (Mabtech, 3310-0), 

and Sigmafast BCIP/NBT (Sigma, B5655) from Sigma Aldrich were used. Plates were 

imaged and counted by Zellnet Consulting using a Zeiss KS ELISPOT reader. 

 

3.2.10 Sublingual Immunization Site Monitoring 

Female SKH1-Elite mice (a hairless and immunocompetent strain) were 

purchased from Charles River. Mice were anesthetized as described above and 7 μL of 5 

mM TAMRA-OVAQ11 or TAMRA-OVAQ11-PEG was applied below the tongue. The 

mouse’s heads were placed in anteflexion for 20 minutes to prevent swallowing of the 

material. The ventral view of each mouse was imaged using an IVIS Lumina XR imaging 

system with 535 nm excitation and a DsRed filter. The radiant efficiency of the 

administration site was quantified using Perkin Elmer Living Imaging software and the 

radiant efficiency at each timepoint for each mouse was normalized to the initial signal 

(20 minutes post administration) to give the fraction of signal remaining. 

 

3.2.11 Statistical Analysis 

Statistical analysis was performed as indicated in figure legends using GraphPad 

Prism software. Means ± standard error of the mean (s.e.m.) are presented. Statistically 
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significant differences are indicated in each graph as *p < 0.05, **p < 0.01, and ***p < 0.001. 

Non-significant differences are indicated as n.s. 

 

3.3 Results 

3.3.1 Introduction 

Despite the attractive properties of peptide nanofiber vaccines established in 

other routes of delivery, we expected that the extremely high aspect ratio and extended 

length of the nanofibers would make them non-immunogenic sublingually, and so we 

explored two distinct and potentially complementary approaches to render them 

immunogenic: PEGylation of the nanofibers and shearing them into much shorter fibers. 

We anticipated that PEG modification would be compatible with the Q11 peptide’s self-

assembly into nanofibers, as we recently found that it is tolerant of a variety of changes 

in surface properties without a loss of immunogenicity, including N-terminal 

modification with a triethylene glycol block.[99] Other fibrillizing peptides have also been 

shown to retain their self-assembly even with the inclusion of longer PEG chains,[100-105]  

with small-angle neutron scattering (SANS) suggesting structures having a peptide 

nanofiber core surrounded by a PEG corona.[102-103] We hypothesized that such a material, 

in which the entire supramolecular structure is densely coated in low molecular-weight 

PEG, would be ideal for promoting mucus penetration. 
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As an alternative to PEGylation, we also investigated whether shortening the 

nanofibers by shearing them would augment sublingual immunogenicity. While 

adhesive interactions between biomaterials and mucus are believed to be primarily 

responsible for inhibiting transport, the mucin network does have established pore sizes, 

suggesting that a material smaller than the pore size might be capable of penetrating 

more readily due to a reduction in steric obstruction.[106-107] 

 

3.3.2 Design and Characterization of Epitope-Bearing Peptide-
Polymer Conjugates 

We initially designed a molecule consisting of the Q11 sequence and the model 

peptide epitope OVA323-339 connected to its N-terminus via a flexible (Ser-Gly)2 linker. A 

3000 MW PEG was attached to the C-terminus. We postulated that this molecule would 

assemble into nanofibers with a Q11 peptide core and OVA epitopes interspersed 

among a PEG corona (Fig. 1). Owing to the use of a polydisperse PEG block, the 
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resulting PEG-peptide conjugate (OVAQ11-PEG) was also polydisperse, exhibiting the 

expected molecular weight range (Fig. 23).  

 

 

Figure 1: Design of supramolecular peptide-polymer nanofibers.

 (A) Primary sequences of OVAQ11 and OVAQ11-PEG. (B) Peptide-polymers 

self-assemble to form supramolecular nanofibers. The hypothesized structure was 

produced using previously published knowledge regarding the anti-parallel β strand 

architecture in Q11 nanofibers[108] and the propensity of similar self-assembling PEG-

conjugated β-sheet peptides to form peptide cores with PEG coronas[102, 105].  

 

OVAQ11-PEG self-assembled in PBS to form high aspect ratio nanofibers 

morphologically similar to those observed for OVAQ11 (Fig. 2a, b). To characterize the 

secondary structure of these nanofibers, we used circular dichroism (CD) and fluorescent 

probes. The CD spectra of OVAQ11-PEG showed the same minima near 230 nm as 

previously reported for OVAQ11,[95] suggesting a similar β-sheet secondary structure (Fig. 
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2c). To confirm this finding, we employed two fluorescent probes, Thioflavin T (ThT) and 

pyrene, which have been used previously in the characterization of PEG-peptide 

conjugates.[98, 109-110] Thioflavin T binds to β-sheet rich structures, although our previous 

work with OEG-Q11 has shown that the presence of just three ethylene oxide units can 

diminish the overall magnitude of fluorescence.[99] We thus measured the fluorescence 

signal of OVAQ11-PEG and OVAQ11 assembled at a range of concentrations in solutions 

of ThT in PBS. We observed a linear increase of fluorescence at peptide concentrations 

above the critical aggregation concentrations (c.a.c.). To graphically estimate the c.a.c., we 

plotted the ThT fluorescence data against a log10 concentration axis, using the method 

reported by Hamley and colleagues [98] (Fig. 2d).  We performed a similar procedure using 

pyrene, which is sensitive to changes in hydrophobicity. Upon assembly of OVAQ11-

PEG, sequestration of hydrophobic amino acids, particularly phenylalanine, within the 

PEG-shielded nanofiber core would be expected to decrease the hydrophobicity of the 

solution, leading to an increase in fluorescence of pyrene’s first vibronic band. Both ThT 

and pyrene measurements estimated the c.a.c. of OVAQ11-PEG to be near 1 mM (Fig. 2d 

and Fig. 24). All subsequent experiments were thus performed with peptides prepared at 

concentrations of at least 2 mM. Additionally, due to our previous report that negative 

charges in the range of 20-30 mV are sufficient to diminish the immunogenicity of Q11,[99]  

we measured the zeta potential of OVAQ11-PEG and found it to be well below this 
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threshold (Fig. 2e). As expected, conjugation of PEG to the nanofibers did not result in any 

cytotoxicity in vitro (Fig. 25). 

 

 

Figure 2: OVAQ11-PEG self-assembled into β-sheet nanofibers.

 Negative stained TEM images of (a) OVAQ11 and (b) OVAQ11-PEG nanofibers 

assembled from 2 mM peptide and (c) Circular dichroism of peptides assembled at 3 

mM in PBS and diluted to 0.1 mM in potassium fluoride immediately prior to analyzing. 

(d) β-sheet structure was further confirmed using Thioflavin T. Following the method of 

Hamley and coworkers[98], the graphical estimates of critical aggregation concentration 

correspond to the intersection of the pre- and post-assembly tangent lines (circled). (e) 

Zeta-potentials of OVAQ11-PEG and OVAQ11 indicated that surface charge was 

minimally altered by PEGylation. Peptides were prepared at 2 mM in 1X PBS and 

diluted to 0.2 mM in 1X PBS prior to measurement at 25 °C. *p < 0.05, unpaired, two-

tailed t-test. 
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3.3.3 Reduction of Nanofiber Length 

As an alternative to PEGylation, we also sought to test whether peptide 

nanofibers could be rendered immunogenic by the sublingual route by reducing their 

length. We previously foundthat β-sheet nanofiber length impacts immunogenicity 

when delivered intranasally[96], but the effects on subcutaneous or sublingual 

immunization is not known. While adhesive interactions are believed to dominate 

transport through mucus, the mucin network of human saliva has been reported to have 

defined pore sizes with a mode diameter of 700 nm,[107] suggesting that a material with a 

size below this value might transport more readily.[106] To this end, we physically 

sheared OVAQ11 nanofibers through a polycarbonate membrane containing 100 nm 

laser track-etched pores, a method previously reported to reduce the length of similar β-

sheet peptides.[100, 111] On TEM grids, unsheared OVAQ11 nanofibers formed an 

entangled mat of nanofibers with lengths of micrometers, as previously reported (Fig. 

3a).[95, 99] In contrast, sheared OVAQ11 nanofibers were significantly shorter (Fig. 3b-d, 

Fig. 26), with median fiber lengths of 276 nm compared to 1168 nm for unsheared 

nanofibers. Notably, close to 90% of the sheared fibers were below the reported 700 nm 

mucus pore size. To ensure that shearing was not leading to a decrease in overall 

peptide concentration, we sheared tryptophan-labelled Q11 (W-Q11) nanofibers and 
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measured their absorbance at 210, 215, and 260 nm before and after shearing (Fig. 27), 

finding negligible loss of material from the shearing process. 

 

3.3.4 Neither PEGylation nor Shearing Diminished the Overall 
Immunogenicity of OVAQ11 via Traditional Routes 

Prior to evaluating the PEGylated and sheared nanofibers sublingually, we 

tested whether either modification compromised the overall immunogenicity of the 

materials using standard subcutaneous delivery and in vitro methods. Because responses 

to Q11 have been shown to be T-cell dependent,[112] it is critical that the material can be 

taken up and the conjugated peptide epitope can be processed and presented on major 

histocompatibility (MHC) molecules to T cells.  To test in vitro whether PEGylation or 

shearing influenced this process for Q11 nanofibers, we incubated murine bone-marrow 

derived dendritic cells (BMDCs) with nanofibers and subsequently co-cultured the 

BMDCs with DOBW reporter T-cell hybridomas, whose T-cell receptors are specific for 

the pOVA epitope. These cells respond to MHC-restricted pOVA peptide by secreting 

IL-2. No significant difference in the EC50 values were observed between groups, 

suggesting that OVAQ11-PEG and sheared OVAQ11 could be efficiently internalized 

and processed, and the pOVA epitope presented to T cells (Fig. 3e). 
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Figure 3: Shearing of OVAQ11 nanofibers reduced nanofiber lengths, and 

neither PEGylation nor shearing diminished immunogenicity via traditional 

subcutaneous immunizations.

Ten TEM images of OVAQ11 were obtained before and after shearing through a 

100 nm track-etched polycarbonate membrane. ImageJ was used to determine the length 

of 450 individual sheared fibers and 96 non-sheared fibers. Representative images of 

unsheared (a) and sheared (b) OVAQ11 fibers, and (c) individual lengths of each 

nanofiber. ***p < 0.001, unpaired, two-tailed t-test. (d) Histogram showing the frequency 
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distribution of fiber lengths before and after shearing. All TEM images and 

corresponding nanofiber traces are shown in Fig. 26. (e) Neither shearing nor 

PEGylation of nanofibers significantly affected presentation of pOVA in MHC class II 

molecules, as measured by DOBW reporter cells, which secrete IL-2 upon encountering 

DCs with pOVA-loaded MHC II. IL-2 concentration in the supernatant was measured by 

ELISA. EC50 corresponds to the concentration of material that gives the half-maximal 

antigen presentation; n.s. (p < 0.13), one-way ANOVA, n = 3/group. (f) Neither shearing 

nor PEGylation disrupted the subcutaneous immunogenicity of OVAQ11 nanofibers. 

Mice were immunized subcutaneously on weeks 0 and 4 with two 50 μL injections of 2 

mM peptide and serum was analyzed by ELISA; ns (p < 0.20); one-way ANOVA, n = 

5/group. Arrows indicate timepoints of immunizations. (g) Neither PEGylation nor 

shearing significantly altered the dominant subclasses of IgG raised by nanofibers. 

Shown is week 7 serum of mice from (f). *p < 0.05, two-way ANOVA with Tukey's 

multiple comparisons test, n = 5/group. 

 

To test whether shortening or PEGylation modified the overall immunogenicity 

of the nanofibers via traditional non-mucosal routes, we immunized mice 

subcutaneously with each material. Neither PEGylation nor shearing diminished the 

OVA-specific IgG titers raised (Fig. 3f). Additionally, as Q11 has previously been shown 

to elicit mildly Th2-biased phenotypes after subcutaneous immunization,[67] we 

investigated the antibody subclasses raised by the modified nanofibers (Fig. 3g). All 

groups showed a predominantly IgG1 response, suggestive of a Th2-biased response. 

Taken together, these experiments indicated that neither shearing nor PEG conjugation 

diminished the overall immunogenicity of OVAQ11, and they provided further 

evidence of the robustness of the Q11 platform to physical changes without loss of 

immunogenicity. 
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3.3.5 PEG Conjugation to Nanofibers Enables Sublingual Peptide 
Immunization 

Having designed and characterized OVAQ11-PEG and observing no loss of 

immunogenicity in vitro or subcutaneously versus non-PEGylated OVAQ11, we next 

tested our hypothesis that these changes would enable sublingual immunization. To 

minimize the potential confounding effects of mice swallowing material, we immunized 

deeply anesthetized mice with a conservative volume of only 7 L, well below the 

volumes expected to induce inadvertent swallowing.[90] Sublingual immunization 

against short peptide epitopes using nanomaterials is challenging, and few reports exists 

in the literature.[87] Consequently, sublingual immunization has previously been 

achieved primarily using whole proteins or whole pathogens along with a mucosal 

adjuvant such as cholera toxin (CT).[90, 113] Consistent with this, we found that whole 

ovalbumin protein was capable of producing strong antibody responses when delivered 

sublingually with cholera toxin (Fig. 28), but cholera toxin was not capable of rendering 

the soluble peptide pOVA (OVA323-339) immunogenic, as the soluble pOVA peptide failed 

to raise responses regardless of whether it was formulated with CT (Fig. 4a). In addition, 

PEGylation of the pOVA peptide and delivery with CT likewise failed to raise responses 

sublingually (Fig. 4a). In short, neither PEGylation, adjuvanting with CT, nor the two 

strategies combined were sufficient to render pOVA immunogenic sublingually. 



 

36 

 

 

Figure 4: Supramolecular PEG-peptide nanofibers enabled sublingual 

immunization against peptide epitopes. 

(a) Adjuvant plus soluble OVA peptide (pOVA) alone fails to elicit sublingual 

antibody responses, even when the peptide is PEGylated. Mice were primed and 

boosted at weeks 1 and 3 with 7 μL of 5.6 mM peptide with or without 2 μg of cholera 

toxin (CT) adjuvant, and serum pOVA-specific IgG was measured by ELISA at week 6, n 

= 5/group. (b) PEGylated nanofibers were immunogenic sublingually with CT, 

regardless of whether they were sheared. Nanofibers lacking PEG were non-

immunogenic sublingually. Mice were primed and boosted at weeks 1, 3, and 20 with 7 
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μL of 5.6 mM peptide with 2 μg of cholera toxin per mouse, and pOVA-specific IgG was 

measured by ELISA. *p < 0.05, one-way ANOVA, Tukey's multiple comparisons test, n = 

4/group. Arrows indicate timepoints of immunizations. (c) Antibody subclasses at week 

6 were balanced between IgG1, IgG2b, and IgG2c. *p < 0.05, two-way ANOVA, n = 

4/group. (d) Sublingually delivered OVAQ11-PEG nanofibers also raised IgG antibodies 

in the reproductive tract at week 10. *p < 0.05, unpaired, two-tailed t-test, n = 5/group. (e) 

PEGylated nanofibers elicited T cell responses, measured by splenocyte ELISPOT at 

week 21 (same mouse groups as shown in (b) and Fig. 29). SFC (spot forming cells) after 

pOVA stimulation are shown. *p < 0.05, one-way ANOVA, Tukey's multiple 

comparisons test, n=4/group (OVAQ11+CT, OVAQ11-PEG+CT), n=7 (OVAQ11-PEG 

(Sheared) +CT), or n=5 (OVAQ11 (Sheared)+ CT). (f) OVA-Q11-PEG nanofibers 

remained strongly and durably immunogenic using the more clinically translatable 

adjuvant CTB. n = 5 mice, immunized sublingually at weeks 0, 1, 3, and 6 with 7 μL of 

5.6 mM OVAQ11-PEG with 10 μg of cholera toxin subunit B, pOVA-specific serum IgG 

measured by ELISA. (g) At week 52 for the mice immunized with CTB-adjuvanted 

nanofibers shown in (e), Ig responses were balanced between IgG1, IgG2b, and IgG2c. 

 

In striking contrast to soluble peptide formulations, mice immunized 

sublingually with self-assembled nanofibers of OVAQ11-PEG raised high levels of 

circulating antibodies against the pOVA peptide, while mice immunized with non-

PEGylated OVAQ11 nanofibers elicited no responses (Fig. 4b). The antibody responses 

were durable, with high titers still remaining four months after the initial immunization. 

Additionally, a recall response was evident after boosting mice at week 20, suggesting 

that immune memory may have developed. In contrast to PEG’s critical role in enabling 

sublingual nanofiber immunization, length reduction of OVAQ11 via shearing was not 

sufficient to produce efficacious formulations, nor did it improve the responses to 

sublingually delivered OVAQ11-PEG (Fig. 4b, 29). The inclusion of adjuvant was 
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required in the formulation, yielding antibody subclasses that were balanced across 

IgG1, IgG2b, and IgG2c (Fig. 29, 4c). Again, it was clear that both Q11-driven assembly 

of the peptide epitope into nanofibers and PEGylation were necessary to render the 

pOVA peptide immunogenic sublingually, as both pOVA-PEG and OVAQ11 elicited no 

response even when adjuvanted with CT (Fig. 4a-b). 

 

3.3.6 Sublingual OVAQ11-PEG Elicits Mucosal Antibody Responses 
in the Reproductive Tract 

A major benefit of mucosal vaccination is the ability to raise antibodies not only 

in the systemic circulation, but also at mucosal surfaces through which pathogens enter 

the body, where they can neutralize pathogens prior to infection. The sublingual route 

has been shown to have a broader anatomical distribution of antibodies than other 

mucosal routes, with antibodies observed in both the upper and lower respiratory tracts 

and in the reproductive tract.[37] Consistent with this, after sublingual immunization of 

mice with OVAQ11-PEG + CT we observed antigen-specific IgG in vaginal secretions, 

whereas no response was observed in mice immunized with OVAQ11 + CT (Fig. 4d). We 

also observed responses in the nasal wash, suggestive of antibodies in the respiratory 

tract (Fig. 30). 
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3.3.7 OVAQ11-PEG Elicits Antigen-Specific T-Cell Responses after 
Sublingual Immunization 

The OVA323-339 epitope is unique in that it contains overlapping B- and T-cell 

epitopes, which allowed us to simultaneously examine the ability of OVAQ11-PEG to 

elicit antigen-specific T-cell responses. We have previously shown that raising 

simultaneous T- and B-cell responses is critical both for optimizing responses to Q11 and 

for raising therapeutic immune responses.[14, 67] At week 21, one week after a final boost, 

mice were sacrificed and the spleens were harvested for analysis by ELISPOT (Fig. 4e, 

31). The results were consistent with the adjuvanted humoral responses described 

above, as mice immunized with OVAQ11-PEG + CT raised OVA-specific IFNγ T-cell 

responses, yet mice immunized with OVAQ11 + CT raised minimal responses.  

 

3.3.8 Sublingual Immunization with OVAQ11-PEG is Effective with a 
Clinically Relevant Protein Adjuvant 

Our initial studies of sublingual immunization with OVAQ11-PEG were 

performed using the model mucosal adjuvant CT, which is commonly employed in 

mouse models. Subsequently, we investigated a more clinically translatable adjuvant, 

the B subunit of cholera toxin (CTB). CTB contains a strong T-cell epitope,[114] interacts 

with the receptor GM1-ganglioside, and has received significant attention as a mucosal 

adjuvant.[115] It has been previously approved for use in humans, as it is included in the 
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oral cholera vaccine Dukoral[116] and has been used as an intranasal adjuvant in human 

studies.[117] Mice immunized with OVAQ11-PEG and the CTB protein raised antibody 

titers as strong as those with the full CT adjuvant after including an additional third 

boost at week 6 (Fig. 4f), indicating the compatibility of the PEGylated Q11 nanofiber 

system with this more clinically appropriate adjuvant. Strikingly, mice maintained class-

switched antibody responses at 72 weeks after primary immunization and greater than a 

year after receiving their final boost (Fig. 4f, g). 

 

3.3.9 Modulation of Conjugated PEG Size Tunes Sublingual Immune 
Responses 

We next investigated how the length of the conjugated PEG affected sublingual 

immune responses by designing a set of self-assembling OVAQ11 nanofibers with 350, 

1000, or 2000 MW mPEG (Fig. 5a-d). For synthetic reasons, we moved the OVA epitope 

to the C-terminus and the PEG chain to the N-terminus, and used a methoxy terminated 

mPEG rather than traditional hydroxy terminated PEG. Q11 vaccines have previously 

been shown to be effective with a C-terminal epitope[69] and we verified that neither of 

these changes (mPEG, C-terminal epitope placement) altered uptake and presentation in 

vitro (Fig. 32).  

 



 

41 

 

 

Figure 5: Sublingual immune responses and mucin binding to OVAQ11 were 

dependent on the length of conjugated PEG. 

Q11OVA with N-terminal mPEG blocks of 350, 1000, and 2000 average molecular 

weight formed nanofibers, as evidenced by negative stained TEM: (a) mPEG350-

Q11OVA (b) mPEG1000-Q11OVA (c) mPEG2000Q11OVA. (d) Isothermal titration 
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calorimetry indicated that increasing PEG length diminished interactions with mucin. *p 

< 0.05, R2=0.94 by linear regression of PEG size vs. percent change in binding 

stoichiometry. (e) Increasing PEG length improved OVA-specific titers raised against 

OVAQ11-PEG nanofibers. Mice were immunized sublingually with 7 μL of 5 mM 

peptide with 2 μg of cholera toxin per mouse and boosted with the same dose at weeks 

1, 3, and 6. IgG against the pOVA epitope was measured at week 8 by ELISA. A, B, C: 

Groups in (e) that do not share a letter are statistically different (p < 0.05) by 2-way 

ANOVA with Tukey's multiple comparisons test, n = 6 (0 PEG) or n = 8/group from two 

independent experiments. Complete titer data is shown in Fig. 33. (f) Proline-Alanine- 

Serine modification (PASylation) had a similar effect as PEGylation, enabling sublingual 

immunization against PAS20-Q11OVA nanofibers in a fully peptidic formulation. Mice 

were immunized with 8 μL of 5 mM peptide and 10 μg CTB at weeks 0, 1, 3,  and 5. Data 

from OVAQ11-PEG + CTB immunizations are re-presented from Fig. 4f as a comparison. 

Arrows indicate timepoints of immunizations. (g) Sublingual immunization was 

achieved against the ESAT651-70 epitope from M. tuberculosis using cyclic-di-AMP 

adjuvant. CBA/J mice (n = 5) were immunized at weeks 0, 1, 3, 7, and 9 with 8 μL of 5 

mM mPEG2000-Q11ESAT651-70 with 10 μg of cyclic-di-AMP adjuvant per mouse; IgG 

against the ESAT651-70 and pOVA epitopes were measured by ELISA. 

 

 To quantify the impact of PEG size on the surface properties of Q11 

nanofibers, we utilized isothermal titration calorimetry. This technique has been used 

previously to quantify mucin binding to biomaterials, and importantly, reduced in vitro 

mucin binding has been shown to correlate to mucus penetration in vivo.[42] We found 

that mucin binding was reduced in a PEG-size dependent manner, supporting our 

hypothesis that PEG conjugation would shield nanofibers from interactions with mucus 

(Fig.5d). Furthermore, we found that sublingual immune responses displayed an inverse 

trend to mucin binding, with greater PEG sizes leading to stronger immune responses 

(Fig. 5e). This inverse relationship between nanofiber/mucin interactions and sublingual 



 

43 

 

nanofiber immunogenicity strongly supports the hypothesis that PEG enables 

sublingual immunization by imparting mucus-inert surface properties to the nanofibers. 

mPEG chains as small as 1000 Da increased sublingual immune responses to Q11OVA, 

while 2000 Da mPEG was sufficient to induce high-titer antibody responses (Fig 5e). As 

all nanofibers displayed similar morphologies regardless of PEG size (Fig 5a-c), these 

results further supported the previous conclusion that alteration of nanofiber surface 

properties with PEG is critical for sublingual immune responses against peptide 

nanofibers, while length reduction is not. 

To further support our finding that the surface properties of PEG are critical in 

rendering supramolecular assemblies immunogenic sublingually, we tested whether 

conjugating an alternate mucus-inert material to the nanofibers would have the same 

effect as PEG. We chose to replace PEG with a polypeptide sequence composed of 

proline, alanine, and serine (PAS). This  PASylation approach was previously designed 

to mimic the biophysical properties of PEG to provide an alternative for improving 

circulation of biopharmaceutical proteins.[118-119] We reasoned that by utilizing a lower 

molecular weight PAS sequence with a chain length similar to 2000 MW PEG we could 

impart favorable surface properties to Q11 nanofibers for sublingual delivery. This was 

indeed the case, as mice immunized with PAS20-Q11OVA and CTB adjuvant raised high 

titer antibody responses (Fig. 5f). While several polymeric alternatives to PEG have been 
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explored for mucus penetration (reviewed recently[120]), this is to our knowledge the first 

use of a fully peptidic material to promote sublingual biomaterial delivery, in either 

immunization or drug delivery contexts. Concerns about the immunogenicity of PEG 

have increased in recent years due to loss of efficacy and adverse effects in some 

PEGylated therapeutics[121-122]. A 2003 study found that over 25% of healthy blood donors 

had anti-PEG antibodies[123-124], a stark increase from the 0.2% figure reported in 1984[125] 

that could be due in part to continual PEG exposure in the form of foods and other 

commercial products. We believe that the use of short PAS sequences could hold 

potential beyond sublingual immunization as a PEG alternative for mucosal delivery 

that minimizes immunogenicity concerns. 

 We next sought to determine if our sublingual vaccine strategy could be 

used to raise antibodies against a clinically relevant peptide epitope. Based on our 

findings that conjugation of 2000 MW PEG was sufficient to raise sublingual immune 

responses, we synthesized an mPEG2000-Q11 variant containing the ESAT651-70 epitope 

from M. tuberculosis. This peptide epitope has been shown to be protective in a 

preclinical model of M. tuberculosis infection.[126] We used the nucleotide adjuvant cyclic-

di-AMP, a STING receptor agonist, in place of cholera toxin to test the amenability of 

our strategy to alternate formulations, as the optimal adjuvant can vary by vaccine 

target. Sublingual immunization with mPEG2000-Q11ESAT651-70 and cyclic-di-AMP 
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produced antigen-specific antibodies against the ESAT651-70 epitope, showing that our 

strategy is not limited to model antigens or cholera toxin-based adjuvants (Fig. 5g). 

Additionally, CBA/J mice were used for these immunizations due to their haplotype 

compatibility with the ESAT651-70 epitope, demonstrating an ability to raise sublingual 

responses in multiple strains of mice. 

 

3.3.10 PEG Conjugation Prolongs Nanofiber Residence at the 
Sublingual Immunization Site 

We hypothesized that by reducing interactions with mucus, PEG conjugation 

should also enhance nanofiber residence at the sublingual immunization site. 

Entrapment of nanofibers in mucus would lead to rapid mucus-mediated clearance, 

preventing the nanofibers from accessing APCs at the sublingual epithelium and thus 

limiting the initiation of a potential immune response. In contrast, PEGylated nanofibers 

are expected to more readily pass through the mucus and reach the epithelium. Directly 

above the epithelium is the unstirred mucus layer, where turnover is much less rapid 

than the mucus above, allowing materials that reach this layer to reside at the longer at 

the adjacent epithelium[39-40]. To assess this hypothesis, we synthesized fluorescent, 

TAMRA-conjugated OVAQ11 and OVAQ11-PEG nanofibers, administered them 

sublingually without adjuvant, and monitored the radiant efficiency of the sublingual 

site over time using whole-mouse IVIS imaging (Fig. 6a). While TAMRA-OVAQ11 fibers 
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were almost entirely cleared by 3 hours post-administration, TAMRA-OVAQ11-PEG 

fibers were detectable for at least 9 hours (Fig. 6b). The 9-12 hour residence time at the 

immunization site that we observed matches the timeline for a previously reported 

sublingual vaccine.[87] We chose to use unadjuvanted nanofibers in this experiment to 

focus on material effects alone, as our platform works with a variety of adjuvants, each 

of which could alter the results. In combination with the observed effects of PEG size on 

mucin binding and antibody responses, this supports the hypothesis that PEG 

conjugation enables sublingual immunization by imparting favorable surface properties 

for mucus penetration. 

 

 

Figure 6: PEG conjugation prolonged nanofiber residence at the sublingual 

immunization site. 

(a) SKH-1 Elite mice (n = 3/group) were administered 7 μL of 5 mM TAMRA-

OVAQ11 or TAMRA-OVAQ11-PEG, and the radiant efficiency of the immunization site 

was monitored using an IVIS Lumina XR. Shown in (a) are representative images of one 

mouse given TAMRA-OVAQ11 (left in each image) and TAMRA-OVAQ11-PEG (right 

in each image). Images for all mice are shown in Fig. 34. (b) Quantification of IVIS 
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imaging results. The radiant efficiency at each timepoint for each mouse was normalized 

to the value at the first timepoint (20 min) to determine the fraction of signal remaining. 

*p < 0.05, 2-way ANOVA. 

 

3.4 Discussion 

In this study, we developed a strategy for sublingual immunization against 

peptide epitopes by combining the effects of supramolecular assembly with mucus-

penetrating surface modifications, including PEGylation and PASylation. This approach 

was successful with a variety of adjuvants and epitope systems and in multiple strains 

of mice, illustrating its versatility and adaptability.  Previous work with liposome-based 

sublingual vaccines showed moderate improvements with PEG-incorporating 

formulations,[47] and virus-like particles did not require such surface changes,[87] but we 

found that Q11 nanofiber vaccines, which have been previously developed to raise 

immune responses via subcutaneous[95] or intranasal[96] routes, failed to raise antibody 

responses sublingually even when formulated with the immunogenic model epitope 

OVA323-339 and the strong mucosal adjuvant cholera toxin. PEGylation or PASylation 

rendered these nanofibers highly immunogenic by the sublingual route, enabling strong, 

long-lived humoral responses and cellular responses and enabling the future 

development of supramolecular peptide materials as sublingually delivered vaccines. 

Importantly, PEGylation and adjuvants were not sufficient to render soluble 

(unassembled) peptides immunogenic, illustrating the strong influence of 
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supramolecular assembly. 

  While simple, this approach affords control over two key parameters: PEG chain 

length and PEG surface density. PEG chain length is selected during synthesis, and 

although not investigated directly in this study, supramolecular peptide nanofibers 

allow co-assembly of multiple peptides in a range of ratios,[127] so PEGylated peptides 

could in principle be co-assembled with other peptides to control the density of PEG 

chains on the surface of the nanofibers. For example, we found that PEG chain lengths of 

2000 Da were sufficient to generate immune responses when incorporated on each 

peptide of the nanofiber assembly; it would be straightforward, in principle, to vary the 

stoichiometry of PEGylated peptides with other co-assembled peptides such as B- and T-

cell epitopes to further tune and optimize the immune responses raised. 

   Our present study did not exhaustively investigate the mechanism by 

which PEG conjugation enables sublingual nanofiber vaccination, though the results are 

consistent with the hypothesis that its primary role is promoting mucus penetration. The 

molecular weight and high surface density of PEG coverage in the materials studied are 

consistent with the levels reported to be effective in promoting mucus penetration with 

other biomaterials,[39] and the lack of effect in shortening the fibers corroborates findings 

that surface properties supersede biomaterial size in promoting such transport,[128] at 

least within the range of sizes and physical properties relevant to supramolecular 
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peptide materials.  

 While Q11 vaccines do not require addition of supplemental adjuvant in other 

vaccination routes, we found that adjuvant was required for consistent responses 

sublingually. This indicates that the adjuvant may be playing a delivery route-specific 

role rather than boosting the material’s immunogenicity in a more general way. The 

sublingual epithelium has been reported to contain a low (~3-4 %) number of antigen-

presenting cells under normal conditions; however, sublingual application of cholera 

toxin leads to a transient increase in the level of these cells that peaks at 2 h after 

application and returns to basal levels by 6 h.[90] The importance of nanofiber uptake by 

APCs for Q11-based vaccines is well-established; we reported previously that when Q11 

fibers are modified such that APC uptake is disrupted, antibody responses are 

ablated.[99] Dendritic cells that acquire antigen locally at the site of sublingual 

immunization are able to enter the systemic circulation, enabling responses in distant 

lymphoid organs.[129] This is consistent with the strong serum antibody titers, splenic T 

cell responses, and mucosal antibodies found in this study. The simplest explanation 

thus appears to be that a primary role of cholera toxin (or its B subunit) in the  present 

work is to increase the APC population available to the nanofibers. 

  We further hypothesize that PEGylation or PASylation promotes access of 

peptide nanofiber materials to sublingual APCs by prolonging the materials’ residence 
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near the sublingual epithelium. While the upper layer of mucus is cleared rapidly, the 

unstirred layer below is more stable.[40] We suspect that non-PEGylated nanofibers are 

quickly entrapped in the mucus and cleared without accessing the sublingual APCs, 

while PEGylated nanofibers pass through to the unstirred mucus layer and are 

maintained there long enough to be acquired by APCs. This is supported by the 

decreased interactions observed in vitro between PEGylated nanofibers and mucin. The 

precise nature of the nanofibers’ transport mechanism and the phenotype of immune 

cells which interact with them remains an important and interesting area of future study 

for the development of sublingual biomaterial vaccines. 

 Sublingual biomaterial vaccination is still a relatively unexplored area, and our 

findings hold important implications for future work. We demonstrate the feasibility of 

using supramolecular materials and PEG conjugation as strategies to overcome the 

challenge of promoting strong sublingual responses against short peptide epitopes. The 

modular nature of self-assembling peptide vaccines, such as those based on Q11, KFE8, 

or Coil29, makes them adaptable to a range of diseases through the choice of epitope,[16, 

67-68, 130] as further demonstrated here by raising responses against the ESAT651-70 peptide 

epitope from M. tuberculosis. 

 Another important area for future investigation is a deeper 

characterization of the mucosal immune responses elicited by sublingually-delivered 
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nanofibers. Sublingual vaccination has been shown to be capable of eliciting immune 

responses in a broad range of tissues[37, 90], including both IgG and IgA isotype 

antibodies. The focus of the present study was to engineer a biomaterial capable of 

overcoming the challenge of promoting sublingual vaccination both against peptide 

epitopes and with supramolecular materials, rather than the development of a mucosal 

vaccine for a specific disease. This led us to focus on serum IgG as a reliable readout of 

whether immune responses were being raised that was monitorable over time, though 

we did also measure IgG in mucosal secretions (Fig. 4d, 30). There is evidence that IgG, 

IgA, and IgM antibodies can all contribute to the protection of mucosal barriers[131], as 

well as that the neutralization capacity of antibodies is more critical to protection than 

isotype[132]. The anatomical locations and isotypes of antibodies elicited by sublingually-

delivered nanofibers, and how material modulation and adjuvant choice may impact 

them, is an important future direction enabled by the present work.  

     An important consideration in applying these findings to other self-assembling 

peptides is that PEG conjugation can impact assembly differently depending on the type 

of material. The self-assembling peptide YYKLVFF formed nanofibers with larger 

diameters and shorter lengths when conjugated to 3000 MW PEG than when conjugated 

to 1000 MW PEG.[133] A longer self-assembling peptide, the Aβ(10-35) fragment of amyloid-

β, maintained a similar morphology after conjugation to 3000 MW PEG.[103] The observed 
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dimensions may also be impacted by the method of imaging. The use of quick-

freeze/deep-etch TEM, which preserves native morphology, showed Q11-PEG3000 to form 

longer nanofibers than unmodified Q11.[101] 

  Looking towards the applications of peptide-based vaccines, sublingual 

formulations hold promise for the developing world. The reuse of needles in developing 

nations is a significant concern; it was estimated in 2000 a full 40% of the 16 billion 

injections worldwide were performed with reused needles, leading to millions of new 

infections.[86] Sublingual vaccines can be administered in a variety of needle-free forms, 

including drops and dissolvable tablets.[37] Furthermore, this administration route does 

not necessitate highly trained personnel.[134] This is an important factor considering the 

dramatically rising total cost of vaccine schedules in the developing world, which 

increased from under one dollar per child in 2001 to roughly $21 for boys and, with the 

inclusion of the HPV vaccine, $35 for girls in 2014.[85] Our previous work has also shown 

Q11 to retain its immunogenicity even after six months of heating at 45°C,[135] which 

could address the costly requirement of cold-chain storage and transport. A heat-stable, 

sublingually delivered vaccine could hold significant promise towards vaccine 

development in the developing world. 

 Our finding that even micrometer-scale materials can be made immunogenic 

sublingually via PEG conjugation also holds broad significance to fields outside of 
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vaccine delivery. PEG is used to improve the pharmacokinetics of drugs and 

nanoparticles, and it is also contained in orally delivered consumer products such as 

foods, dental care products, and laxatives. Despite the close anatomical proximity of the 

oral and sublingual mucosa, the immune responses that can be raised via oral and 

sublingual delivery vary greatly.[37] Our findings suggest that a careful parsing of the 

relative contributions of oral and sublingual delivery is crucial in understanding the 

immunogenicity of PEG and other components of products delivered by mouth, and 

that broader classes of ingested materials containing PEG may be immunogenic than 

previously thought.  

 

3.5 Conclusions 

We developed an approach to immunize sublingually against peptide epitopes 

using the combined effects of supramolecular assembly and surface modification. We 

showed that PEGylation of self-assembled Q11 nanofibers reduced nanofiber 

interactions with mucin and enabled robust, long-lived antibody responses and T cell 

responses when combined with a mucosal adjuvant. Lacking supramolecular assembly, 

PEGylated peptides delivered with adjuvant were not immunogenic, and reducing the 

length of the nanofibers had no impact on sublingual antibody responses. These findings 

illustrate that supramolecular assembly into PEGylated or PASylated nanofibers is a 
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simple and modular means of eliciting immune responses sublingually against short 

peptide epitopes. 
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4. Titrating polyarginine into nanofibers enhances 
cyclic-di-nucleotide adjuvanticity in vitro and after 
sublingual immunization 

4.1 Motivation 

Traditional vaccines against infectious pathogens offer limited ability to tune the 

specificity or phenotype of the protective immunity they elicit. Bespoke biomaterial 

vaccine platforms have emerged as alternatives to pathogen-based vaccines that offer 

greater control over the responses they raise[136-137]. This engineerability provides a means 

of overcoming significant hurdles associated with raising certain types of immune 

responses, such as responses against peptide epitopes, mucosal delivery, and poor 

immunogenicity. While the use of peptide epitopes can direct a vaccine response against 

a precise target, generally they are poorly immunogenic compared with subunit or 

larger antigens[138-139]. Mucosally delivered vaccines also typically have heightened 

immunogenicity requirements, and mucosal routes can degrade or damage antigens 

during administration.[34, 140-141] The incorporation of adjuvants into biomaterial vaccines 

can be used to enhance immunogenicity, while the choice of material and design can 

significantly impact the effectiveness of mucosal transport[142-143]. In recent years, 

biomaterial vaccines have been designed to promote mucosal delivery[47, 87, 96, 144-147], to 

raise responses against highly specific peptide epitopes[22, 68, 79, 81], and to elegantly 

incorporate adjuvants to tune response phenotypes[79, 148-149]. 
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 We recently reported the design of self-assembling peptide-polymer 

nanofibers capable of raising B- and T-cell responses against peptide epitopes after 

sublingual immunization (delivery across the mucosal surfaces under the tongue)[65]. 

These nanofibers contain a poly(ethylene) glycol (PEG) corona to shield them from 

mucus in the sublingual space, while relying on the combined effects of peptide self-

assembly and adjuvants to overcome the immunogenicity barrier. Here, we report a 

simple strategy to enhance the co-delivery of cyclic-di-nucleotide (CDN) adjuvants and 

nanofibers to promote STING (stimulator of interferon genes)-mediated dendritic cell 

(DC) activation in vitro and after sublingual immunization. Utilizing the ability of 

polyarginine sequences to complex with CDNs via electrostatics and hydrogen bonding, 

we co-assembled nona-arginine (R9) ligands into our nanofibers to promote these non-

covalent adjuvant-to-nanofiber interactions[150-151]. We demonstrate the ability to titrate 

the level of R9 ligand into the nanofiber to modulate the extent of CDN-mediated DC 

activation in vitro, with activation increasing monotonically with R9 level, and show that 

our supramolecular approach elicits greater activation than mixing CDNs with 

unassembled R9 peptides. In vivo, we discovered a bell-shaped response of antigen 

trafficking and DC activation in draining lymph nodes when CDN-adjuvanted 

nanofibers of increasing R9 content were delivered sublingually, with 25% molar R9 in 

the nanofiber having the greatest effect, in contrast with the in vitro findings. These 
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results highlight the complexity of designing mucosal vaccines to simultaneously 

promote delivery and immunogenicity and the importance of optimizing biomaterial 

parameters to maximize immune responses. 

 

4.2 Methods 

4.2.1 Peptide-Polymer Synthesis and Nanofiber Preparation 

 Peptides were synthesized using standard Fmoc solid-phase synthesis on Rink 

amide resins. PEG-peptides were synthesized by on-resin conjugation of 2000 MW 

mPEG-NHS (Creative PEGWorks PLS-214) to the N-terminus. Fluorescent peptides 

were synthesized by on-resin conjugation of 5 (6)-TAMRA (AnaSpec, AS-81120-01) to 

the N-terminus using DIC and HOBt as coupling reagents. Peptides were cleaved for 2 h 

at room temperature in a 95/2.5/2.5 TFA/triisopropylsilane/water cocktail, followed by 

washing with cold diethyl ether. Peptides were purified by reverse-phase HPLC using a 

C4 column (PEG-peptides) or C18 column (non-PEGylated peptides) and lyophilized. 

Peptide identity was confirmed using matrix-assisted laser desorption/ionization mass 

spectrometry on a Bruker Autoflex Speed LRF MALDI-TOF spectrometer using α-

cyano-4-hydroxycinnamic acid (Sigma Aldrich, 70990) as the matrix. 

 To prepare nanofiber solutions, lyophilized peptides were dissolved at 8 mM in 

sterile water and incubated at 4 °C overnight. The solutions were then brought to the 
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final concentrations in 1X PBS by addition of sterile water and sterile 10X PBS and 

incubated at room temperature for 3 h to before use to allow for fibrillization. 

 

4.2.2 Nanofiber Characterization 

 To visualize nanofiber morphology by transmission electron microscopy, 

nanofiber solutions were diluted to 0.2 mM in 1X PBS and deposited onto 

Formvar/carbon-coated 400 mesh copper grids (Electron Microscopy Sciences, EMS400-

Cu) for 1 min, rinsed with ultrapure water, and negatively stained for 1 min with 1% 

w/v uranyl acetate (EMS, 22400-1) prior to wicking away with filter paper. Samples were 

imaged on an FEI Tecnai G2 Twin electron microscope at 120 kV. 

 Secondary structure analysis was performed by assaying β-sheet content using 

thioflavin T (ThT; Alfa Aesar, J61043). Nanofiber or peptide solutions were diluted to 0.2 

mM in a 0.05 mM solution of ThT and the fluorescence intensity was measured with an 

excitation wavelength of 440 nm and an emission wavelength of 482 nm using a 

Molecular Devices Spectramax M2 spectrophotometer. 

 Zeta potential was measured on fibrillized nanofiber solutions diluted to 0.2 mM 

in 1X PBS. Solutions were analyzed at 25 °C using an Anton Paar Litesizer 500. 
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4.2.3 In Vitro DC Activation Assays 

 To assess DC activation in vitro, DC2.4 cells were seeded at 2.5 x 105/well in a 12-

well plate in complete DC media (RPMI + 10% heat-inactivated FBS + 50µM 2-

mercaptoethanol + 10 mM HEPES (pH 7.4) + 1X non-essential amino acids + 1X 

penicillin-streptomycin). The next day, nanofiber solutions of PEG-Q11OVA and PEG-

Q11(OVA/R9) were prepared at 2mM in the presence of c-di-GMP or c-di-AMP. 2X 

treatment solutions were prepared by diluting nanofiber solutions to 0.1 mM in 

complete DC media. Half of the culture medium in each well was replaced with 2X 

treatment media resulting in a final nanofiber concentration of 0.05 mM and final c-di-

GMP or c-di-AMP concentrations of either 1 µg/mL or 5 µg/mL. Cells were cultured 

under treatment conditions overnight. For experiments involving inhibition of the 

STING pathway, cells were pretreated with the STING antagonist C-178 (Axon 

Medchem, 2923) for 4 hours prior to treatment at 5 µM, and 5 µM C-178 was 

additionally included in the treatment conditions. Following treatment, cells were 

trypsinized and collected for flow cytometric analysis. Cells were stained with anti-

mouse CD80-PE (Clone: 16-10A1)(BioLegend, 104708) and anti-mouse CD86-PE-Cy7 

(Clone: GL-1)(BioLegend, 105014) and DAPI and analyzed on a BD FACSCanto II 

cytometer. Data were analyzed using FlowJo software. 
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4.2.4 Assessments of DC Presentation and Cross-Presentation of 
Model Epitopes In Vitro 

 To measure DC presentation of a model epitope to CD4 T cells, nanofiber 

solutions of PEG-Q11OVA and PEG-Q11(OVA/R9) were prepared at 2 mM in the 

presence of c-di-GMP or c-di-AMP. 2X treatment solutions were prepared by diluting 

nanofiber solutions to 0.1 mM in complete DC media. 2X treatment solutions were 

mixed with equal volumes of complete DC media containing DC2.4 cells and plated into 

a 96-well plate at 1 x 104 cells/well resulting in a final nanofiber concentration of 0.1 mM 

and final c-di-GMP or c-di-AMP concentrations of 10 µg/mL. Cells were incubated at 

37°C for 2 h. The plate was then centrifuged at 500 x g for 5 min, the supernatant was 

aspirated, and 100 µL of DOBW cells (T cell hybridoma) resuspended at 5 x 105/mL in 

complete DMEM media (DMEM + 10% heat-inactivated FBS + 1X  penicillin-

streptomycin) were added to each well and incubated overnight at 37 °C. DOBW cells 

produce IL-2 when they encounter pOVA presented in MHC class II (I-Ab). The plates 

were centrifuged for 5 min at 500 x g, the supernatant was collected, and the IL-2 

concentration in the supernatant was measured using an ELISA kit (BD Bioscience, 

55148). DOBW cells were provided by C. Harding. 

 To assess DC cross-presentation of a model epitope, DC2.4 cells were seeded at 

2.5 x 105/well in a 12-well plate in complete DC media. The next day, nanofiber solutions 

of PEG-Q11SIINFEKL and PEG-Q11(SIINFEKL/R9) were prepared at 2mM. 2X 
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treatment solutions were prepared by diluting nanofiber solutions to 0.2 mM in 

complete DC media and vortexed. Half of the culture medium in each well was replaced 

with 2X treatment media resulting in a final nanofiber concentration of 0.1 mM. 

Nanofibers were formulated such that the final SIINFEKL concentration in the treatment 

culture medium was either 100 µM, 1 µM, or 0.1 µM. Treated cells were incubated for 24 

h at 37 °C for either 1 or 2 h. Cells were then trypsinized and collected for flow 

cytometric analysis. Cells were stained with anti-SIINFEKL peptide bound to H-2Kb-

APC (Clone: 25-D1.16)(Invitrogen, 17-5743-82)  and DAPI and analyzed on a BD 

FACSCantoII cytometer. Data were analyzed using FlowJo software. 

 

4.2.5 DC Uptake Assay 

 To assess DC uptake of various nanofiber formulations, DC2.4 cells were seeded 

at 2.5 x 105/well in a 12-well plate in complete DC media. The next day, fluorescent 

nanofiber solutions were formed at 2 mM by co-assembling PEG-Q11OVA or PEG-

Q11(OVA/R9) with 25% PEG-Q11TAMRA. For nanofiber formulations containing 

variable PEG-Q11R9 content, PEG-Q11OVA was used to backfill the nanofiber 

formulation such that the total nanofiber concentration of all tested conditions was 

equal. 2X treatment solutions were made by diluting the fluorescent nanofiber solutions 

to 40 µM. Half of the culture medium in each well was replaced with 2X treatment 
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media resulting in a final nanofiber concentration of 20 µM. Cells were treated for either 

1 or 4 h before trypsinization and collection for flow cytometric analysis. Cells were 

stained with DAPI and analyzed on a BD FACSCanto II cytometer to quantify the 

degree of TAMRA uptake. Data were analyzed using FlowJo software. 

 

4.2.6 Animals and Immunizations 

 For experiments investigating immune responses against ESAT6, female CBA/J 

mice were purchased from Jackson Laboratories (due to their compatibility with the T-

cell epitope in ESAT651-70) and immunizations were initiated for mice aged 12 weeks. For 

in vivo assessment of DC trafficking and activation, female C57BL/6 mice were 

purchased from Envigo and immunizations were initiated for mice aged 12 weeks. 

Animal experiments were approved by the Institutional Care and Use Committee of 

Duke University. For sublingual immunizations, mice were deeply anesthetized by a 

cocktail delivering 100 mg/kg ketamine and 10 mg/kg xylazine. A micropipette with a 20 

µL tip was used to apply 8 µL of the immunizing solution below the tongue, and the 

mouse’s heads were placed in anteflexion for 20 min following administration to 

prevent swallowing of the material. Vaccine grade cyclic-di-GMP (Invivogen, vac-

nacdg) and cyclic-di-AMP (Invivogen, vac-nacda) adjuvants were mixed with nanofiber 

solutions at a dose of 10 µg/mouse. 
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4.2.7 Antibody Response Measurement by ELISA 

 Serum was collected via the submandibular vein. For analysis of antigen-specific 

IgG by ELISA, plates were coated with 20 μg/mL of  PEG-Q11ESAT651-70 overnight at 4 

°C. Plates were washed with 0.5 g/L Tween-20 in PBS (1X PBST), blocked for 2 h with 1X 

PBST containing 20 g/L bovine serum albumin and 0.1% Tween-20 (PBST-BSA). Sera or 

mucosal secretions were diluted in PBST-BSA and added to the plate, and antigen-

specific IgG was detected by horseradish peroxidase (HRP) conjugated Fcγ fragment 

specific goat anti-mouse IgG (Jackson Immuno Research, 15- 035-071). Antibody titers 

were calculated using an absorbance cutoff of 0.2 OD. For measuring antibody 

subclasses, HRP conjugated goat anti-mouse detection antibodies were purchased from 

Southern Biotech (IgG1: 1071-05, IgG2b: 1091-05, IgG2c: 1078-05). 

 

4.2.8 T-Cell Response Measurement by ELISPOT 

 To analyze T cell activation by ELISPOT, mice were sacrificed 7 d after the final 

booster immunization and spleens were harvested. Briefly, 0.25 million splenocytes in 

100 μL were plated in each well of a 96-well ELISPOT plate (Millipore, MSIPS4510). The 

cells were stimulated with 2.5 μM ESAT651-70 peptide, left untreated as negative controls, 

or stimulated with Concanavalin A (ConA) (Sigma, C5275) as positive controls. 
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Biotinylated capture-detection antibody pairs for either IL-4 (BD, 551878) or IFNγ (BD, 

551881) were used according to manufacturer’s guidelines in conjunction with 

streptavidin-alkaline phosphatase (Mabtech, 3310-0) and Sigmafast BCIP/NBT (Sigma, 

B5655). After development, plates were evaluated for spot count by Zellnet Consulting 

using a Zeiss KS ELISPOT reader. 

 

4.2.9 DC Trafficking and Activation in Draining LNs After Sublingual 
Immunization 

 To assess the degree of DC-mediated transport of antigen to the draining LN and 

the activation of antigen presenting DCs, draining lymph nodes were harvested 48 h 

after immunization with c-di-AMP-adjuvanted nanofibers. The draining LNs were 

defined as the mandibular LNs, accessory mandibular LNs, and superficial parotid LNs 

as per the nomenclature established by Van den Broeck et al[152]. LNs were digested in a 

solution of 0.5 U/mL Dispase (STEMCELL, 07913), 0.1 mg/mL Collagenase P (Roche, 

11213857001), and 0.1 mg/mL DNase (Roche, 10104159001) in serum-free RPMI for a 

total of 40 minutes with periodic agitation via repeated pipetting. The digested tissues 

were transferred to ice cold solutions of 10% heat-inactivated FBS + 5 mM EDTA in PBS 

before being strained through a 70 µM cell strainer. SIINFEKL presentation was detected 

using either anti-SIINFEKL peptide bound to H-2Kb-APC (Clone: 25-

D1.16)(Invitrogen,17-5743-82) or anti-mouse SIINFEKL/H-2Kb-PE (Clone: 25-
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D1.16)(eBioscience, 12-5743-82). To identify DC subtypes and activation levels, cells 

were stained with anti-mouse CD11c-PE-Cy7 (Clone: HL3)(BD Biosciences, 558079), 

anti-mouse CD103-PerCP/Cy5.5 (Clone: 2E7)(BioLegend, 121415), anti-mouse CD80-PE 

(Clone: 16-10A1)(BioLegend, 104708), anti-Mouse CD86-APC/Cy7 (Clone: GL-

1)(BioLegend, 105030), anti-mouse CD40-FITC (Clone: 3/23)(BioLegend, 124607), and 

DAPI. CountBright Absolute Counting Beads (Invitrogen, C36950) were introduced to 

the samples before running on the cytometer in order to calculate the absolute number 

of cells isolated from the draining lymph nodes. Stained cells were analyzed on a BD 

FACSCanto II cytometer and data were analyzed using FlowJo software. 

 

4.2.10 Statistical Analysis 

 Statistical analysis was performed as indicated in figure legeds 

using GraphPad Prism version 8 software (GraphPad Software, La Jolla, CA). Data are 

presented as the mean ± standard error of the mean. Statistically significant differences 

are indicated in each graph as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Non-

significant differences are indicated as n.s. 
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4.3 Results 

4.3.1 Introduction 

We have previously shown that self-assembling peptide-polymer nanofibers can 

be used to raise immune responses against peptide epitopes when mixed with a suitable 

mucosal adjuvant and delivered sublingually[65]. These peptide-polymers contain the 

Q11 assembly domain, a peptide epitope on one terminus, and a PEG block on the 

opposite terminus to promote delivery through the salivary mucus layer. We sought to 

enhance the immunogenicity of our sublingual vaccine platform through co-delivery of 

cyclic-di-nucleotide (CDN) adjuvants and epitope-bearing nanofibers. CDN adjuvants 

activate dendritic cells through the cGAS-STING pathway, during which cytosolic 

interaction between STING and CDNs triggers downstream cell activation[153]. The two 

negatively charged phosphate groups on each CDN molecule lead to poor intracellular 

delivery of free CDNs, suggesting that promoting nanofiber-CDN interactions could 

enhance co-delivery to promote stronger sublingual immune responses. 

 

4.3.2 Co-Assembly with Polyarginine-bearing Peptides Titrates 
Nanofiber Charge and Increases DC Uptake. 

We sought to promote nanofiber:CDN complexation by leveraging the 

polyvalent display of ligands enabled by assembled nanofibers to amplify the effects of 

two forms of noncovalent interaction. First, the negatively charged phosphate groups on 
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CDNs allow for electrostatic interactions with positively charged molecules. Second, the 

guanidinium side chain of arginine residues has been shown to form bidentate 

hydrogen bonds with CDNs[151]. Polyarginine sequences have been shown to interact 

more strongly with CDNs than other positively charged polymers, and this 

complexation has been utilized to enhance immune responses[150].  We reasoned that by 

conjugating polyarginine sequences to PEG-Q11 peptides we could form a nanofiber 

with a dense array of polyarginine sequences to cluster CDNs to a greater extent than 

that previously achieved with unassembled polyarginine peptides. Further, the 

demonstrated ability to co-assemble multiple Q11 peptides into a single nanofiber[127] 

provided for the use of one nanofiber containing both a peptide epitope and 

polyarginine ligands, enabling co-delivery of antigen and adjuvant. 

 We initially co-assembled PEG-Q11 monomers containing the model 

OVA323-339 (pOVA) peptide epitope (PEG-Q11OVA) and monomers containing a nona-

arginine sequence (PEG-Q11R9) (Fig. 7). We chose to use R9 as the polyarginine ligand 

to maximize cellular uptake[154] and minimize potential cytotoxicity. PEG-Q11R9 

assembled to form extended nanofibers morphologically similar to PEG-Q11OVA, 

although nanofibers containing the highly charged R9 ligand did appear slightly less 

regular via electron microscopy visualization (Fig. 7A,C). Co-assembly of PEG-Q11OVA 

and PEG-Q11R9 at a 1:1 molar ratio (PEG-Q11(OVA/R9)) appeared to restore this loss of 
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regularity (Fig. 7B). To provide a quantitative assessment of these observations, we 

measured the binding of thioflavin T (ThT) – which recognizes  -sheet structures – to 

different nanofiber compositions (Fig. 7E). PEG-Q11OVA nanofibers had higher levels of 

ThT binding than PEG-Q11R9 nanofibers, with the co-assembled nanofibers exhibiting 

binding between these values. As expected, unassembled R9 peptides exhibited no ThT 

signal and formed no observable supramolecular structure (Fig. 7D-E). To test the 

robustness of PEG-Q11(OVA/R9) co-assemblies and assess their potential to co-deliver 

both peptide epitopes and R9-complexed adjuvant, we titrated PEG-Q11R9 into PEG-

Q11OVA assemblies at molar percentages of 0, 25, 50, 75, and 100. Increasing R9 content 

in the nanofibers led to a consistent, linear increase in zeta-potential, suggesting the 

ability to smoothly gradate the total nanofiber charge (Fig. 7F). 

 



 

69 

 

 

Figure 7: Co-assembly allows for titration of positive charge into epitope-

bearing peptide nanofibers. 

PEG-Q11 peptides appended C-terminally to the OVA epitope (PEG-Q11OVA) 

or nona-arginine ligands (PEG-Q11R9) self-assembled to form nanofibers alone and 

when mixed at a 1:1 molar ratio (PEG-Q11(OVA/R9)) (A-C), as visualized by electron 

microscopy (all images 29000x magnification). Soluble R9 peptide without the Q11 

assembly domain formed no observable supramolecular structure (D). The expected β-

sheet secondary structure of PEG-Q11-containing peptides was confirmed by binding to 

Thioflavin T (E). Co-assembling PEG-Q11OVA and PEG-Q11R9 led to a dose-dependent 

increase in zeta potential with increasing PEG-Q11R9 content (F). 

 

The known ability of polyarginine sequences to enhance cellular uptake[154] led us 

to ask whether PEG-Q11R9 might have additional effects on the immune response 

outside of CDN complexation. We fluorescently labelled PEG-Q11R9, PEG-Q11OVA, 
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and pOVA peptides with the TAMRA fluorophore, then monitored their rate of 

acquisition by murine DC2.4 dendritic cells (DCs) in vitro (Fig. 8A). Nanofibers 

containing the R9 ligand showed significantly enhanced uptake compared to nanofibers 

without R9 or free peptide after as little as 1 hour of treatment. After uptake by antigen-

presenting cells such as DCs, peptide epitopes must be processed and presented to T-

cells on major histocompatibility (MHC) proteins. Likely owing to the ability of R9 to 

enhance uptake, treatment of DCs with PEG-Q11(OVA/R9) nanofibers led to 

significantly greater presentation of the CD4 epitope pOVA to T-cells in vitro, despite 

containing only half of the molar pOVA epitope content of PEG-Q11OVA nanofibers 

(Fig. 8B). This effect was independent of adjuvant, as the addition of the CDN adjuvants 

cyclic-di-GMP (c-di-GMP) or cyclic-di-AMP (c-di-AMP) did not impact the level of 

presentation measured. These findings suggest that PEG-Q11R9 is able to increase 

cellular uptake of nanofibers and enhance presentation of peptide epitopes, and could 

be useful for applications outside of CDN-mediated sublingual immunizations. 
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Figure 8: Nona-arginine promotes nanofiber uptake and antigen presentation 

independent of adjuvants. 

(A) Positively charged PEG-Q11R9 nanofibers were rapidly acquired by 

dendritic cells in vitro, as compared with PEG-Q11OVA nanofibers or soluble pOVA 

peptide. TAMRA-labelled peptides or peptide nanofibers were incubated for 1 or 4 

hours with murine DC2.4 dendritic cells and the uptake was measured by flow 

cytometry.  *** p < 0.001, 2-way ANOVA with Tukey’s multiple comparisons test, 

n=6/group in two independent experiments. (B) Co-assembly of PEG-Q11OVA with 

PEG-Q11R9 promoted presentation of the pOVA epitope in MHC class II molecules, as 

measured by DOBW reporter T cells, which secrete IL-2 upon encountering DCs with 

pOVA loaded MHC II. IL-2 concentration in the supernatant was measured by ELISA. 

Inclusion of STING agonist adjuvants cyclic-di-AMP (c-di-AMP) or cyclic-di-GMP (c-di-

GMP) did not alter presentation. **** p < 0.0001, 1-way ANOVA with Tukey’s multiple 

comparisons test, n=3/group. MFI = mean fluorescence intensity. 

 

4.3.3 PEG-Q11R9 Promotes CDN Adjuvant-Mediated DC Activation 

To test our hypothesis that polyvalent R9 display on PEG-Q11 nanofibers would 

promote intracellular delivery of CDNs, we used DC activation as a simple and reliable 

readout for CDN delivery. The STING pathway is activated by the presence of CDNs in 

the cytosol of DCs and leads to DC activation, including the upregulation of the 
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costimulatory molecules CD80 and CD86[153, 155]. Non-complexed CDN is expected to 

enter cells poorly due to its negative charge. We found that treating DCs with a mixture 

of PEG-Q11R9 and c-di-GMP had a synergistic effect, leading to significantly greater 

expression of CD80 and CD86 than treatment with c-di-GMP alone (Fig. 9A-B). To rule 

out that non-specific interactions between PEG-Q11 nanofibers and CDNs were causing 

this effect, we treated DCs with PEG-Q11OVA and c-di-GMP and found no 

enhancement of DC activation beyond that induced by c-di-GMP alone. While non-

adjuvanted PEG-Q11R9 had no effect on CD86 expression, it led to minor increases in 

CD80 levels. 
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Figure 9: Incorporation of nona-arginine (R9) into cyclic-di-AMP or cyclic-di-

GMP adjuvanted nanofibers leads to dose-dependent enhancement of dendritic cell 

activation. 

PEG-Q11R9 nanofibers mixed with cyclic-di-GMP (c-di-GMP) adjuvant led to 

significant upregulation of the dendritic cell activation markers CD80 (A) and CD86 (B). 

Murine DC2.4 dendritic cells were incubated with indicated treatments overnight and 

activation level was assessed by flow cytometry. **** p < 0.0001, 1-way ANOVA with 

Tukey’s multiple comparisons test, n=2-5/group. Titrating the PEG-Q11R9 content in 

nanofibers led to a PEG-Q11R9-dose dependent increase in CD80 and CD86 when mixed 

with (C) c-di-GMP or (D) the related STING agonist adjuvant cyclic di-AMP (c-di-AMP). 

n=4/group by two independent experiments of n=2/group (C) or n=3/group (D). To 

analyze the PEG-Q11R9-dependent increase on CD80 and CD86 levels, the fold-change 

in MFI was plotted against PEG-Q11R9 nanofiber content and a linear regression was 
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performed (E, F). ** p < 0.01, *** p < 0.001, linear regression of MFI fold change vs. molar 

percentage of PEG-Q11R9 in nanofiber. MFI = mean fluorescence intensity. 

 

 We tested the robustness of the PEG-Q11R9 synergy with c-di-GMP by 

capitalizing on the ability to precisely titrate the R9 content in our nanofibers via co-

assembly. We treated DCs with c-di-GMP plus PEG-Q11OVA nanofibers (as a non-R9 

nanofiber control), PEG-Q11R9 nanofibers, or co-assembled PEG-Q11(OVA/R9) 

nanofibers at molar R9 ratios of 25%, 50%, and 75% of total peptide in the nanofibers. 

The total peptide concentration and adjuvant dose were constant across all groups, 

isolating R9 content as the tested variable. DC activation was increased in an R9-dose 

dependent manner, with significant linear correlations observed between the molar 

percentage of R9 in the nanofiber and the degree of CD80 and CD86 expression (Fig. 

9C,E). This result highlights the specificity and modularity of our supramolecular 

strategy for R9:CDN complexation. We extended this finding by repeating this 

experiment while replacing the c-di-GMP adjuvant with a different STING-activating 

CDN adjuvant, c-di-AMP (Fig. 9D,F). As with c-di-GMP, there was a significant 

correlation between molar percentage of R9 in the nanofiber and CD80 and CD86 

expression. 
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4.3.4 Enhanced DC Activation is the Result of a Specific R9:CDN 
Interaction 

To further demonstrate the specificity of using PEG-Q11R9 to enhance CDN 

delivery and DC activation, we synthesized PEG-Q11 components containing nona-

lysine sequences (PEG-Q11K9) (Fig. 35). These peptide-polymers have the same 

theoretical net charge (+9) as PEG-Q11K9 but lack the guanidinium group on their side 

chain that allows for bidentate hydrogen bonding between arginine and CDNs. While 

treating DCs with c-di-GMP and either PEG-Q11R9 or PEG-Q11K9 both increased CD80 

and CD86 levels, DCs treated with PEG-Q11R9 were significantly more activated at 

multiple adjuvant doses (Fig. 10). In further contrast to PEG-Q11R9, titrating K9 content 

into nanofibers did not result in a significant correlation with CD80 or CD86 expression, 

indicating inconsistent delivery of CDN to cells (Fig. 36). These results suggested that 

the synergistic effect of mixing c-di-GMP with PEG-Q11R9 is due to polyvalent 

hydrogen binding interactions, rather than simple electrostatic interactions.  
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Figure 10: Arginine incorporation into adjuvanted nanofiber formulations is 

significantly more effective than lysine at promoting DC activation. 

PEG-Q11R9 nanofibers led to significantly greater activation of murine DC2.4 

dendritic cells than PEG-Q11K9 when mixed with cyclic-di-GMP (c-di-GMP) adjuvant, 

as measured by upregulation of CD80 (A) and CD86 (B). DCs were incubated overnight 

with the indicated treatments and activation levels were measured by flow cytometry. ** 

p < 0.01, **** p < 0.0001, 1-way ANOVA with Tukey’s multiple comparisons test, 

n=3/group. MFI = mean fluorescence intensity. 

 

 We also examined the ability of PEG-Q11R9 to promote delivery of a 

different nucleotide adjuvant, the toll-like receptor 9 (TLR9) agonist CpG. As with the 

STING pathway, engagement of TLR9 occurs intracellularly and leads to downstream 

activation after delivery to DCs[156]. However, unlike c-di-GMP and c-di-AMP, CpG is an 

oligodeoxynucleotide and is not expected to form bidentate hydrogen bonds with 

guanidinium-containing arginine residues. Under the conditions tested, addition of CpG 

to PEG-Q11R9 did not promote greater upregulation of either CD80 or CD86, in contrast 

to robust increases when mixed with c-di-GMP or c-di-AMP (Fig. 11). This further points 

to the specificity of the interactions between PEG-Q11R9 and CDNs. 
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Figure 11: Incorporation of nona-arginine (R9) into nanofibers improves 

dendritic cell activation with cyclic dinucleotide adjuvants but not a different 

nucleotide adjuvant. 

Mixing PEG-Q11R9 nanofibers with either cyclic-di-GMP (c-di-GMP) or cyclic-

di-AMP (c-di-AMP) led to significant upregulation of the activation markers (A) CD80 

and (B) CD86 on murine DC2.4 dendritic cells. By contrast, combining PEG-Q11R9 with 

a structurally different nucleotide adjuvant, CpG, did not increase DC activation 

compared with PEG-Q11R9 alone. DCs were incubated overnight with the indicated 

treatments and activation was measured by flow cytometry. ** p < 0.01, *** p < 0.001, **** 

p < 0.0001, 1-way ANOVA with Dunnett’s multiple comparisons test vs. PEG-Q11R9 

only, n=3/group. MFI = mean fluorescence intensity. 

 

4.3.5 PEG-Q11R9:CDN-Mediated DC Activation is STING-Dependent 

To confirm the mechanism of the enhanced DC activation promoted by PEG-

Q11R9 and CDNs, we tested whether DC activation was STING-dependent. As a 

negative control for STING activation, we treated DCs with PEG-Q11R9 nanofibers and 

cyclic-di-UMP (c-di-UMP). This molecule is structurally similar to c-di-GMP and c-di-

AMP, providing for bidentate hydrogen bonding with guanidinium groups and 
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complexation with PEG-Q11R9. However, the pyrimidine of c-di-UMP is believed to 

inhibit stacking interactions that are important in binding to the STING protein, and it 

does not activate the STING pathway[157]. While addition of c-di-GMP and c-di-AMP 

significantly enhanced DC activation above that induced by PEG-Q11R9 alone, addition 

of c-di-UMP had no effect (Fig. 12A,C). We also pre-incubated DCs with a selective 

small molecule inhibitor of the STING pathway (C-178), which exerts its effect by 

preventing a critical palmitoylation event needed for STING activation[158]. Inclusion of 

the STING inhibitor dramatically reduced the CD80 and CD86 expression levels induced 

by co-treatment of DCs with PEG-Q11R9 and either c-di-GMP or c-di-AMP (Fig. 12B,D). 

Collectively, these results (Fig. 7E-F) confirm that the DC activation induced by PEG-

Q11R9 and CDNs is due to enhanced delivery of CDNs to cells, where they activate the 

intracellular STING pathway. 
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Figure 12: CDN adjuvant-mediated DC activation enhanced by PEG-Q11R9 is 

STING-dependent.

 The synergistic upregulation of CD80 and CD86 on dendritic cells achieved by 

mixing PEG-Q11R9 and cyclic-di-nucleotide adjuvants is ablated by treatment of DCs 

with a small-molecule inhibitor of the STING pathway (C-178). Additionally, mixing 

PEG-Q11R9 with a non-STING activating control, cyclic-di-UMP (c-di-UMP), does not 

promote the same level of DC activation as cyclic-di-AMP (c-di-AMP) or cyclic-di-GMP 

(c-di-GMP). (A-D) Representative histograms showing CD80 and CD86 MFI plotted 

against mode-normalized cell counts. Murine DC2.4 dendritic cells were incubated 

overnight with the indicated treatments and CD80 and CD86 levels were measured by 

flow cytometry.  STING-inhibited groups were incubated with C-178 for 4 hours prior to 

treatment with nanofibers and/or adjuvants. (E-F) Quantification of experiments 

depicted in A-D. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, 2-way ANOVA with 

Tukey’s multiple comparisons test; stars in “No Inhibitor” grouping indicates 

differences between “No Inhibitor” groups; stars in “+ STING Inhibitor” groups 
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indicates differences between “No Inhibitor” and “+ STING Inhibitor” for a given 

treatment condition; n=3/group. MFI = mean fluorescence intensity. 

 

4.3.6 Polyvalent Display of R9 by Nanofibers is More Effective than 
Unassembled R9 Peptides at Promoting CDN-Mediated DC Activation 

While our supramolecular strategy for enhancing CDN-mediated DC activation 

holds particular advantages for the Q11 system, it may also provide a more general 

strategy for increasing immunogenicity. In principle, any biomaterial platform that can 

be conjugated to peptide ligands at a high copy number could utilize polyvalent 

arginine display to promote CDN adjuvant delivery. To highlight the impact of 

polyvalency, we compared the abilities of free R9 peptides and PEG-Q11R9 nanofibers 

to activate DCs in vitro when mixed with c-di-GMP adjuvant (Fig. 13). At the same molar 

dose of R9, PEG-Q11R9 promoted significantly greater upregulation of CD80 and CD86 

than unassembled R9 peptide. This suggests that a nanofiber with a dense array of R9 

ligands along its axis is a more effective vehicle for delivering c-di-GMP to cells than 

unassembled R9 peptides.  
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Figure 13: Supramolecular assembly of PEG-Q11R9 promotes significantly 

greater CDN-mediated DC activation than unassembled R9 peptide.

 (A) Hypothesized structure of assembled PEG-Q11R9 nanofibers or non-

assembled R9 peptides interacting with cyclic-di-nucleotides. The densities of PEG and 

R9 ligands on Q11 are reduced for visual clarity. Polyvalent display of R9 ligands on 

PEG-Q11R9 nanofibers mixed with cyclic-di-GMP (c-di-GMP) or cyclic-di-AMP (c-di-

AMP) led to significantly greater upregulation of (B) CD80 and (C) CD86 by dendritic 

cells than adjuvant mixed with unassembled R9 peptide. Murine DC2.4 dendritic cells 

were incubated overnight with the indicated treatments and activation was measured by 

flow cytometry. *** p < 0.001, 1-way ANOVA with Tukey’s multiple comparisons test, 

n=3/group. MFI = mean fluorescence intensity. 

 

4.3.7 Sublingual Nanofiber Vaccine Elicits Systemic and Mucosal 
Responses against a Peptide Epitope from M. tuberculosis 

To test the ability of sublingually administered PEG-Q11R9 nanofibers to raise 

immune responses in the context of infectious disease, we utilized a preclinically 

protective peptide T- and B-cell epitope composed of residues 51-70 of the early 
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secretory antigenic target (ESAT-6) of M. tuberculosis[126]. We formed co-assembled 

nanofibers containing PEG-Q11 peptides appended to ESAT651-70 (PEG-Q11ESAT6) at 

molar epitope contents of 10% or 50%, with or without 50% or 90% molar PEG-Q11R9, 

respectively. We held the total nanofiber concentration constant across groups by 

backfilling with unmodified PEG-Q11. Mice were immunized sublingually with 

nanofiber formulations adjuvanted with either c-di-AMP or c-di-GMP adjuvant. 

Nanofibers containing the higher epitope content (PEG-Q11(ESAT60.5/R90.5) and PEG-

Q11(ESAT60.5)) raised strong serum antibody responses against ESAT651-70, while groups 

containing only 10% molar epitope content raised poor, inconsistent responses (Fig. 14A, 

37A-D). The dominant antibody subclass was IgG2b, indicative of Th1 responses that are 

favorable for anti-tuberculosis immunity[159] (Fig. 37E). Mucosal vaccines against 

tuberculosis confer improved protection against the pathogen compared to vaccines 

administered subcutaneously due to the ability to raise local immune responses[160-161]. To 

assess the mucosal response to our vaccine, we monitored antibody levels in the 

bronchoalveolar lavage fluid (BALF) of the lower respiratory tract and found that both 

PEG-Q11(ESAT60.5/R90.5) and PEG-Q11(ESAT60.5) elicited mucosal IgG (Fig. 14B). T-cell 

responses to the ESAT6 epitope were less dependent on epitope dose, with responses 

observed in all groups (Fig. 14C, 38). Notably, groups containing c-di-AMP adjuvant 
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showed balanced IFNγ and IL-4 responses, while the c-di-GMP adjuvant promoted 

responses that were skewed towards IL-4 (Fig. 38C).  

 The results of these immunizations show the ability of our sublingual 

nanofiber vaccine platform to raise relevant antibody and T-cell responses both 

systemically and mucosally, and also highlight the importance of epitope dose and 

adjuvant choice in designing sublingual biomaterial vaccines. These sublingual immune 

responses were not significantly enhanced by co-assembly with polyarginine ligands, a 

surprising finding given the striking synergy of PEG-Q11R9 and CDN adjuvants in 

boosting DC activation in vitro. This unexpected finding prompted a final experiment, 

described below. 
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Figure 14: Titration of polyarginine into sublingually delivered nanofibers 

alters CD8 epitope trafficking and dendritic cell activation. 

(A-C) CBA/J mice (n=5/group) were primed on Week 1 and boosted on Weeks, 3, 

5, and 7 with sublingually-delivered nanofiber vaccines containing 50% molar PEG-

Q11ESAT6 and adjuvanted with cyclic-di-nucleotides. Vaccination raised antibody 

responses in the serum (A) and BALF (B). In (A), bold lines represent the mean titer and 

faded lines represent the titers of individual mice. n.s. = p > 0.05, unpaired, two-tailed t-

test. (C) Nanofiber vaccines elicited robust cellular immunity with both Th1 and Th2 

responses detected. An ELISPOT was performed on splenocytes harvested from mice on 

Week 8. SFC: spot-forming cells. n.s. = p > 0.05, multiple t-tests with Holm-

Šídák correction. (D-H) Analysis of DCs within draining LNs after sublingual 

immunization of C57BL/6 mice with a model epitope, SIINFEKL, shows the effects of 

polyarginine content on cross-presenting DC trafficking and activation. Sublingual 

nanofiber vaccines were adjuvanted with c-di-AMP. (D) Gating strategy used to identify 

CD11c+ DC subsets (CD103 +/-) and SIINFEKL-presenting DCs within a representative 

sample. (E) Quantification of the percentage of DC populations presenting the SIINFEKL 
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epitope. (F) Number of SIINFEKL-presenting CD11c+ CD103+ cells in the draining LNs. 

(G,H) Quantification of the expression of co-stimulatory molecules CD80 and CD86 on 

the surface of SIINFEKL+CD11c+CD103+ cells. (D-H) * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001, n.s. = p > 0.05 by 2-way ANOVA with Tukey’s multiple comparisons (E) 

or 1-way ANOVA with Tukey’s multiple comparisons (F-H), n=5/group. MFI = median 

fluorescence intensity. 

 

4.3.8 Titrating R9 into Nanofibers Enhances DC Trafficking and 
Activation in the Draining Lymph Nodes After Sublingual 
Immunization 

To investigate the difference between the in vitro and in vivo effects of combining 

CDN adjuvants with polyarginine-bearing nanofibers, we monitored the trafficking and 

activation of dendritic cells after sublingual immunization. We hypothesized that excess 

positively charged polyarginines of PEG-Q11R9 fibers could lead to adhesive 

interactions with mucus in the salivary layer and hinder transport to the epithelium, 

thus limiting DCs’ ability to acquire fibers and actively transport them to the draining 

lymph nodes.  

 To track nanofiber-acquiring DCs, we co-assembled the model CD8 

epitope OVA257-264 (SIINFEKL) into nanofibers and measured SIINFEKL-presenting cells 

in the draining lymph nodes[152] (mandibular, accessory mandibular, and superficial 

parotid) 48 hours after sublingual administration. We titrated the level of R9 in PEG-

Q11(SIINFEKL/R9) nanofibers, forming fibers containing 0%, 25%, 50%, or 75% molar 

ratios of R9. Consistent with intranasal Q11 cross-presentation[162], we observed 
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CD11c+CD103+ DCs to be the major SIINFEKL-presenting population, with no 

presentation by CD11c+CD103- cells (Fig. 14D-E). The percentage of SIINFEKL-

presenting CD11c+CD103+ cells was significantly elevated only in mice receiving 

nanofibers containing intermediate amounts of R9 (25%, 50%), and not in mice that had 

either 0% or 75% R9 (Fig. 14E). To rule out that R9-bearing nanofibers are simply 

intrinsically better at promoting cross-presentation, we measured SIINFEKL 

presentation in vitro and found R9 co-assembly to have no effect (Fig. 39). When 

adjusted for cell count, only mice receiving PEG-Q11(SIINFEKL/R90.25) co-assemblies 

had significantly greater total numbers of SIINFEKL+CD11c+CD103+ cells, and a bell-

shaped trend was observed, with intermediate levels of R9 maximizing the response 

(Fig. 14F, 40A-B). These results are consistent with the hypothesis that the CDN/R9 

synergy is still present in vivo, but excess positive charge beyond the level necessary for 

complexation can have a deleterious effect on DC trafficking and activation.   

 A key finding in vitro was the ability of CDNs and R9-bearing nanofibers 

to increase DC activation. To test the in vivo relevance of this finding, we measured the 

levels of the costimulatory markers CD80 and CD86 in SIINFEKL-presenting 

CD11c+CD103+ DCs in the draining lymph node (Fig. 14G-H, 40C-D). CD80 levels in 

SIINFEKL+ DCs were significantly greater among mice receiving PEG-

Q11(SIINFEKL/R90.25) nanofibers than in all other groups, highlighting the ability to 
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optimize R9 content via co-assembly to maximize DC activation. CD80 levels again 

showed a bell-shaped trend, peaking with intermediate levels of R9. Consistent with the 

in vitro findings, a simple mixture of peptide R9 with PEG-Q11SIINFEKL nanofibers did 

not increase either SIINFEKL+CD11c+CD103+ cell numbers or CD80 expression, 

validating polyvalency and supramolecular assembly as strategies for enhancing the 

effects of CDN/R9-mediated immune responses. Together, these results suggest that 

intermediate amounts of R9 in the nanofibers enable optimal complexation and delivery 

of CDNs, a finding facilitated by the modularity of the platform.  

 

4.4 Discussion 

In this study, we report a strategy for enhancing CDN-mediated immunogenicity 

in vitro by complexation with highly polyvalent displays of polyarginine ligands on 

peptide nanofibers. We further show that the ability to smoothly gradate polyarginine 

concentration via nanofiber co-assembly allows this approach to be optimized for 

sublingual delivery, where excess positive charge appeared to negatively impact 

efficacy. Our findings have significant implications both for the nascent field of 

sublingual biomaterial immunization and for the design of immune-modulating 

strategies more broadly. 
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 We have previously shown that effective sublingual immunization with 

peptide nanofibers requires both surface modification with mucus-inert materials such 

as PEG or PAS (peptide sequences composed of proline, alanine, and serine) and 

formulation with a mucosal adjuvant, such as c-di-AMP or CTB (the nontoxic B subunit 

of cholera toxin)[65]. Our working hypothesis is that the adjuvant is required to recruit 

dendritic cells to the sublingual space, where steady state DC levels are low[90], while 

surface modification reduces rapid mucus-mediated nanofiber clearance[65] to allow 

recruited DCs to actively transport nanofibers to the draining lymph nodes and spleen.  

 The results reported here are consistent with this hypothesis. We show in 

vitro that PEG-Q11R9 nanofibers promote intracellular delivery of CDN adjuvants to 

DCs in an R9 dose-dependent fashion (Fig. 9), activating the STING-cGAS pathway and 

upregulating costimulatory markers (Fig. 14). While DC activation increases 

monotonically with increasing R9 concentration in vitro, the effect during sublingual 

immunization is complicated by the additional factor of delivery through the salivary 

mucus layer. We show that at a moderate molar R9 concentration of 25% within co-

assembled PEG-Q11 nanofibers there is a maximum effect on antigen trafficking to the 

draining lymph nodes (Fig. 14F). The increase in total number of antigen-presenting DCs 

in the nodes with PEG-Q11(SIINFEKL/R90.25) nanofibers supports the hypothesis that 

better CDN co-delivery enhances DC recruitment to the sublingual space, increasing 
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active cell-mediated transport. This is further supported by the increased CD80 levels in 

SIINFEKL-presenting DCs for mice in the 25% R9 group, which suggests greater 

acquisition of CDN adjuvant by these DCs (Fig. 14G). 

 These results suggest an optimization between the twin effects of 

polyarginine; when no R9 is present there is no enhancement of CDN co-delivery with 

the nanofibers toward the sublingual epithelium, while at overly high R9 concentrations, 

mucoadhesive interactions begin to counter the mucus-penetrating effects of PEG, 

impeding nanofiber transport to the epithelium. These results highlight the benefits of 

flexible supramolecular vaccine platforms versus more traditional attenuated pathogen 

or subunit approaches. By controlling the extent of R9 modification, we illustrate the 

ability to incorporate a ligand that might otherwise be considered simply unamenable to 

sublingual delivery, and use this control to enhance sublingual antigen trafficking and 

DC activation. 

 We report here that our sublingual nanofiber vaccine raises both systemic 

and mucosal antibody responses and splenic T-cell responses against a peptide epitope 

from M. tuberculosis, but that these responses are not enhanced by co-assembly with 50% 

molar R9 (Fig. 14A-C). While not studied here, several additional modifications could 

further enhance the effects of the vaccine by optimizing the immunogenicity/delivery 

balance. In addition to a careful titration of R9 content within PEG-Q11(ESAT6/R9) 
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nanofibers, a shorter polyarginine ligand or longer PEG chain may also help to 

maximize CDN complexation while minimizing mucoadhesion. 

 There exist some alternate explanations and caveats to this study. First, 

the loss of effectiveness observed at high R9 concentrations in vivo could be related to 

morphological changes to the nanofibers caused by effects of positive charge on 

assembly. We did observe some alteration of nanofibers qualitatively (Fig. 7A-C) and a 

reduction in β-sheet secondary structure quantitatively (Fig. 7E) when appended to R9, 

although this concern is mitigated by our experience with nanofibers of varying 

morphologies, lengths, and secondary structures raising immune responses via the 

subcutaneous route[65, 99, 163-165]. We also observed some cell death in vitro after extended 

treatment with nanofibers containing 100% PEG-Q11R9 (Fig. 41). This is not unexpected, 

as the cytotoxicity of polyarginine polymers increases with increasing molecular 

weight[166], and a similar trend may exist with polyvalency of polyarginines. Consistent 

with this, recently reported polyarginine-rich nanocomplexes also showed some in vitro 

cytotoxicity[167]. It is possible that there is some influence of cell death-related products 

on DC activation in our study. However, our results strongly suggest that the enhanced 

DC activation observed is a direct result of synergistic effects between polyarginine and 

the cyclic-di-nucleotide adjuvants, as robust DC activation was not observed after 

treatment with either polyarginine-bearing nanofibers or adjuvant alone. Further, in 
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vitro cytotoxicity assays are not directly relevant to sublingual application with 

nanomole quantities of material, and R9-mediated cell death is unlikely to explain the in 

vivo trends observed in this study. 

 The strategy reported here could have generalizable benefits outside of 

sublingual immunization. The polyvalent display of R9 on nanofibers was significantly 

more effective than simple mixing with a polyarginine peptide both in vitro and in vivo 

(Fig. 13-14). Cyclic-di-nucleotide adjuvants are also used for other mucosal routes, such 

as intranasal immunization[168-170], and for parenteral immunizations, particularly within 

the cancer field[171-173]. Biomaterial vaccine platforms with the ability to multivalently 

display ligands could utilize polyarginine sequences to promote CDN complexation, 

either to enhance immunogenicity or to overcome dose-limiting toxicity. In contexts 

such as intranasal administration with thinner mucus layers where mucoadhesion is 

well-tolerated or even preferred[174], the combination of polyvalent R9 display and CDN 

adjuvants could have additional synergies for enhancing immune responses.  

 

4.5 Conclusions 

We developed a strategy for combining polyvalent arginine display on peptide-

polymer nanofibers with cyclic-di-nucleotide adjuvants to enhance DC activation in vitro 

and promote antigen trafficking and DC activation after sublingual immunization. This 
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may be a generalizable strategy for enhancing the potency of CDN adjuvanticity with 

biomaterial vaccine platforms that are amenable to polyvalent display of ligands. Our 

ability to titrate the concentration of R9 within nanofibers allowed us to discover 

different optimal polyarginine levels for in vitro and in vivo conditions. We found that in 

vitro DC activation increased monotonically with increasing R9, while moderate (25%) 

concentrations of R9 were most effective for sublingually delivered nanofibers. These 

findings highlight the merit of a nuanced, gradated, and modular approach to vaccine 

design to address the complex material and immunological challenges of effective 

immunization. 
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5. Tabletized Supramolecular Assemblies for Sublingual 
Peptide Immunization 

5.1 Motivation 

Global vaccination coverage against infectious diseases in lower- and middle-

income countries still lags behind higher-income countries, resulting in preventable 

deaths.[175] Improving global vaccine coverage is a complex and multifaceted challenge, a 

major component of which is the chain of distribution.[176] Vaccines must be transported 

and stored within a continuous cold-chain near 4 ºC to prevent loss of potency,[177] but 

poorly maintained equipment and unreliable electricity grids in lower- and middle-

income countries make such transport difficult.[176] Inequities of distribution occur even 

within countries due to transportation costs and proximity to health care facilities where 

trained personnel can safely administer the vaccines.[178] A heat-stable and self-

deliverable vaccine would directly address these challenges. 

  Sublingual vaccine delivery (under the tongue) is needle-free and has the 

potential for self-administration,[37, 179] making it an ideal route for global vaccine 

distribution. Vaccines based on chemically defined biomaterials are increasingly being 

considered for infectious diseases[136] and have the potential for greater thermal stability 

than traditional vaccines based on attenuated pathogens. Despite this, sublingual 

biomaterial vaccines remain relatively unexplored due in part to challenges of delivery 

through the salivary mucus layer. We recently reported the design of a sublingual 
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nanofiber vaccine based on self-assembling Q11 peptides conjugated to mucus-inert 

materials such as polyethylene glycol (PEG) or random sequences of proline, alanine, 

and serine (PAS).[65] Here, we designed a process to tabletize these nanofibers, producing 

a first-of-its-kind, heat-stable, and easily-administrable SIMPL (Supramolecular 

Immunization with Peptides SubLingually) tablet vaccine that dissolves under the 

tongue. 

 

5.2 Methods 

5.2.1 Peptide Synthesis 

Peptides were synthesized using Fmoc solid phase synthesis, cleaved with 

trifluoroacetic acid, and precipitated in diethyl ether prior to purification by RP-HPLC 

on a C4 column. Conjugation of PEG3000 to the C-terminus of OVAQ11 and pOVA and 

mPEG2000 conjugation to the N-terminus of Q11ESAT6 were performed as described.[65] 

Biotinylation and conjugation of fluorescent TAMRA were performed as described.[68] 

Peptide identity was confirmed using MALDI mass spectrometry. KLH-ESAT6 

conjugates were prepared as described[135] using Cys-ESAT6 peptide and Imject 

Maleimide Activated mcKLH Kit (Thermo Scientific, cat #77666). 
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5.2.2 SIMPL Tabletization Process 

Reverse tablet molds were designed in FreeCAD and 3D-printed with a 

MakerBot Ultimaker 3. PDMS molds were prepared using SYLGARD 184 kits (Sigma, 

cat #761028). Peptide solutions were prepared at 2 mM in 1X PBS, incubated for 3-4 h at 

room temperature to fibrillize, and mixed with sugars to a final concentration of 0.3 mM 

peptide and 7.8 wt% each of trehalose (Santa Cruz Biotechnology, cat #394303), dextran 

(Alfa Aesar, cat# J61216), and mannitol (Sigma, cat #M4125). Adjuvanted formulations 

contained cholera toxin B (List Biological,  cat #104) or Vaccigrade cyclic-di-AMP 

(Invivogen, cat #vac-nacda) at doses indicated in figure captions. Final solutions were 

pipetted into the PDMS tray (30  µL per tablet), frozen at -80 ºC, and lyophilized. 

Heating was performed by placing individual tablets in microcentrifuge tubes in a 

heating block set at 45 °C. KLH groups were heated as solutions in their final 

formulation. 

5.2.3 MicroCT 

Analysis was performed using a Nikon XTH 225 ST instrument, with collection 

of 2500 projections and an exposure time of 500 ms. Raw data was reconstructed using 

the Nikon Feldkamp Cone Based CT algorithm and Nikon software. Avizo software was 

used for 3D reconstructions. 
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5.2.4 Thioflavin T (ThT) Binding 

To measure β-sheet character, 20 μL of 2 mM peptide or dissolved tablet 

solutions were mixed with 180 μL of a 50 μM solution of ThT (Alfa Aesar, cat # J61043) 

in 1X PBS in a black 96-well plate and read using a Molecular Devices Spectramax M2 

spectrophotometer (excitation at 440 nm, emission at 488 nm). 

 

5.2.5 Electron Microscopy 

Transmission EM was performed as described.[65] For tablet imaging, tablets were 

dissolved in 1X PBS and samples were immediately prepared to avoid refibrillization. 

 

5.2.6 Micro-Strain Analysis 

Tablets were subjected to compressive testing at room temperature using a TA 

Instruments AIII microstrain-analyzer. The 15 mm size parallel plates corresponding to -

81.8 gm ± 1.0 gm force were used. The diameter and height of each tablet was measured, 

and a compressive force was applied on each tablet for 360 seconds at an extension rate 

of -0.003 mm/sec. 
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5.2.7 In Vitro Uptake Assay 

DC2.4 mouse dendritic cells were seeded overnight in a 12 well plate at 1  106 

cells/mL (1 mL per well) in complete RPMI media. The next day, 500 μL of media was 

aspirated and 500 μL of TAMRA-pOVA or media were added to pOVA-treated and 

untreated wells, respectively. For the tablet group, 500 μL of media was added to each 

well and the tablets were gently dropped into the wells to dissolve. All groups contained 

20 nmol of total peptide per well. After incubation for 2 or 6 hours, the cells were 

prepared for flow cytometry. Cells were treated with Fc blocking antibody (BD 

Biosciences, cat # 553141) for 30 min and stained with CD11c:PE-Cy7 (BD Biosciences, 

cat #561022) for 30 min. Flow cytometry was performed on a FACS Canto cytometer and 

data was analyzed using FlowJo software. 

 

5.2.8 Mice and Immunizations 

Due to haplotype compatibility, female C57BL/6 mice (Envigo) were used for 

immunizations against pOVA and female CBA/J mice (Jackson Laboratory) were used 

for immunizations against ESAT6. Mice were 8-12 weeks at initiation of experiments 

(age matched within experiments). All animal experiments were performed under Duke 

University Institutional Care and Use Committee protocol A264-18-11. Sublingual 

immunizations were performed as previously described[65]; for tablet groups, the tablets 
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were placed under the anesthetized mouse’s tongue using silicone-tipped tweezers. 

Peptide concentration, adjuvant dose, and boosting schedule are described in figure 

captions. KLH injections were performed as previously described.[135] 

 

5.2.9 Antibody Measurement 

Serum ELISAs were performed as previously described.[65] Briefly, plates were 

coated with streptavidin at 4 °C overnight, followed by incubation with biotin-pOVA or 

biotin-ESAT6. Plates were blocked, diluted serum was added, and antigen-specific IgG 

was detected using goat anti-mouse IgG (Jackson Immuno Research, cat #115-035-071).  

 

5.2.10 T-Cell Response Measurement 

ELISPOT assays were performed essentially as described.[68] For analysis of 

lymph node responses, the submandibular and cervical nodes were taken as the 

draining lymph nodes. Antigen-specific stimulation was performed using the pOVA 

epitope. 

 

5.2.11 Statistical Analysis 

Statistical analysis was performed as indicated in figure legends using GraphPad 

Prism version 7 software. Means ± standard error of the mean (s.e.m.) are presented. 
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Statistically significant differences are indicated in each graph as *p < 0.05, **p < 0.01, and 

***p < 0.001. 

 

5.3 Results and Discussion 

5.3.1 Development of SIMPL Tabletization Process and Tablet 
Characterization 

In designing this tablet vaccine, we sought to meet the key design criteria of 

structural integrity for handleability, microscale porosity for promoting dissolution, and 

preservation of nanofiber structure for immunogenicity. We focused on a freeze-dried 

tabletization process, adopting the use of sugar excipients from pharmaceutical tablet 

production[180]. We selected mannitol and dextran to promote tablet strength and 

porosity[181-182] and trehalose as a cryoprotectant to aid in retaining nanofiber 

morphology.[183] We also included an adjuvant in the formulation due to our previous 

finding that this was needed for high-titer sublingual antibody responses with peptide 

nanofibers.[65] To control tablet size and shape, we 3D-printed a custom negative tablet 

mold, then made the final mold of flexible polydimethylsiloxane (PDMS) (Fig. 42). 

Freeze-dried SIMPL tablets were formed by mixing the sugars and adjuvant with 

fibrillized peptide-polymers, transferring the solution to the PDMS mold, and 

lyophilizing (Fig. 15A). 
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Figure 15: SIMPL Tabletization process produces highly porous freeze-dried 

tablets that maintain nanofiber structure.  

(A) Schematic illustrating production of SIMPL tablet vaccines. (B) Camera 

image of tablet. (C) Volumetric reconstruction and cross-section of tablet structure from 

microCT highlighting tablet porosity. (D) Contour plot showing combined effects of 

peptide and sugar concentration in tablets on elastic modulus. Tablets were prepared at 

nine combinations of peptide (OVAQ11) and sugar (dextran and mannose) 

concentrations (black dots on plot) and subjected to compressive testing using a micro-

strain analyzer. Trehalose concentration was held constant. n=3 tablets/group, mean 

values shown. Individual graphs showing effects of sugar and peptide concentration 

individually are in Figure S2. (E-F) TEM images of Q11ESAT6 nanofibers prepared at 2 

mM (E) or a tablet dissolved at 2 mM (F), each diluted to 0.2 mM before imaging. (G) β-

sheet secondary structure was assessed by thioflavin T binding of a nanofiber solution 

before tabletization and of an equal concentration solution of a dissolved tablet. 

Excipient control contained no OVAQ11. *** p < 0.001 by 1-way ANOVA with Tukey’s 

multiple comparisons test, n=3/group. 
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 The SIMPL tabletization process yielded tablets that were strong enough 

to be handled without breaking, fulfilling the bulk handleability requirement (Fig. 15B). 

An effective tablet should quickly dissolve in the volume-limited sublingual space. 

MicroCT analysis of the tablet’s microstructure showed a high-degree of porosity 

qualitatively (Fig. 15C). This large surface-area allowed the tablets to dissolve rapidly in 

aqueous solvent. Further, by modulating the concentrations of peptide and sugar within 

the tabletized solutions we could tune the elastic modulus of the resulting tablets (Fig. 

15D, 43). Previous work in our lab has shown that fibrillization is critical to the function 

of Q11-based vaccines.[112] We used electron microscopy to compare the structure of 

nanofibers before and after tabletization (Fig. 15E-F). We immediately prepared TEM 

grids after dissolving tablets in PBS to prevent re-fibrillization over time from skewing 

the results. Nanofibers remained after tabletization, though they appeared slightly 

shorter by qualitative comparison. To corroborate this finding, we analyzed the extent of 

β-sheet secondary structure by Thioflavin T (ThT) binding (Fig. 15G). ThT binding was 

reduced after tabletization, but remained significantly higher than vehicle controls. 

Taken together, these findings suggested that although the tabletization process 

diminished nanofiber structure to some extent, significant fibrillar morphology was 

retained within SIMPL tablets. We next sought to determine whether peptide nanofibers 

prepared in this way retained their immunogenicity.  
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5.3.2 SIMPL Tablets Raise Humoral and Cellular Responses After 
Sublingual Immunization 

An advantage of supramolecular vaccines is their ability to raise antibody 

responses against peptide epitopes, which are highly specific but poorly immunogenic.[4] 

We first tested the ability of tabletized supramolecular assemblies to raise responses 

against the model OVA323-339 peptide (pOVA). Nanofibers assembled from OVA-Q11-

PEG3000 (OVAQ11) were readily acquired when delivered to cultures of dendritic cells 

(Fig. 16A). For sublingual immunizations, we placed SIMPL tablets under the tongue of 

anesthetized C57BL/6 mice and allowed them to dissolve unaided (without the 

application of additional liquid). Mice immunized in this way with tablets containing 

nanofibers and the protein adjuvant cholera toxin B (CTB) raised epitope-specific IgG 

responses (Fig. 16B). Notably, tablets that contained PEG-conjugated pOVA (non-

assembling) rather than self-assembling OVAQ11 failed to raise responses, highlighting 

the importance of supramolecular assembly and suggesting the ability of the 

supramolecular tablet to preserve nanofiber structure. This is in line with previous work 

showing that assembly is essential for immunogenicity of subcutaneously delivered Q11 

nanofibers[13] and sublingually delivered Q11-PEG solutions.[8]  By contrast, T-cell 

responses were unaffected by the presence or absence of the Q11 assembly domain, with 

IL-4 dominant splenic responses observed for all groups (Fig. 16C, 44).  
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To test the ability to modulate the antibody titer raised by the SIMPL sublingual 

tablet vaccine, we increased the CTB adjuvant dose from 7 μg per tablet to 14 μg per 

tablet (Fig. 16D). Mice immunized with the higher adjuvant dose had significantly 

higher serum IgG titers after two boosts, with an increase in mean titer from 2.2 to 4 

representing an over 60-fold change in antibody concentration (Fig. 16E). The higher 

dose of CTB adjuvant also led to T-cell responses that were more balanced between IL-4 

and IFNγ in the spleen (Fig. 16F, 44), similar to previously published CTB-adjuvanted 

sublingual vaccines.[184] It is possible that at lower adjuvant doses, the Th2-bias of 

unadjuvanted Q11 vaccines[67] remains, but that at higher doses the effects of CTB are 

more pronounced. In contrast to the spleen, T-cell responses in the draining 

submandibular and cervical lymph nodes were more biased towards      IFNγ (Fig. 16F). 

This is perhaps due to CTB adjuvant draining to the lymph node, but future 

characterization of the T-cell response to SIMPL tablets is needed to address these 

questions. 
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Figure 16: SIMPL Tablets containing Q11-PEG assemblies raise antibody 

responses in an adjuvant dose-dependent manner. 

(A) Fluorescently labelled TAMRA-pOVA peptide or SIMPL tablets prepared 

with TAMRA-OVAQ11 nanofibers were incubated with DC2.4 mouse dendritic cells, 

and uptake was measured by flow cytometry. ***p < 0.001 by 2-way ANOVA with 

Tukey’s multiple comparisons test, n=3/group. (B) C57BL/6 mice were immunized 

sublingually with tablets containing 20 nmol of pOVA or OVAQ11 and 7 μg cholera 

toxin B adjuvant (CTB) and boosted at weeks 2, 5, and 8. *** p < 0.001 by 2-way ANOVA 

with Tukey’s multiple comparisons test, n=5/group.  (C) Mice from (B) were boosted at 

week 15 and sacrificed 7 days later. Spleens were harvested and T-cell responses were 

measured by ELISPOT. SFC: spot-forming cells. n.s. (not significant) by multiple 1-way 

ANOVAs, n=5/group. Full ELISPOT results are in Fig. S3. (D) Mice were immunized 

sublingually with tablets containing 20 nmol OVAQ11-PEG and 14 ug CTB and boosted 

at weeks 1, 5, and 17. n=5/group. (E) Mice from OVAQ11 + CTB tablet groups in (B) and 

(D) were compared to show effect of adjuvant dose on titer. Color-coded arrows indicate 

boosting (black arrows indicate both groups were boosted). * p < 0.05 by 2-way ANOVA. 

(F) Mice from (D) were sacrificed at week 18, spleens and draining lymph nodes 

(submandibular and cervical) were harvested, and T-cell responses were measured by 

ELISPOT. Full ELISPOT results are in Fig. S4. * p < 0.05 by multiple t-tests with Holm-

Šidák correction. 
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5.3.3 SIMPL Tablets Are Heat-Stable and Raise Antibodies Against an 
M. tuberculosis Peptide Epitope 

Having established the immunogenicity of SIMPL tablets, we next investigated 

the important consideration of heat stability. Given the importance of thermal stability 

to equitable global vaccine distribution, we chose a peptide epitope from M. tuberculosis. 

Tuberculosis is the leading cause of infectious death globally, with 97% of cases coming 

from low- and middle-income countries.[185] The selected peptide epitope from the 6 kDa 

early secretory antigenic target of M. tuberculosis (ESAT6) contains contiguous B- and T-

cell epitopes and was a protective target in a preclinical model of tuberculosis 

infection.[126] In all experiments, heated groups were kept for one week at 45 ºC, a 

temperature at which even relatively stable vaccines can lose potency.[186-187]  

 We compared the thermal stability of the tablet vaccine with a 

conventional peptide-carrier conjugate, keyhole limpet hemocyanin (KLH). 

Subcutaneous injection of CBA/J mice with KLH-ESAT6 and alum adjuvant led to strong 

antigen-specific antibody responses even after heating (Fig. 17A). Strikingly, however, 

sublingually delivered KLH-ESAT6 with CTB adjuvant led to no detectable response 

after heating, highlighting the challenge of sublingual peptide immunization. By 

contrast, sublingual immunization with heated SIMPL tablets containing mPEG2000-

Q11ESAT6 nanofibers (Q11ESAT6) and CTB adjuvant raised IgG antibodies (Fig. 17B). 
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Most notably, there was no significant difference in response for mice immunized with 

heated or non-heated Q11ESAT6 + CTB tablets (Fig. 17C). 

 

 

Figure 17: SIMPL tablet vaccine raises antibody responses against M. 

tuberculosis peptide epitope that are not diminished by heating. 

(A) CBA/J mice were immunized subcutaneously with a 1:1 mixture of alum and 

KLH-ESAT6 or sublingually with KLH-ESAT6 and 10 μg CTB and boosted at week 3. 

Heated group was heated at 45 ºC for 7 days. ** p <0.01 by 1-way ANOVA with Tukey’s 

multiple comparisons test, n=5/group. (B) Mice were immunized with SIMPL tablets 

containing 20 nmol Q11ESAT6 and 10 μg CTB or cyclic-di-AMP adjuvant and boosted at 

weeks 1, 3, and 6. n=5/group. (C) Comparison of groups from (A) and (B). All groups 

were boosted at weeks 1, 3, and 6 and week 7 titer is shown. n.s. (not significant) or * p < 

0.05 by 1-way ANOVA with Tukey’s multiple comparisons test, n=5/group. (D-E) Mice 

were immunized sublingually with KLH-ESAT6 or Q11ESAT6 and 15 μg CTB or AMP 

adjuvant and boosted at weeks 1, 3, 9, and 12. Heated groups were heated at 45 ºC for 7 

days. * p < 0.05, ** p < 0.01 by 2-way ANOVA with Tukey’s multiple comparisons test, 

n=5/group. (F) Serum IgG titers of heated and non-heated (NH) formulations from (D) 

and (E) were compared. n.s. (not significant), * p < 0.01, *** p < 0.001 by multiple t-tests 

with Holm-Šidák correction, n=5/group. 



 

107 

 

 

 To confirm and extend these findings, we repeated this experiment and 

tested the use of the nucleotide adjuvant cyclic-di-AMP. We also included a higher dose 

of adjuvant due to its ability to modulate titers in the tablet immunizations against the 

pOVA epitope (Fig. 17E). Sublingually delivered, non-heated KLH-ESAT6 + CTB raised 

responses that were the same as tablets adjuvanted with cyclic-di-AMP and slightly 

higher than tablets adjuvanted with CTB (Fig. 17D). The results were dramatically 

different after heating, however, as CTB-adjuvanted tablets elicited significantly greater 

antibody levels than the KLH-based vaccine (Fig. 3E). We again found that SIMPL 

tablets containing ESAT6Q11 + CTB were completely unaffected by heating, while KLH 

+ CTB responses were significantly reduced (Fig. 17F). Interestingly, tablets containing 

cyclic-di-AMP adjuvant were not heat-stable, indicating that adjuvant stability is an 

important consideration even when using a heat-stable vaccine platform.  

 

5.4 Conclusions 

In summary, we designed a sublingual tablet vaccine based on self-assembling 

peptide-polymer nanofibers. These SIMPL tablets represent the first demonstration of a 

nanomaterial sublingual tablet vaccine to our knowledge. Through addition of sugar 

excipients and freeze-drying, the tabletization process produced highly porous and 



 

108 

 

easily handleable tablets that raise antibody responses against both the model epitope 

pOVA and the M. tuberculosis epitope ESAT6. The tablets were easily administrable by 

dissolving under the tongue. In contrast to a conventional KLH-based vaccine, 

sublingually delivered tablets with CTB adjuvant were heat-stable and showed no loss 

of immunogenicity after heating at 45 °C for one week. Cyclic-di-AMP adjuvanted 

tablets did show some loss of potency after heating. Exploring the use of alternate 

adjuvants or modifications to the tabletization process to preserve the effects of 

thermally-sensitive adjuvants is an interesting area for future work. The thermal 

stability of SIMPL tablets, combined with their potential for self-administration, shows 

exciting potential for improving equitable global vaccine distribution. 
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6. Multivalent sublingual nanofiber vaccines for 
protection against uropathogenic E. coli 

6.1 Motivation 

Urinary tract infections (UTIs) are a major public health problem, leading to high 

morbidity in millions of afflicted individuals each year[57]. Individuals with recurrent 

UTIs (more than three infections in a one year period[188]) experience significant 

decreases in quality of life and increases in health-care costs[189-190]. Long-term antibiotic 

prophylaxis can lead to adverse effects and is thus not recommended until other 

behavioral or non-antibiotic options have been attempted[191-192]. In addition to these 

current problems with effective UTI prevention, the alarming rise of antibacterial 

resistance[60] indicates that future treatment and prevention of UTIs may become even 

more difficult in the future. Uropathogenic E. coli¸ which cause about 80% of 

uncomplicated UTIs, are frequently resistant to commonly used antibiotics, including 

incidences of multidrug resistance[59, 193]. The current prevalence of recurrent UTIs, 

combined with the increasing loss of antibiotic efficacy, suggest that a new form of UTI 

prevention is a significant and urgent unmet need. 

A vaccine that raises protective, long-term antibody responses against UTI-

causing bacteria has the potential to meet this need. However, such a vaccine does not 

currently exist, and there are significant challenges to its development. Currently, 

immune-modulating therapies are being explored for the treatment and prevention of 
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recurrent UTIs, including the commercially available OM-89 and Uromune, which has 

reported human results[61, 63]. However, some do not classify these as “true vaccines”[58], 

since they require onerous dosing regimens (typically at least 3 months of daily dosing) 

and have not been shown to elicit long-lasting protection. 

Generating a safe and effective immune response to prevent UTIs that is widely 

effective across populations is challenging. An ideal vaccine candidate would elicit 

immune responses that are specific to UTI-causing bacteria to avoid adverse effects to 

the microbiota, but that target a broad range of UTI-causing pathogens. Further, it is 

thought that both systemic responses in the blood and mucosal responses in the 

urogenital tract are important for protection against UTIs[194-195]. These considerations 

suggest that a vaccine to prevent UTIs may require both the ability to raise simultaneous 

responses against multiple highly-specific epitopes and the ability to elicit mucosal 

responses. 

We recently reported the design of a sublingual vaccine platform that elicits 

systemic and mucosal antibody responses against peptide epitopes[65]. Sublingual 

immunization is known to elicit antibody responses in the urogenital tract[196], though it 

is difficult to raise robust immune responses against peptide epitopes via this route. Our 

vaccine platform is based on self-assembling peptide-polymer nanofibers, with surface 

properties tuned to promote mucus penetration, and can raise antibody responses 
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persisting for at least a year[65]. The process of supramolecular assembly also allows for 

the co-assembly of peptide-polymers bearing multiple epitopes into a single 

nanofiber.[127] We sought to capitalize on the unique advantages of this vaccine platform 

to design a safe and widely effective vaccine to prevent UTIs caused by uropathogenic E. 

coli. 

 

6.2 Methods 

6.2.1 Peptide-Polymer Synthesis and Nanofiber Preparation 

Peptides were synthesized using standard Fmoc solid-phase synthesis on Rink 

amide resins. PEG-peptides were synthesized by on-resin conjugation of 2000 MW 

mPEG-NHS (Creative PEGWorks PLS-214) to the N-terminus. Peptides were cleaved for 

2 h at room temperature in a 95/2.5/2.5 TFA/triisopropylsilane/water cocktail, followed 

by washing with cold diethyl ether. Peptides were purified by reverse-phase HPLC 

using a C4 column (PEG-peptides) or C18 column (non-PEGylated peptides) and 

lyophilized. Peptide identity was confirmed using matrix-assisted laser 

desorption/ionization mass spectrometry on a Bruker Autoflex Speed LRF MALDI-TOF 

spectrometer using α-cyano-4-hydroxycinnamic acid (Sigma Aldrich, 70990) as the 

matrix. 
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To prepare nanofiber solutions, lyophilized peptides were dissolved at 8 mM in 

sterile water and incubated at 4 °C overnight. The solutions were then brought to the 

final concentrations in 1X PBS by addition of sterile water and sterile 10X PBS and 

incubated at room temperature for 3 h to before use to allow for fibrillization. Co-

assembled nanofibers were prepared by vortexing lyophilized B-cell epitope peptides 

(PEG-Q11pIreA, PEG-Q11pIutA, PEG-Q11pIroN) for 20 minutes and dissolving in a 

VACQ11 or Q11 solution at 8 mM total peptide. For multiple nanofiber formulations for 

immunization, each nanofiber was separately assembled and combined just prior to 

immunization. 

For adjuvanted solutions, nucleotide adjuvants (cyclic-di-AMP, CpG) were 

added just prior to fibrillization; all other adjuvants were added after fibrillization. 

Adjuvants were included in formulations at the following dosages per mouse: 10 μg 

cholera toxin B subunit (List Labs, 104), 10 μg cyclic-di-AMP (Invivogen, vac-nacda), 25 

μg CpG (Invivogen, tlrl-1826), 20 μg CRX-527 (Invivogen, tlrl-crx527), 15 μg compound 

48/80 (Millipore Sigma, C2313). 

 

6.2.2 Nanofiber Characterization by Electron Microscopy 

To visualize nanofiber morphology by transmission electron microscopy, 

nanofiber solutions were diluted to 0.2 mM in 1X PBS and deposited onto 
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Formvar/carbon-coated 400 mesh copper grids (Electron Microscopy Sciences, EMS400-

Cu) for 1 min, rinsed with ultrapure water, and negatively stained for 1 min with 1% 

w/v uranyl acetate (EMS, 22400-1) prior to wicking away with filter paper. Samples were 

imaged on an FEI Tecnai G2 Twin electron microscope at 120 kV. 

 

6.2.3 Tablet Production Process 

Reverse tablet molds were designed in FreeCAD and 3D-printed with a 

MakerBot Ultimaker 3. PDMS molds were prepared using SYLGARD 184 kits (Sigma, 

761028). Fibrillized nanofiber solutions were mixed with adjuvants and sugars to a final 

concentration of 7.8 wt% each of trehalose (Santa Cruz Biotechnology, 394303), dextran 

(Alfa Aesar, J61216), and mannitol (Millipore Sigma, M4125). Final solutions were 

pipetted into the PDMS tray (30  µL per tablet), frozen at -80 °C, and lyophilized. 

 

6.2.4 Animals and Immunizations 

Animal experiments were approved by the Institutional Care and Use 

Committee of Duke University. Murine immunizations were initiated with female 

C57BL/6 mice (Envigo) aged 9-12 weeks. For sublingual immunizations, mice were 

deeply anesthetized by a cocktail delivering 100 mg/kg ketamine and 10 mg/kg xylazine. 

For droplet immunizations, a micropipette with a 20 µL tip was used to apply 8 µL of 
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the immunizing solution below the tongue. For tablet immunizations, the tablet was 

placed below the tongue of anesthetized mice using tweezers. For droplet and tablet 

immunizations, the mouse’s heads were placed in anteflexion for 20 min following 

administration to prevent swallowing of the material.  

Rabbit immunizations were conducted with 8-month old female New Zealand 

White rabbits (Envigo). Rabbits were anesthetized with 20 mg/kg ketamine and 3 mg/kg 

xylazine. Tablets were placed under the rabbits’ tongue using tweezers, rabbits’ head 

were placed in anteflexion for 20 minutes, and recovery was initiated by atipamezole 

(xylazine reversal agent). 

The total peptide concentration was 5 mM for all immunizations. For single 

epitope immunizations with PADRE, the B-cell epitope was 4.75 mM and PADRE was 

0.25 mM, unless indicated otherwise. For single-epitope immunizations with VAC, the 

B-cell epitope was 4.4 mM and VAC was 0.6 mM. For co-assembled multi-B cell epitope 

nanofibers (including tablets in both mice and rabbits), each B-cell epitope was 1.4 mM 

and VAC was 0.6 mM. For mixed nanofiber formulations, each B-cell epitope was at 3x 

the final concentration, to keep total epitope dose consistent with single nanofiber 

formulations after mixing. For no VAC tablets, VACQ11 was replaced with the same 

concentration of unmodified Q11 to keep the total peptide concentration constant. 
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6.2.5 Measurement of Antibody Responses 

Mouse serum was collected via the submandibular vein. For analysis of epitope-

specific IgG by ELISA, plates were coated with 20 μg/mL of streptavidin (Millipore 

Sigma, 189730) overnight at 4 °C. Plates were washed with 0.5 g/L Tween-20 in PBS (1X 

PBST), coated for 1 hour with 20 μg/mL biotinylated pIreA, pIuta, or pIroN, and blocked 

with Super Block Blocking Buffer (Thermo Scientific, 37515). When indicated in figure 

legends, plates were coated with a 1:1:1 mixture of biotinylated pIreA, pIutA, and 

pIroN, at a total concentration of 20 μg/mL. Sera diluted in PBST-BSA or undiluted urine 

were added to the plate, and antigen-specific IgG was detected by horseradish 

peroxidase (HRP) conjugated Fcγ fragment specific goat anti-mouse IgG (Jackson 

Immuno Research, 15- 035-071). Results are reported as antibody titers calculated with 

an absorbance cutoff of 0.2 OD, or as background-subtracted A450 values. For measuring 

antibody subclasses, HRP conjugated goat anti-mouse detection antibodies were 

purchased from Southern Biotech (IgG1: 1071-05, IgG2b: 1091-05, IgG2c: 1078-05). For 

whole-cell ELISAs, bacteria were cultured as indicated in the following section and 

plates were coated with an OD600 = 1.0 solution in 1X PBS overnight and blocked for 2 h 

with 10% heat-inactivated fetal bovine serum in 1X PBS prior to addition of sera. Total 

(non antigen-specific) IgA was determined using a mouse IgA ELISA kit (Thermo 
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Scientific, 88-50450). For ELISAs with rabbit serum, blood was collected via the marginal 

ear vain and HRP-conjugated anti-Rabbit IgG (H+L) [Promega, W4011] was used. 

 

6.2.6 Bacterial Culture and Challenge Model  

The uropathogenic E. coli strain CFT073 was purchased from ATCC (700928); this 

strain was originally isolated from a pyelonephritis patient[197]. CFT073 was cultured at 

37 °C with aeration in Luria broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium 

chloride) at a 1:100 dilution from a starter culture. For iron-limited culture conditions, 

the chelator 2,2’-bipyridyl (Millipore Sigma, D216305) was present at 400 µM in Luria 

broth. The non-uropathogenic E. coli strain BL21 was purchased from New England 

BioLabs (C2530H) and cultured was performed as with CFT073, but with the use of 

terrific broth (Fisher Scientific, BP2468). 

 For the bacteremia model, immunized or naive mice were challenged with 

intraperitoneal injection of 1 x 108 CFU of CFT073 in 1X PBS. Temperature and body 

weight of mice were recorded at regular intervals for 72 h. Humane endpoints were set 

as a temperature below 32 °C, loss of 25% of body weight, or exhibition of significant 

clinical symptoms, as prescribed by IACUC guidelines. 
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6.3 Results 

6.3.1 Selection of B-cell epitopes from uropathogenic E. coli 

Human UTIs can be caused by several genera of bacteria, but over 80% are the 

result of infection by a diverse set of uropathogenic E. coli strains, collectively referred to 

as UPEC. While a vaccine against UPEC would not be universally effective in the human 

population, it would represent a dramatic first step towards changing how UTIs are 

prevented and treated. UPEC themselves are a heterogeneous set of strains with variable 

expression of virulence factors, such that a vaccine would still likely need to target 

multiple antigens to be broadly effective against UPEC alone[57]. For these reasons, we 

sought to design a multivalent vaccine that would broadly target UPEC strains to 

prevent a majority of urinary tract infections. 

To prioritize safety and avoid adverse effects related to off-target immune 

responses against non-pathogenic E. coli or other commensals, we sought peptide 

epitopes that would be found near-exclusively on UPEC. A major set of UPEC virulence 

factors are iron receptor proteins, which allow UPEC to survive in the iron-poor urinary 

tract[57]. These receptors are ideal antigenic targets because, in addition to being critical 

to the survival of UPEC, they are surface expressed, allowing for possible antibody 

binding. We selected three peptide epitopes previously identified within UPEC receptor 

proteins[194, 198], one each from the proteins IreA, IutA, and IroN. The genes encoding 
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these proteins were found in 34%, 66%, and 74% of clinical UPEC isolates[199], suggesting 

that by targeting all three we could design a vaccine that would be broadly effective 

against human infection with UPEC (Fig. 18D). Notably, the peptide epitopes from IutA 

and IroN have shown poor immunogenicity in mice after mucosal immunization, failing 

to raise systemic or urinary antibody responses even when given with high doses of the 

strong but untranslatable cholera toxin adjuvant[194]. 

 

6.3.2 Co-assembly of T- and B-cell epitopes in sublingual nanofiber 
vaccines elicits antibody responses against UPEC epitopes 

We sought to leverage our recently developed sublingual peptide vaccine 

platform[65] to enhance the immunogenicity of these challenging peptide epitopes and 

develop a highly specific anti-UPEC vaccine. We conjugated each of the peptide 

epitopes (referred to hereafter as pIreA, pIutA, and pIroN to distinguish them from their 

parent proteins) to PEG-Q11 peptide-polymers, which contain PEG to promote 

sublingual mucus transport and Q11 for self-assembly into nanofibers (Table 1). Each of 

the constructs – PEG-Q11pIreA, PEG-Q11pIutA, and PEG-Q11pIroN – assembled into 

supramolecular nanofibers, as evidenced by electron microscopy (Fig. 18A-C). We co-

assembled nanofibers containing both the UPEC B-cell epitopes and the universal helper 

T-cell epitope PADRE[200]. Sublingual immunization with 8 µL droplets of solutions 

containing PEG-Q11(pIreA/PADRE) fibers and the adjuvant CTB (the non-toxic B 
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subunit of cholera toxin) led to robust pIreA-specific serum antibody responses (Fig. 

18E). Notably, the antibody responses were dependent on the ratio of B- to T-cell epitope 

within the nanofibers (Fig. 18F). Co-assembly of PADRE did not promote antibody 

responses against either pIutA or pIroN, leading us to use an alternate universal T-

helper epitope from vaccinia virus[67] (referred to here as VAC). Sublingual 

immunization with PEG-Q11(pIutA/VAC) and PEG-Q11(pIroN/VAC) elicited epitope-

specific antibody responses (Fig. 18G). These results highlight the ability of our vaccine 

platform to raise antibody responses sublingually against poorly immunogenic peptide 

epitopes. 

 

 

Figure 18: Sublingual nanofiber vaccine raises antibody responses against 

three B-cell epitopes with broad expression across uropathogenic E. coli strains. 
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Transmission electron microscopy images of nanofibers composed of (A) PEG-

Q11pIreA, (B) PEG-Q11pIutA, or (C) PEG-Q11pIroN. (D) Percentage of clinical UPEC 

isolates that contain the gene encoding the parent proteins of the pIroN, pIutA, and 

pIreA epitopes[199].  (E) Mice were immunized sublingually with co-assembled PEG-Q11 

nanofibers containing the PADRE T-helper epitope and either pIreA, pIroN, or pIutA B-

cell epitope, plus cholera toxin B (CTB) adjuvant. Mice were boosted at weeks 1 and 3 

and serum IgG titer against the immunizing epitope was measured. ** p < 0.01 by 2-way 

RM-ANOVA with Tukey’s multiple comparisons test, n=4/group. (F) Effects of titrating 

T-cell epitope content with sublingual nanofiber vaccines. Mice were immunized 

sublingually with PEG-Q11(pIreA/PADRE) nanofibers containing variable 

concentrations of PADRE, plus CTB, and were boosted at weeks 1, 3, and 6. n=4/group. 

(G) Co-assembly with the VAC epitope, but not PADRE, elicits antibody responses 

against pIutA and pIroN. Mice immunized with the pIutA or pIroN epitope and VAC 

are compared to responses with PADRE in (A). All mice were boosted at weeks 1 and 3 

and formulations containing CTB adjuvant. ** p < 0.01,  * p < 0.05 by 2-way RM-ANOVA 

with Tukey’s multiple comparisons test, n=4/group 

 

6.3.3 A single multivalent nanofiber raises simultaneous responses 
against selected UPEC B-cell epitopes in serum and urine  

Having established that the selected B-cell epitopes were immunogenic with our 

platform, we next sought to design a multivalent vaccine to elicit simultaneous antibody 

responses against pIreA, pIutA, and pIroN. We initially tested the importance of two 

parameters on vaccine formulation: nanofiber composition and adjuvant choice. We 

formulated sublingual vaccines containing a mixture of three nanofibers (PEG-

Q11(pIreA/PADRE) + PEG-Q11(pIutA/VAC) + PEG-Q11 (pIroN/VAC)) or a single highly 

co-assembled nanofiber ( PEG-Q11(pIreA/pIutA/pIroN/VAC)), and with either CTB 

adjuvant or the STING agonist cyclic-di-AMP. Each of the four formulations elicited 

epitope-specific antibody responses against each of the three UPEC B-cell epitopes (Fig. 
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19A-C). As a measure of the overall strength of the response, we calculated an arithmetic 

sum of the log10 IgG endpoint titers against the three epitopes. In this combined 

measure, the single nanofiber adjuvanted with cyclic-di-AMP elicited the strongest 

responses (Fig. 19D). The IgG subclass of these responses was predominantly IgG2b and 

IgG2c, subclasses that are in many cases the most potent for anti-bacterial immunity[201-

203] (Fig. 19E). 

A major advantage of using sublingual immunization as the route for a UTI 

vaccine is its demonstrated ability to raise immune responses in the urinary tract. To 

characterize the ability of our vaccines to raise antigen-specific IgG and IgA within the 

urinary tract, we assayed urine from immunized mice (Fig. 19F). Adjuvant appeared to 

be the dominant factor impacting urinary antibody levels, so we collapsed across 

nanofiber composition to compare all CTB-adjuvanted groups against all cyclic-di-AMP 

adjuvanted groups (Fig. 19-H). We found that cyclic-di-AMP produced significantly 

higher epitope-specific IgA levels in the urine. These results indicated that our 

sublingual vaccine could raise responses not only systemically, but also within the 

urinary tract. 
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Figure 19: A single highly co-assembled nanofiber elicits polyvalent systemic 

and urinary antibody responses that specifically target uropathogenic E. coli. 

(A-C) Mice were immunized sublingually with either a mixture of three 

separately assembled nanofibers (PEG-Q11(pIreA/PADRE) + PEG-Q11(pIutA/VAC) + 

PEG-Q11(pIroN/VAC)) or a single highly co-assembled nanofiber (PEG-

Q11(pIreA/pIutA/pIroN)) and either cholera toxin B (CTB) or cyclic-di-AMP (c-di-AMP) 

adjuvant, and boosted at weeks 1, 3, 6, and 8. IgG levels were measured against each of 

the three peptide epitopes. (D) To compare the overall response, a titer sum was 

calculated by arithmetic addition of the titers against each of the three epitopes. ** p < 

0.01, * p < 0.05 by 2-way RM-ANOVA with Tukey’s multiple comparisons test, 

n=5/group. (E) Serum antibody isotype and IgG subclasses were measured by ELISA 

against a 1:1:1 mixture of pIreA, pIutA, and pIroN. (F) Urinary antibody levels were 

determined by ELISA on undiluted urine samples. n.s. = non-significant by 2-way 

ANOVA, n=1-4/group. (G-H) To examine the effect of adjuvant choice on urinary 

antibody levels, groups were collapsed across nanofiber composition. * p < 0.05 by 

unpaired, two-tailed t-test, n=4-6/group. (I) Vaccine-induced antibodies bound 

specifically to uropathogenic E. coli. Week 13 serum IgG titers were measured by ELISA 
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against a uropathogenic E. coli strain (CFT073) or a non-pathogenic lab strain (BL21). * p 

< 0.05 by multiple t-tests with Holm-Šídák correction, n=4-5/group 

 

6.3.4 Vaccine induced antibody responses are specific for 
uropathogenic E. coli  

A key motivation for utilizing peptide epitopes, despite their generally poor 

immunogenicity, is that they are highly specific. To test the specificity of the antibody 

response raised by our vaccine, we compared their level of binding to both a 

uropathogenic strain of E. coli (CFT073) and a non-pathogenic lab strain of E. coli (BL21).  

Serum antibodies from all four immunization groups bound to CFT073 but had no 

detectable levels of anti-BL21 antibodies (Fig. 19I). It is important to note that the 

CFT073 culture conditions used for this ELISA are expected to induce expression of 

pIutA, but not pIreA or pIroN[199]. These results still highlight that the induced 

antibodies do not bind non-pathogenic E. coli, and that some antibodies raised are able 

to bind to CFT073. Along with the demonstrated ability to raise multivalent responses 

and to elicit urinary antibodies, this specificity highlights the unique advantages of our 

strategy. 
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6.3.5 STING and TLR9 agonist combination enhances urinary 
antibody levels after sublingual nanofiber immunization 

Based on our initial vaccine studies, we proceeded with a formulation of a single 

co-assembled nanofiber and cyclic-di-AMP adjuvant. To enhance the urinary antibody 

responses elicited by our initial formulations, we examined the effects of combining 

cyclic-di-AMP with additional adjuvants that act through different and potentially 

complementary pathways, such as those induced by toll-like receptors (TLRs). 

Combinatory adjuvant approaches are well-studied in the nanomaterials community[33] 

and have recently been applied in the context of UPEC vaccines[204]. We immunized mice 

with PEG-Q11(pIreA/pIutA/pIroN/VAC) nanofibers and cyclic-di-AMP, plus either CpG 

(a TLR9 agonist), CRX527 (a TLR4 agonist) or C48/80 (a mast cell stimulator). The 

addition of adjuvants did not have a significant effect on serum antibody responses, as 

all groups raised multivalent responses against all three B-cell epitopes that were 

primarily of the IgG2b and IgG2c subclasses (Fig. 20A-C). In contrast to the serum 

responses, the adjuvant combination strategy led to a significant increase in urinary 

antibodies. Specifically, the combination of cyclic-di-AMP and CpG led to significantly 

greater levels of epitope-specific IgA in the urine and urinary IgG levels that trended 

higher (Fig. 20D).  
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Figure 20: Combination of STING and TLR9 agonist adjuvants promote strong 

serum and urinary antibodies against uropathogenic E. coli without accompanying 

gut responses. 

(A) Mice were immunized with PEG-Q11(pIreA/pIutA/pIroN/VAC) nanofibers, 

plus cyclic-di-AMP (c-di-AMP) adjuvant alone or in combination with CpG, CRX527, or 

C48/80 adjuvants. Mice were boosted at weeks 1, 3, 6, and 10. To compare the overall 

response, a titer sum was calculated by arithmetic addition of the titers against each of 

the three epitopes Antibody titers of unimmunized mice were measured at week 36. n.s. 

= non-significant by 2-way RM-ANOVA, n=5/group. (B) Heat map showing the pIreA-, 

pIutA-, and pIroN-specific serum antibody response for each group at week 36. (C) 

Week 11 antibody isotype and IgG subclasses were measured by diluting serum 1:1000 

for ELISA against a 1:1:1 mixture of pIreA, pIutA, and pIroN. (D) Week 11 serum IgG 

was measured by ELISA against a uropathogenic E. coli strain (CFT073) or a non-

pathogenic lab strain (BL21). *** p < 0.001, ** p < 0.01, * p < 0.05 by multiple t-tests with 
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Holm-Šídák correction. (E-F) Urinary IgA and IgG at week 11 was measured by ELISA 

on undiluted urine against a 1:1:1 mixture of pIreA, pIutA, and pIroN. ** p < 0.01, n.s. = 

non-significant by 1-way ANOVA with Dunnett’s multiple comparisons test against c-

di-AMP only group. (G) No antigen-specific fecal antibodies were observed after 

sublingual immunizations. Fecal IgA was measured by ELISA against a 1:1:1 mixture of 

pIreA, pIutA, and pIroN using fecal extract. 

 

6.3.6 Sublingual nanofiber vaccine raises no detectable gut IgA 
responses 

An advantage of UPEC-specific vaccine strategies is that they avoid potential 

immune responses against commensal E. coli or other commensals. A further safeguard 

against such effects is a vaccine that raises antibody responses in the desired systemic 

and urinary compartments, but not in the microbe-rich gut. Sublingual vaccines have 

been shown in some cases to raise immune responses in the gastrointestinal tract[88, 205-206]. 

Swallowing of vaccine material could contribute to gut responses; notably, we use a very 

conservative volume of 8 μL for our sublingual immunizations, well below the amount 

at which inadvertant swallowing would be expected[90]. We tested whether our 

sublingual nanofiber vaccines were eliciting gut antibodies along with those observed in 

the blood and urine. In contrast to the observable levels of IgA, we did not detect any 

epitope-specific IgA in fecal samples of immunized mice (Fig. 20G). To confirm that our 

methods could detect fecal IgA, we examined the total fecal IgA and found it to be 

similar to published levels for C57BL/6 mice[207] (Fig. 46).  
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6.3.7 Sublingual vaccine protects against UPEC-mediated sepsis 
even with expression of a single antigen target 

To test the clinical relevance of the antibodies raised by our sublingual vaccine, 

we challenged mice with CFT073, a uropathogenic E. coli strain isolated from a 

pyelonephritis patient[197]. To directly assay the effectiveness of our antibodies against 

the human pathogen, we performed intraperitoneal challenge of mice previously 

immunized in the experiments described in Fig. 3 (Fig. 21A). This challenge also 

provides a model of UPEC-mediated sepsis; notably, urosepsis accounts for a quarter of 

all sepsis cases[208]. The motivation for a multivalent vaccine strategy is to generate an 

immune response that is protective against UPEC with varying virulence factor 

expression profiles. To test whether expression of a single antigenic target on the 

infecting pathogen was sufficient for our vaccine to afford protection, we cultured 

CFT073 under conditions in which the IutA protein, but neither the IreA nor IroN 

proteins, is expressed[199]. 

After challenging mice with CFT073, we monitored body temperature and 

weight loss for 72 h to see if vaccinated groups would ameliorate these expected clinical 

symptoms of infection[209]. Unimmunized control mice exhibited significant decreases in 

body temperature after challenge, compared with vaccinated mice (Fig. 21B). Body 

weight showed more variance between different immunization groups (which differed 
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by adjuvant), but all immunized groups showed lower weight loss than unimmunized 

mice throughout the study (Fig. 21C). To compare the overall effect of immunization in 

protecting against CFT073 challenge, we combined the results from the four groups of 

immunized mice. Collectively, the immunized mice showed significantly less change in 

body weight than unimmunized mice (Fig. 21D). Further, half of the unimmunized mice 

died as a result of the challenge, while all vaccinated mice survived (Fig. 21E). These 

results together indicate that our sublingual vaccine provided protection against 

challenge with a human-infecting UPEC strain. 

We next attempted to determine if the protection was a result of the anti-UPEC 

antibodies raised by our vaccine. We correlated the pre-challenge serum titers against 

pIreA, pIutA, and pIroN for each mouse to a calculated measure of weight loss across 

the 72 h period (Fig. 21F-H). Notably, antibodies directed against pIutA were 

significantly correlated with amelioration of weight loss, whereas antibodies against 

both pIreA and pIroN had no correlation. The R-squared value for the pIutA correlation 

was 0.20, indicating that anti-pIutA serum titer does not provide a full explanation of the 

protection observed here. It is possible that other measures of the response, such as 

antibody avidity or binding to the full CFT073 pathogen, also contribute to the effects 

observed here. Overall, these results suggest that the peptide epitope-specific antibody 

response raised by our vaccine contributes to protection against UPEC challenge. 
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Figure 21: Expression of a single selected antigen on uropathogenic E. coli is 

sufficient for sublingual nanofiber vaccine to protect against sepsis-induced death 

and ameliorate associated symptoms.

 (A) Experimental timeline. Mice immunized in Fig. 3 were challenged 

intraperitoneally 26 weeks after the final boost with a 1 x 108 CFU of a uropathogenic E. 

coli strain (CFT073) cultured in Luria broth. These culture conditions induce expression 

of IutA, but not IreA or IroN[199]. Mice were monitored for 72 h post-challenge. (B) 

Lowest temperature recorded for each mouse during the duration of the study. * p < 0.05 

by 1-way ANOVA with Dunnett’s multiple comparisons test against unimmunized 

group, n = 4-5/group. (C) Body weight was measured over time. Percent of weight loss 

was calculated using the weight of mice just prior to challenge. (D) Immunized groups 

were combined to show the vaccine’s amelioration of weight loss vs unimmunized mice. 

* p < 0.05 by 2-way RM-ANOVA, n=4 (unimmunized) or n=17 (combined immunization 

groups). (E) Survival curve for immunized vs. combined immunization groups. Mice 

were sacrificed at humane endpoints. ** p < 0.01 by log-rank test. Correlation of (F) anti-

pIreA, (G) anti-pIutA, and (H) anti-pIroN serum IgG titers (week 36) with weight loss. A 
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regression was performed on each mouse’s weight loss over the duration of the study. 

R2 values and significance was determined by linear regression. 

6.3.8 An accessible tablet vaccine formulation raises immune 
responses against UPEC epitopes in mice and rabbits 

Attitudes around UTIs and resource limitations put constraints on the potential 

distribution of an anti-UPEC vaccine, particularly outside of wealthy nations. To achieve 

its most significant impact, a UTI vaccine would likely need to be cost-effective, 

suggesting the need for heat-stability (to obviate expensive cold chain storage) and 

simple administration procedures requiring minimal training. In Chapter 5, we 

described the development of a procedure for producing tablet vaccines based on self-

assembling peptide-polymer nanofibers, which we termed SIMPL (Supramolecular 

Immunization with Peptides SubLingually). SIMPL tablets are produced by 

lyophilization of solutions containing nanofibers, sugar excipients, and adjuvant (Fig. 

22A).  

To test the effectiveness of a tablet formulation of our anti-UPEC vaccine, we 

formed tablets containing PEG-Q11(pIreA/pIutA/pIroN/VAC) (Fig. 22B). We included 

either cyclic-di-AMP adjuvant alone or both cyclic-di-AMP and CpG, based on our 

finding that this adjuvant combination can enhance urinary antibody responses (Fig. 20). 

As a control, we also produced tablets containing PEG-Q11(pIreA/pIutA/pIroN) fibers, 

which lack the helper T-cell epitope VAC (VACQ11 was replaced with Q11 in the 

formulation to keep total peptide concentration constant). Sublingual immunization 
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with vaccine tablets performed similarly to the previously used droplet vaccines, raising 

multivalent responses against all three UPEC B-cell epitopes (Fig. 22C). Among tablets 

with only the cyclic-di-AMP adjuvant, tablets without the VAC epitope raised 

significantly lower serum antibody responses than those containing the T-cell epitope 

(Fig. 22C).  

Interestingly, tablets without VAC did still raise detectable antibody response 

against each of the epitopes, indicating that one of pIreA, pIutA, or pIroN may contain a 

T-cell epitope within its sequence. Putative epitopes within the pIreA sequence have 

been reported for BALB/c mice (H-2-IAd haplotype)[198], though to our knowledge, T-cell 

epitopes within these peptides have not been reported for C57BL/6 mice. An in silico 

prediction we performed using the Immune Epitope and Database and Analysis 

Resource (IEDB) did show potentially strong binding sequences to H-2-IAb within the 

pIreA sequence, which may account for the responses seen here. 

The highest level of urinary IgG was observed in mice receiving tablets with the 

VAC epitope and both cyclic-di-AMP and CpG adjuvants, again indicating that adjuvant 

combinations may be particularly important for stimulation of mucosal responses after 

sublingual nanofiber immunization (Fig. 22E). There was no detectable urinary IgG in 

mice that received tablets without the VAC epitope. Urinary IgA levels were not 
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significantly different between groups, but trended highest for the adjuvant combination 

group (Fig. 22F). 

To further demonstrate the translation potential of our anti-UPEC vaccine, we 

sought to use a more representative higher animal model. Compared with mice, rabbits 

have an oral cavity that is more similar to that of humans. Importantly, the sublingual 

epithelium is non-keratinized in rabbits and human (but keratinized in mice), and 

contains greater numbers of cell layers in both rabbits and humans than in mice[89]. These 

differences make rabbits a more desirable model for assessing the potential clinical 

effectiveness of a sublingually delivered vaccine. Immunization of rabbits with SIMPL 

tablets containing PEG-Q11(pIreA/pIutA/pIroN/VAC) or PEG-Q11(pIreA/pIutA/pIroN) 

nanofibers and both cyclic-di-AMP and CpG adjuvants elicited epitope specific antibody 

responses (Fig. 22G-H). These results indicate the potential feasibility of progressing 

sublingual tablet vaccines towards clinical translation. 
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Figure 22: A highly accessible tablet delivery vehicle enables sublingual 

immunization against uropathogenic E. coli epitopes in mice and rabbits. 

(A) Schematic depicting tablet-making process. (B) Camera image of tablet 

vaccine. (C) Mice were immunized with tablets containing PEG-

Q11(pIreA/pIutA/pIroN/VAC) or PEG-Q11(pIreA/pIutA/pIron) (No VAC) and cyclic-di-

AMP (c-di-AMP) adjuvant alone or both c-di-AMP and CpG adjuvants. Heat map 

showing the pIreA-, pIutA-, and pIroN-specific serum antibody response for each group 

at week 14. (D) Tablets containing nanofibers with the VAC T-cell epitope elicited higher 

overall serum IgG responses than tablets lacking the T-cell epitope. Mice were boosted 

at weeks 1, 6, and 8. ** p < 0.01 by 2-way RM-ANOVA with Dunnett’s multiple 

comparisons test against No VAC tablet group, n=5/group. (E-F) Urinary IgA and IgG at 

week 9 was measured by ELISA on undiluted urine against a 1:1:1 mixture of pIreA, 

pIutA, and pIroN. * p < 0.05 by 1-way ANOVA with Dunnett’s multiple comparisons 

test against No VAC group. n=4/group in E due to lack of sufficient urine for some mice 

to run undiluted ELISAs. (G) Camera image showing placement of tablet vaccine under 

the tongue of an anesthetized rabbit. (H) Vaccine tablets raised serum antibody 

responses in rabbits. Faded lines represent individual rabbits, bold lines represent group 
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mean. n=4/group (tablets containing VAC) or n=3/group (No VAC tablets). Rabbits were 

boosted at weeks 2 and 4. 

6.4 Discussion 

In this study we report the design of an anti-uropathogenic E. coli vaccine that 

leverages the unique advantages of our sublingual nanofiber platform. A single highly 

co-assembled nanofiber containing a helper T-cell epitope was capable of raising 

simultaneous antibody responses against three UPEC peptide epitopes. Mice 

immunized with optimized formulations were protected from a systemic UPEC 

challenge. 

This study presents a strategy with several advantages for progression towards 

clinical translation, while also leaving open key questions for future study. Our vaccine 

strategy prioritizes safety, a critical consideration for a viable UTI vaccine. The threshold 

for safety is high for the design of a vaccine against a generally non-life threatening 

disease.  Here, we show the ability to raise systemic and mucosal responses against 

peptide UPEC epitopes that have previously been identified as ideal antigenic targets, 

but which suffered from poor immunogenicity. Two of these epitopes have previously 

been shown to raise no detectable responses even when adjuvanted with the strong but 

non-translational full cholera toxin[194]. In stark contrast, our vaccine raised not only 

systemic titers, but also epitope-specific antibody responses in urine while using the 

more favorable nucleotide adjuvants cyclic-di-AMP and CpG. Both classes of adjuvants, 
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cyclic-di-nucleotides (such as AMP) and oligodeoxynucleotides (like CpG) have shown 

translational promise in clinical trials[210-211]. 

Due to the lack of an established UTI vaccine raising long-term responses in 

humans, some consequences of such a vaccine are not fully known. Particularly critical 

is the possibility of a non-specific vaccine that, for example, raises responses that target 

both UPEC and non-pathogenic E. coli. Approaches that are based on the use of 

inactivated pathogens or lyophilized microbial proteins may contain epitopes that do 

not discriminate between pathogenic and non-pathogenic microbes. Given the 

importance of the microbiota and the damage that can be done by continuous use of 

antibiotics, long-lasting off-target immune responses could have detrimental effects. We 

show that our antibodies bind to a UPEC strain and are capable of inducing protection 

without showing any cross-reactivity towards a non-pathogenic E. coli strain. As an 

additional safeguard, our vaccine raises responses in the urinary tract and blood without 

eliciting detectable IgA antibodies in the feces, suggesting that there may be no response 

in the commensal microbe-rich gastrointestinal tract. 

 The sublingual route not only affords the ability to raise systemic and urinary 

titers, but also provides key logistical benefits. Our tablet formulation has been shown to 

be heat-stable (Chapter 5), which may reduce or eliminate the high costs and 

infrastructure required for cold-chain distribution of a vaccine. Further, the tablet 
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presents the potential for self-administration, which could also help to facilitate its 

adoption. Our tablet vaccine raised responses not only in mice, but also in rabbits, which 

possess an oral cavity with key similarities to humans. Safety and efficacy studies in 

higher animal models are still needed, but collectively, the results presented in this 

study provide a strong initial indicator of a favorable efficacy and safety profile. 

A key rationale for the use of the model UPEC strain CFT073 is that it was 

isolated from a human patient[197]. This indicates that the epitope specificities of the 

antibodies we raised are clinically significant. However, it remains to be determined 

how effective our vaccine is against other UPEC strains. Our multivalent strategy is 

designed so that most UPEC should express at least one of the three antigenic target 

proteins (IreA, IutA, IroN). For CFT073, our results suggest that expression of a single 

target may be sufficient. Expression varies significantly across UPEC, however, so 

testing our antibodies for binding against a panel of clinical isolates would give a greater 

indication of the predicted effects on a population level. 

While our vaccines were protective in a systemic UPEC challenge model, we 

have not tested their efficacy against a urinary tract infection. Preclinical studies have 

shown correlations between UTI protection and both systemic and urinary vaccine-

induced antibodies, indicating the potential efficacy of the responses raised in this 

study[194]. Testing the effectiveness of our vaccine against urogenitally-administered 
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CFT073 at reducing bacterial load in the bladder and kidney is a key next step in this 

project. 

We focused on designing a vaccine against UPEC, which cause at least 80% of 

uncomplicated UTIs. The remaining 20% are caused by several genera of pathogens, 

including Staphylococcus, Klebsiella, Proteus, and Pseudomonas[212]. Designing a “universal” 

UTI vaccine would present a challenge, particularly for a safety-focused approach such 

as ours that relies on peptide epitopes not shared with non-pathogenic microbes. 

 Outside of epitope selection, this raises interesting questions for nanofiber 

immunizations. The nanofiber vaccine used in this study contains three B-cell epitopes, 

which is the highest number of B-cell epitopes that has been used on a Q11 vaccine. It is 

likely that a universal, or something approaching universal, UTI vaccine would require 

additional B-cell epitopes. There are both material and immunological aspects to 

determining an upper limit on how many unique B-cell epitopes can be used effectively 

within a single nanofiber vaccine. Considering the work in Chapter 4, epitope 

concentration seems to be an important factor sublingually, with higher doses being 

more effective. This suggests that at high enough epitope numbers, the dose for each 

unique epitope may drop below a threshold under which poor or no antibody responses 

are raised. Several interesting materials approaches could be taken to address this, 

including the use of a mixture of co-assembled nanofibers or the use of nanofibers 
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containing branched ligands. Similar to multiple antigenic peptides (MAPs), a nanofiber 

with branched ligands could allow for enhanced multivalency and greater overall 

epitope dose for a given nanofiber concentration. In addition to material questions, there 

may be immunological barriers, such as lymphoid organs only supporting the 

generation of a certain number of high affinity B-cell clones during nanofiber 

immunizations. 

 

6.5 Conclusions 

We demonstrated the ability to raise anti-uropathogenic E. coli antibodies using a 

sublingual nanofiber vaccine platform. Our vaccine generated antibodies against three 

unique targets from UPEC. These antibodies were found both systemically and in the 

urinary tract, and bound to a model UPEC strain (CFT073) without showing any 

binding to a non-pathogenic lab strain of E. coli. In a UPEC-mediated sepsis model, 

vaccination ameliorated symptoms and enhanced survival. We further demonstrate the 

ability to formulate our anti-UPEC vaccine as a sublingual tablet, and that this 

formulation is effective in both mice and rabbits. This work represents a first step 

towards a safe and broadly effective vaccine to prevent UPEC-mediated infection, and 

leverages the unique advantages of our vaccine platform to address this challenge. 
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7. Conclusions 

7.1 Concluding remarks 

This dissertation details multiple technologies, including the design of self-

assembling peptide-polymers for sublingual immunization, the development of a 

process for producing sublingual tablet vaccines, and the utilization of polyvalent 

display of polyarginine on nanofibers to enhance nanofiber-adjuvant interactions. The 

uses of these technologies are explored in the preceding chapters, with demonstrations 

of their effectiveness and potential clinical utility. However, this dissertation presents 

neither a complete understanding of the physical and biological mechanisms exerted by 

these technologies, nor an exhaustive exploration of their potential uses. Rather, it is the 

hope of this author that the work presented here will instead serve as the foundation for 

new research directions, in much the same way that others’ research enabled this work. 

In this concluding section, some of these potential new research directions are described, 

both within and outside this dissertation’s focus of sublingual immunization. However, 

it is also the hope of this author that future individuals will build upon this work in new 

and unforeseen ways. 
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7.2 How can the understanding and utility of sublingual 
nanofiber immunization be expanded? 

Sublingual immunization with biomaterials remains a relatively unexplored 

research area. Notable examples, cited elsewhere in this dissertation, include strategies 

using virus-like particles (VLPs)[87] and liposomes[47]. The work presented here with self-

assembling peptide-polymers contributes to this still-nascent field of sublingual 

biomaterial vaccines. This section discusses some potential means of further 

contributing to the development of this field. 

The research described here has, to some extent, prioritized application and 

utility over fundamental understanding and mechanistic investigation. Some key 

elements of the physical and biological mechanisms enabling sublingual nanofiber 

immunization have been discovered. Effective sublingual nanofiber immunization 

appears to require a mucus-inert component (e.g. PEG or PAS) to reduce interactions 

with the salivary mucus layer and enhance transport to and retention at the epithelium. 

An adjuvant has also thus far been required for establishing consistent immune 

responses. The working hypothesis is that the adjuvant acts to recruit dendritic cells and 

promote active transport of nanofibers to draining lymph nodes. This is supported by 

IVIS tracking studies (Chapter 3) and quantification of antigen-acquiring DCs in the 

draining lymph nodes (Chapter 4). However, additional work is needed to confirm this 

hypothesis and increase its detail.  
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A key outstanding question is which antigen-presenting cells are the primary 

initiators of immune responses. The sublingual space contains multiple phenotypes of 

dendritic cells[129] that could contribute to antigen trafficking; it appears at least that the 

key phenotype for nanofiber immunizations includes expression of CD103 (Chapter 4). 

Understanding the cells responsible for initiating responses could allow for targeting to 

enhance responses or reduce epitope requirements. Further, it may help elucidate the 

differences between factors leading to systemic versus mucosal responses. Being able to 

modulate the location of responses could be beneficial in contexts such as active 

immunotherapies, where the goal is to inhibit local inflammation without increasing 

systemic susceptibility to infection[67, 164]. The precise role of the adjuvant can also be 

studied further. Measuring the influx of DCs after sublingual treatment with adjuvants, 

as well as the effects on DC activation or phenotype, is an important future 

consideration. It is possible that unadjuvanted Q11-PEG nanofibers are immunogenic 

enough to stimulate sublingual responses if DC uptake can be enhanced in other ways.  

The effects of physical parameters of Q11-PEG nanofibers on sublingual immune 

responses can also be further characterized. Most of the experiments described here 

have used nanofibers in which each Q11 peptide in the assembly is PEGylated. In 

Chapter 6, the VACQ11 peptide is non-PEGylated, accounting for 12% of the total 

peptides in the assembly, without apparent detrimental effects. The percentage of 
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peptides within an assembly that require PEGylation is an important detail. In Chapter 

4, we show that (at least for the M. tuberculosis epitope ESAT651-70) the amount of epitope 

within nanofibers is critical for sublingual immunization, with more epitope content 

within the nanofiber leading to higher antibody levels. Considering that each peptide in 

the assembly has two available termini, and high levels of epitope may be required at 

one of these, freeing the alternate terminus of some peptides for conjugation by reducing 

PEG content may be useful. 

A further area of future study is to investigate the ability of sublingually 

delivered nanofibers to raise immune responses against protein antigens. The work in 

this dissertation focused exclusively on peptide epitopes, which are more challenging to 

raise sublingual immune responses against. Since simple mixing of protein antigens 

with adjuvant can elicit immune responses sublingually[65, 90], it is important to articulate 

the additional context-specific advantages of the nanofiber platform for protein 

immunization. However, using a modular biomaterial platform such as Q11-PEG 

provides a greatly enhanced degree of control versus simple mixing of antigens and 

adjuvant, which may be useful for tuning phenotypes, response strength, or other 

factors of immune responses. Notably, our lab has found that while mixing HIV 

antigens and adjuvants elicits durable responses subcutaneously, display of these HIV 
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antigens on Q11 can alter these responses in important ways (unpublished data, 

manuscript in preparation). 

 

7.3 How can the technologies developed here be applied outside 
of sublingual immunization? 

This dissertation is focused on sublingual immunization, and the technologies 

developed were done so with this primary application in mind. However, some aspects 

of these technologies may be useful for applications outside of sublingual immunization. 

This section outlines some potential such applications. 

The most evident applications outside of sublingual immunization are other 

routes of immunization. Q11 and similar β-sheet nanofibers have previously been used 

to raise immune responses via the subcutaneous[95], intranasal/pulmonary[96, 162], and 

oral[146] routes. For mucosal immunization, the relative mucoadhesive and mucus-inert 

properties of vaccines are often a critical consideration[41]. These considerations are also 

applicable to mucosal nanoparticle drug delivery[213]. The ability to immunize with 

nanofibers containing precisely controllable quantities of both a mucoadhesive 

(polyarginine) and a mucus-inert (PEG) component provides for the possibility of 

optimizing mucosal delivery and immunization. Based on the preliminary work 

conducted in Chapter 5, it is very likely that the optimal quantities of each of these 

components will vary by administration route. This is supported by the known variation 
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of mucus properties (notably thickness) across different mucosal surfaces in the body. 

Using PEG-Q11R9-based assemblies could provide important insight into mucosal 

delivery, and these assemblies might be useful as the basis of a modular vaccine 

platform for immunization by alternate routes. 

Some potential applications for research described in this thesis may exist 

outside of immunization. One application that could have broad utility is the adoption 

of PAS sequences for promoting mucosal drug delivery. PASylation has been used as a 

PEG alternative to reduce renal clearance and extend drug bioavailability after systemic 

injection[118-119, 214-215]. With a focus on systemic administration, these strategies utilize PAS 

at lengths of hundreds of monomer units. In Chapter 3 we demonstrate that by 

significantly reducing the length of the PAS chain (to 20 amino acids in our initial 

demonstration) and conjugating it at a high density to nanofibers, its utility can be 

expanded to sublingual delivery. While we did not directly test the efficacy of other 

lengths of PAS for sublingual immunization, it is likely that at higher molecular weights, 

PAS would have interpenetrating network polymer effects with mucins. To our 

knowledge, we are the first to adapt PASylation to mucosal delivery, and this approach 

may be generalizable to other biomaterials or drug carriers. 

One further potential application outside of immunization is the use of PEG-

Q11R9 nanofibers as a drug-eluting hydrogel depot. Intratumoral injection of STING 
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agonists has been investigated for its ability to generate antitumor responses[216], and 

biomaterials approaches to improving its efficacy have also been explored[217-218]. While a 

full strategy and experimental details would remain to be determined, a modular 

nanofiber with polyarginine and PEG ligands appears to be a viable strategy. Increasing 

the nanofiber concentration or adding crosslinkers would provide a structural gel, 

within which highly polyvalent display of polyarginines could sequester cyclic-di-

nucleotides, and around which PEG could reduce degradation by enzymes or cells. 

Release of cyclic-di-nucleotides might be tuned by polyarginine concentration within the 

gel, while modification of the hydrogel with peptide epitopes or other ligands could be 

used for a combinatory anti-tumor approach. 
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Appendix A 

Table 1: Sequences of peptides and peptide-polymers used in this dissertation.

 C-terminal NH2 indicates amidation, a is D-Alanine, and X is cyclohexylalanine. 

 

Peptide Sequence 

Q11 Acetyl-QQKFQFQFEQQ-NH2 

PEG-Q11 

(mPEG2000-Q11) 
CH3O-(CH2CH2O)n-SGSGQQKFQFQFEQQ-NH2 

pOVA 

(pOVA323-339) 
H2N-ISQAVHAAHAEINEAGR-NH2 

pOVA-PEG 

(pOVA-PEG3000) 

H2N-ISQAVHAAHAEINEAGR-COCH2CH2-(CH2CH2O)n-OH 

Average n = 68 

OVAQ11 H2N-ISQAVHAAHAEINEAGRSGSGQQKFQFQFEQQ-NH2 

OVAQ11-PEG 

(OVAQ11-

PEG3000) 

H2N-ISQAVHAAHAEINEAGRSGSGQQKFQFQFEQQ-CH2CH2-

(CH2CH2O)n-OH 

Average n = 68 

mPEGx-Q11OVA 

CH3O-(CH2CH2O)n-

SGSGQQKFQFQFEQQSGSGISQAVHAAHAEINEAGR-NH2 

x = 350 (average n = 8), x = 1000 (average n = 23), x = 2000 (average n = 

45) 

PAS20Q11OVA 

NH2-

ASPAAPAPASPAAPAPSAPASGSGQQKFQFQFEQQISQAVHAAH

AEINEAGR-NH2 

Cys-ESAT651-70 H
2
N-CYQGVQQKWDATATELNNALQ-NH2 
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PEG-Q11ESAT6 

(mPEG2000-

Q11ESAT6) 

CH3O-(CH2CH2O)n-

SGSGQQKFQFQFEQQSGSGYQGVQQKWDATATELNNALQ-NH2 

(average n = 45) 

W-Q11 H2N-WSGSGQQKFQFQFEQQ-NH2 

R9 peptide H2N-RRRRRRRRR- NH2 

PEG-Q11R9 

(mPEG2000-

Q11R9) 

CH3O-(CH2CH2O)n-SGSGQQKFQFQFEQQSGSGRRRRRRRRR- NH2 

(average n = 45) 

PEG-Q11K9 

(mPEG2000-

Q11K9) 

CH3O-(CH2CH2O)n-SGSGQQKFQFQFEQQSGSGKKKKKKKKK- NH2 

(average n = 45) 

Q11SIINFEKL 

(Q11SIINFEKL257-

264) 

NH2-QQKFQFQFEQQGGAAYSIINFEKL- NH2 

PEG-

Q11SIINFEKL 

(mPEG2000-

Q11SIINFEKL) 

CH3O-(CH2CH2O)n-SGSGQQKFQFQFEQQGGAAYSIINFEKL- NH2 

(average n = 45) 

PEG-

Q11PepIroN 

(mPEG2000-

Q11PepIroN) 

mPEG2000-

SGSGQQKFQFQFEQQSGSGYLLYSKGNGCPKDITSGGCYLIGNKDL

DPE-NH2 

(average n = 45) 



 

148 

 

PEG-

Q11PepIutA 

(mPEG2000-

Q11PepIutA) 

mPEG2000-

SGSGQQKFQFQFEQQSGSGVDDIDYTQQQKIAAGKAISADAIPGG

SVD-NH2 

(average n = 45) 

PEG-

Q11PepIreA 

(mPEG2000-

Q11PepIreA) 

mPEG2000-

SGSGQQKFQFQFEQQSGSGGIAKAFRAPSIREVSPGFGTLTQGGASI

MYGN-NH2 

(average n = 45) 

PADREQ11 NH2-aKXVAAWTLKAaSGSGQQKFQFQFEQQ-NH2 

VACQ11 NH2-QLVFNSISARALKAYSGSGQQKFQFQFEQQ-NH2 

 

 

 

Figure 23: Molecular weight distribution of OVAQ11-PEG. 
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MALDI spectrum showing the molecular weight distribution of OVAQ11-PEG, 

which contains a polydisperse PEG block on the C-terminus. 

 

 

Figure 24: Assessment of OVAQ11-PEG assembly using pyrene. 

OVAQ11-PEG was assembled at various concentrations in PBS containing 

pyrene, which is sensitive to changes in hydrophobicity during self-assembly, and the 

fluorescence intensity was measured at 373 nm with an excitation wavelength of 339 nm. 

The critical aggregation concentration corresponds to the intersection of the pre- and 

post-assembly tangent lines (circled), and was similar to the c.a.c. measured using ThT 

(Fig. 2). 
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Figure 25: PEG-conjugated Q11 nanofibers do not impair cell viability in vitro. 

DC2.4 cells in serum-free media were seeded onto a 96-well plate overnight, 

followed by incubation for 24 hours at 37 °C with peptide or alum (as a positive assay 

control) solutions. alamarBlue cell viability reagent was added to each well and 

incubated for 5 hours, after which fluorescence intensity was measured with an 

excitation wavelength of 570 nm and an emission wavelength of 610 nm. Greater 

fluorescence intensity represents greater cell viability. n.s. (p<0.34), one-way ANOVA, 

n=3/group.  
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Figure 26: Quantification of length distribution of sheared and non-sheared 

OVAQ11. 

Negative-stained TEM images and accompanying nanofiber traces created in 

ImageJ for (a) sheared OVAQ11 (n = 450 fibers traced) and (b) non-sheared OVAQ11 (n = 

96 fibers traced). 

 

 

Figure 27: Shearing of nanofibers does not diminish peptide concentration. 

Tryptophan labelled Q11 (W-Q11) was prepared at 2mM in 1X PBS and sheared 

through a 100 nm laser track-etched polycarbonate membrane using an Avanti Polar 

Lipids mini extruder. The absorbance at 210, 215, and 280 nm were recorded before and 

after shearing. Replicates are from three independently sheared solutions.  
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Figure 28: Antibody response after sublingual immunization with whole 

ovalbumin protein. 

Mice were immunized sublingually on days 0, 7, and 14 with 200 μg of 

ovalbumin protein and 2 μg of cholera toxin in a total volume of 5 μl of 1X PBS. 

Ovalbumin specific IgG in sera was measured by ELISA, n=5. 

 



 

154 

 

 

Figure 29: Nanofiber length reduction via shearing does not improve 

sublingual immunogenicity of OVAQ11, and adjuvant is needed for responses to 

OVAQ11-PEG. 

Mice were immunized at days 0, 7, and 21 with 7 μL of 5.6 mM peptide with or 

without 2 μg of cholera toxin (CT) adjuvant, and serum pOVA-specific IgG was 

measured by ELISA at week 6. n=5/group. Nanofibers in sheared groups were shortened 

by passage through a 100 nm track-etched polycarbonate membrane using an Avanti 

mini extruder. *p < 0.05, 1-way ANOVA, Tukey’s multiple comparisons test, n=5 for 

OVAQ11 (Sheared) + CT group; all others n=4.  
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Figure 30: Analysis of mucosal antibodies in nasal wash. 

Mice were immunized at weeks 0, 1, 3, and 9 with 7 μL of 5.6 mM peptide with 2 

μg cholera toxin adjuvant per mouse. Mice were sacrificed at week 10 (one week after 

the final immunization), and nasal washes were collected. Samples were diluted 1:10 

and pOVA-specific IgG was measured by ELISA. n.s. (p<0.14), Unpaired, two-tailed t-

test, n=3(OVAQ11-PEG + CT), n=4 (OVAQ11+CT). 

 

 

Figure 31: Complete ELISPOT results. 
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Results from two independent ELISPOT assays are shown. Cells were stimulated 

with pOVA, left unstimulated as a negative control (Cells Only), or stimulated with 

Concanavalin A as a positive control (ConA), and the number of IFNγ secreting cells 

(spot-forming cells, SFC) were quantified. For clarity, Fig. 5e reports only the results of 

cells stimulated with pOVA. Splenocytes from each mouse were split into two wells as 

replicates, displayed here. In Fig. 8, the average of the replicates is reported for each 

mouse. Experiment #1 (left): n= 4 mice (OVAQ11 + CT), n = 3 (OVAQ11-PEG + CT), n = 5 

(OVAQ11 (Sheared) + CT). Experiment #2 (right): n=4/group.  

 

 

Figure 32: Figure S10: Use of mPEG and C-terminal epitope placement did not 

alter in vitro presentation. 

Presentation of the pOVA epitope in MHC class II molecules to T cells was 

measured in vitro using the DOBW reporter T cell line. Nanofibers were cultured with 

mouse bone-marrow derived dendritic cells for 2 hours, followed by washing and 

overnight culture with the DOBW cells. IL-2 is released by the DOBW cells upon 

encountering DC with pOVA-loaded MHC II, and IL-2 concentration in the supernatant 

was measured by ELISA. n.s (p < 0.96), one-way ANOVA, n=3/group. 
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Figure 33: Complete antibody results for immunization with nanofibers 

containing different sizes of conjugated mPEG. 

Mice were immunized 7 μl of a 5.6 mM solution of OVAQ11, mPEG350-Q11OVA, 

mPEG1000-Q11OVA, or mPEG2000-Q11OVA with 2 μg of cholera toxin (CT) adjuvant per 

mouse and given a same-dose boost at weeks 1, 3, and 6. pOVA-specific serum IgG was 

measured by ELISA at indicated weeks. *p<0.05, two-way ANOVA, Tukey’s multiple 

comparisons test, n=6 (0 PEG) or n=8/group from two independent experiments.  
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Figure 34: Complete IVIS imaging image set. 

SKH-1 Elite mice (n=3/group) were administered 7 μL of 5 mM TAMRA-

OVAQ11 or TAMRA-OVAQ11-PEG and radiant efficiency of the  immunization site was 

monitored using an IVIS Lumina XR. A naïve mouse is included in each image as a 

negative control. 
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Figure 35: Nona-lysine-appended PEG-Q11K9 and ESAT6-conjugated PEG-

Q11ESAT6 peptides self-assemble to form nanofibers.

 Q11 peptides appended C-terminally to nona-lysine (PEG-Q11K9, left) or ESAT6 

(PEG-Q11ESAT6, right) self-assembled to form nanofibers as visualized by electron 

microscopy. 

 

 

 

Figure 36: Effects of titrating lysine content into cyclic-di-GMP adjuvanted 

nanofiber formulations.

 (A) Murine DC2.4 dendritic cells were incubated with indicated treatments 

overnight and activation level was assessed by flow cytometry. Titrating the PEG-Q11K9 

content in nanofibers did not lead to a PEG-Q11K9-dependent increase in CD80 and 

CD86 when mixed with cyclic-di-GMP. n=3/ group. (B) To analyze the PEG-Q11K9-

mediated effects on CD80 and CD86 levels, the fold-change in MFI was plotted against 

PEG-Q11K9 nanofiber content and a linear regression was performed. n.s. = non-
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significant, linear regression of MFI fold-change vs. molar percentage of PEG-Q11K9 in 

nanofiber. MFI = mean fluorescence intensity. 

 

 

Figure 37: Humoral responses to sublingual immunization with adjuvanted 

PEG-Q11(R9/ESAT6) co-assemblies. 

CBA/J mice (n=5/group) were immunized sublingually with nanofiber 

formulations containing either 50% or 10% PEG-Q11ESAT6. Nanofiber vaccines 

supplemented with either 50% or 90% PEG-Q11R9 were compared to nanofiber vaccines 

supplemented with either 50% or 90% PEG-Q11. Nanofiber vaccines were adjuvanted 

with the indicated CDNs. (A) IgG titers over time for all groups. Mice were primed on 

Week 1 and boosted on Weeks 3, 5, and 7 and antigen-specific antibodies against the 

ESAT651-70 epitope were measured by ELISA. (B) IgG titers over time for groups 

immunized with PEG-Q11(ESAT0.1/R90.9) nanofibers adjuvanted with either c-di-AMP or 

c-di-GMP. Bold lines represent the mean titer and faded lines represent the titers of 

individual mice. (C) IgG titers over time for groups immunized with PEG-Q11(ESAT0.1) 

nanofibers adjuvanted with either c-di-AMP or c-di-GMP. Bold lines represent the mean 

titer and faded lines represent the titers of individual mice. (D) Comparison of Week 8 

titers between groups immunized with c-di-AMP-adjuvanted nanofibers containing 50% 

PEG-Q11ESAT6 or 10% PEG-Q11ESAT6 to illustrate the effects of epitope content on 

antibody responses. The blue bar includes mice from both the PEG-Q11(ESAT0.5/R90.5)  

and PEG-Q11(ESAT0.5) groups. The magenta bar includes mice from both the PEG-

Q11(ESAT0.1/R90.9)  and PEG-Q11(ESAT0.1) groups. * p < 0.05, unpaired, two-tailed t-test, 

n = 10/group (E) IgG isotypes levels compared between groups immunized with 
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nanofiber formulations containing 50% PEG-Q11ESAT6. Serum was diluted 1:100 in 

PBST-BSA for measurement by ELISA. 

 

 

Figure 38: Cellular responses to sublingual immunization with adjuvanted 

PEG-Q11(R9/ESAT6) co-assemblies. 

CBA/J mice (n=5/group) were immunized sublingually with nanofiber 

formulations containing either 50% or 10% PEG-Q11ESAT6. Nanofiber vaccines 

supplemented with either 50% or 90% PEG-Q11R9 were compared to nanofiber vaccines 

supplemented with either 50% or 90% PEG-Q11. Nanofiber vaccines were adjuvanted 

with the indicated CDNs. Mice were primed on Week 1 and boosted on Weeks, 3, 5, and 

7. An ELISPOT was performed on splenocytes harvested from mice on Week 8 (1 week 

after final boost). (A) IFNγ+ spot forming cells (SFC). ** p < 0.01, * p < 0.05, 1-way 

ANOVA with Tukey’s multiple comparisons test. (B) IL4+ SFC. (C) Comparison of IFNγ+ 

SFC to IL4+ SFC ratio between all groups adjuvanted with either c-di-AMP or c-di-GMP. 

** p < 0.01, unpaired, two-tailed t-test, n=20/group (c-di-AMP) or n=10/group (c-di-GMP) 

(D,E) Full data sets from the IFNγ and IL4 ELISPOTs including SFC counts for positive 

(concanavalin A, ConA) and negative (cells only) controls. 
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Figure 39: Co-fibrillization with PEG-Q11R9 or PEG-Q11K9 is compatible with 

presentation of CD8 T-cell epitopes on MHC-I. 

PEG-Q11SIINFEKL nanofibers or PEG-Q11SIINFEKL nanofibers co-assembled 

with either PEG-Q11K9 or PEG-Q11R9 were incubated with murine DC2.4 dendritic 

cells and SIINFEKL-loaded MHC-I was measured by flow cytometry using the 25-D1.16 

antibody, which binds to SIINFEKL:MHC-I complexes. (A) DCs were treated with 100 

µM of the peptides for the indicated timepoints. (B) DCs were indicated for 2 h with the 

indicated peptide concentrations. **** p < 0.0001, 2-way ANOVA with Tukey’s multiple 

comparisons test, n=3/group. MFI = mean fluorescence intensity. 
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Figure 40: Total and CD11c+CD103+ cell numbers and comparison of 

costimulatory marker levels in SIINFEKL+ and SIINFEKL- CD11c+CD103+ cells. 

Total cell number (A) and CD11c+ CD103+ cell number (B) isolated from the 

draining lymph nodes of mice immunized sublingually with nanofiber vaccines. 

Quantification of surface expression of co-stimulatory molecules CD80 (C) and CD86 (D) 

on both SIINFEKL+ and SIINFEKL- CD11c+ CD103+ cells. * p < 0.05, ** p < 0.01, **** p < 

0.0001, n.s. = p > 0.05 by 1-way ANOVA with Tukey’s multiple comparisons (A-B) or 2-

way ANOVA with Tukey’s multiple comparisons on treated groups (C-D), n=5/group.  

MFI = median fluorescence intensity. 
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Figure 41: Figure S7: In vitro cytotoxicity of PEG-Q11R9 nanofibers and CDN 

adjuvants on dendritic cells. 

Murine DC2.4 dendritic cells were incubated for 20 h with the indicated 

treatments and cell viability was measured by flow cytometry. **** p < 0.0001, 1-way 

ANOVA with Dunnett’s multiple comparisons to untreated, n = 3/group. 

 

 

 

Figure 42: Easy-to-make trays designed for SIMPL tabletization process. 
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(A) A reverse mold was 3D-printed using polylactic acid (PLA) filament. (B) The 

reverse mold was used to make the final tablet tray out of polydimethylsiloxane 

(PDMS). (C) A 3D-printed lid was designed to place on the mold during the freeze-

drying process. 

 

 

 

Figure 43: Effect of changing sugar and peptide concentration on SIMPL tablet 

modulus. 

Individual graphs displaying the data used to generate the contour plot in Fig. 

1D. Tablets were prepared at nine combinations of peptide (OVAQ11-PEG3000) and sugar 

(dextran and mannose) concentrations and subjected to compressive testing using a 

micro-strain analyzer. Trehalose concentration was held constant. A modulus of 0 Pa 

indicates that no tablet was formed under the given conditions. n=3 tablets 

independently tested for each condition. 

 

 

Figure 44: Complete ELISPOT results. 

Mice were immunized sublingually with tablets containing 20 nmol of pOVA or 

OVAQ11 and 7 μg cholera toxin B adjuvant (CTB) and boosted at weeks 2, 5, 8, and 15. 

Mice were sacrificed at week 16 and spleens were harvested and analyzed by ELISPOT. 
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Cells were either left unstimulated (as a negative control), stimulated with pOVA 

peptide (for antigen-specific response), or stimulated with ConA (as a positive control). 

Individual points represent two technical repeats that are averaged in Fig. 2C. n=5 

mice/group. 

 

 

Figure 45: Complete ELISPOT results. 

Mice were immunized sublingually with tablets containing 20 nmol OVAQ11 

and 14 ug CTB and boosted at weeks 1, 5, and 17. Mice were sacrificed at week 18 and 

spleens and draining (submandibular and cervical) lymph nodes (LN) were harvested 

and analyzed by ELISPOT. Cells were either left unstimulated (as a negative control), 

stimulated with pOVA peptide (for antigen-specific response), or stimulated with ConA 

(as a positive control). Individual points represent two technical repeats that are 

averaged in Fig. 2F. n=5 mice/group (OVAQ11 + CTB) or 3 mice/group (naive). 
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Figure 46: Total (non-antigen specific) IgA levels in serum, fecal extracts, and 

urine. 

Total IgA in sera, fecal extract, and urine were determined for mice immunized 

in Figure 3 using an ELISA kit. n.s. = non-significant by 2-way ANOVA with Tukey’s 

multiple comparisons test, n=5/group. 
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