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is commonly antibiotic-resistant. Despite improved control measures and many vaccine attempts over decades, there is no 
licensed human vaccine, and S. aureus continues to cause significant morbidity and mortality worldwide. This project 
proposes a collaborative and innovative approach to an S. aureus vaccine that can be delivered to the skin to induce local 
and systemic immunity, and to protect at-risk populations from invasive disease. We hypothesize that the transcutaneous 
delivery of a bivalent, enterotoxin-based, S. aureus vaccine (IsdA+ClfA-CTA2/B) will induce antigen-specific immune 
responses and protect mice against systemic disease. We propose feasibility studies to construct and characterize a 
microneedle skin patch containing the IsdA+ClfA-CTA2/B vaccine, and assess the immunogenicity and efficacy of this 
vaccine in preclinical animal studies. Specifically, we will: 1) construct S. aureus IsdA+ClfA-CTA2/B containing 
dissolvable microneedles and determine antigen deposition ex vivo, using pig skin, 2) comprehensively assess the 
immunogenicity of IsdA+ClfA-CTA2/B after transcutaneous delivery in mice, and 3) determine the efficacy of 
transcutaneous IsdA+ClfA-CTA2/B to protect against S. aureus systemic infection in mice. The proposed studies are based 
upon previous advancements in S. aureus vaccine development, but will uniquely incorporate an enterotoxin adjuvant to 
promote transcutaneous delivery and complex B and T cell immunity. Expected results will establish the feasibility of 
delivery using a skin patch and the efficacy of this vaccine platform to protect against S. aureus disease. Developing an 
effective S. aureus vaccine will significantly impact human health and promote the advancement of related vaccine 
technologies.  Outcomes will support current and future STTR/SBIR funding, and technology transfer to Pentamer 
Biologics, LLC., a newly established small business located in Idaho.  
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I. Primary Idaho public institution. Boise State University 
 
II. Project title. A microneedle-based transcutaneous Staphylococcus aureus vaccine 
 
III. Principal investigator and project-related credentials. Dr. Juliette Tinker is a Professor in the 
Department of Biological Sciences and the Biomolecular Graduate Program at Boise State 
University. Dr. Tinker has a Ph.D. in Microbiology and background in pathogenic bacteriology and 
vaccine development. Since joining Boise State in 2005, her research has focused on bacterial 
enterotoxins as mucosal vaccine adjuvants. She has published studies on cholera toxin (CT) that 
characterize its structure/function, technologies for manipulation and purification, and ability to 
modulate the immune system. Dr. Tinker has been supported by the University of Washington ITHS 
and the Department of Defense for immunogenicity studies on an enterotoxin-based mucosal 
Staphylococcus aureus vaccine in mice, and also by the USDA to assess vaccine efficacy in cows to 
prevent mastitis. This research has been collaborative with the University of Idaho, Washington State 
University and local veterinarians and farmers. Currently Dr. Tinker is supported by a USDA STTR 
Phase I grant in partnership with a start-up company, Pentamer Biologics. A recent NSF ART 
(TRANSFORM) seed grant is also supporting Dr. Tinker’s vaccine research. 
 
IV. Key personnel and project-related credentials. The Co-P.I., Dr. Sophia Theodossiou, is an 
Assistant Professor in the Department of Mechanical and Biomedical Engineering (MBE) at Boise 
State. Dr. Theodossiou has a Ph.D. in Biological Engineering and an interdisciplinary background in 
tissue engineering, mechanobiology, developmental biology, and biomaterials fabrication. She is 
uniquely qualified to contribute to the proposed microneedle project. Dr. Theodossiou joined the 
MBE Department in the fall of 2022. Prior to this, she completed a post-doc with a focus on 
fabricating mechanically dynamic (i.e. stiffening and softening) biomaterials for understanding how 
mechanical signals impact musculoskeletal cell development, differentiation, and disease. During this 
time, she was awarded 2 prestigious NIH fellowships, and began to work with silk microneedles for 
transcutaneous drug delivery. Dr. Theodossiou is currently a P.I. and Research Project Lead for a 
Matrix Biology NIH COBRE. She has considerable biomaterials expertise that will be essential for 
the success of microneedle construction and characterization, as described in Objective 1.  
 
V. Project objectives and total amount requested.  
Our long-term goal is to develop a vaccine to reduce or eliminate S. aureus invasive disease. We 
hypothesize that the transcutaneous delivery of a bivalent S. aureus vaccine (IsdA+ClfA-CTA2/B) 
will induce antigen-specific immune responses and protect against systemic disease. For this project, 
we will construct sugar and silk-based dissolvable microneedles (dMN) containing the IsdA+ClfA-
CTA2/B vaccine and assess the immunogenicity and protective efficacy of this vaccine in mice. We 
propose the following three objectives: 

A. Objectives 
Objective 1: Determine the stability and antigen-delivery capacity of S. aureus IsdA+ClfA-CTA2/B 
dissolvable microneedles. We have previously constructed protein fusions, or chimeras, of the S. 
aureus adhesins, IsdA and ClfA to cholera toxin (IsdA+ClfA-CTA2/B). We have also previously 
constructed silk and sucrose-based dMN and tested them for mechanical stability. We will 
incorporate IsdA+ClfA-CTA2/B into these dMN and assess the stability and capacity of both types of 
microneedle patches to support antigen deposition, ex vivo, using pig skin. The milestone of 
successful IsdA+ClfA-CTA2/B dMN construction will be measured quantitatively as antigen 
deposition ex vivo determined by fluorescent immunohistochemistry. 
Objective 2: Assess IsdA+ClfA-CTA2/B immunogenicity after transcutaneous delivery in mice. To 
establish vaccine feasibility, we will conduct a pre-clinical trial of dMN containing IsdA+ClfA-



CTA2/B in mice to determine antigen-specific B and T cell responses. The milestone of successful 
IsdA+ClfA-CTA2/B immunogenicity will be measured quantitatively by immune analysis after 
vaccination in mice.  
Objective 3: Determine the efficacy of transcutaneous IsdA+ClfA-CTA2/B to protect against S. 
aureus systemic infection in mice.  We will use a mouse systemic S. aureus challenge model to 
assess the protective efficacy of dMN containing IsdA+ClfA-CTA2/B. The milestone of protective 
efficacy will be determined by bacterial enumeration in the spleen and kidneys after vaccination and 
challenge in mice.   
     It is expected that outcomes will produce a dissolvable microneedle patch prototype that can be 
used for transcutaneous vaccination, and provide essential evidence of IsdA+ClfA-CTA2/B safety 
and efficacy in a relevant preclinical model.   

B. Total direct costs requested: $165,600.00 
 
VI. Resource commitment.  
The proposed studies will be performed at Boise State in the Departments of Biological Sciences and 
Mechanical and Biomedical Engineering. The scientific environment at Boise State is conducive to 
performing high-level research, and the University’s Blueprint for Success includes a commitment to 
innovation, advancing research and fostering partnerships. Faculty are highly collaborative and 
participate in NIH-funded, statewide COBRE and INBRE grants that also support the Biomolecular 
Research Center and stipends for undergraduate researchers. Faculty from multiple departments also 
participate graduate programs, such as Biomolecular Sciences (BMOL) and Biomedical Engineering 
(BME). The university-wide NSF ART (TRANSFORM) grant, that started in the spring of 2024, has 
a specific focus on translational research. The P.I. and Co-P.I. have large laboratory spaces, 
significant support for budget development and grants management, and material support that 
includes maintenance of core facilities and instrumentation. Other accomodations that demonstrate 
University commitment include: 
Teaching:A typical research active teaching load in Biological Science consists of 9 credit 
hours/year.  Teaching is supported with graduate teaching assistants (MS, or PhD), who help to run 
laboratory sections and grade assignments and exams.  
Travel: The Department of Biological Sciences typically covers the cost for each faculty member to 
attend one scientific conference each year, and BMOL will pay for travel for each student.  Faculty 
and students may apply for travel awards through the College of Arts and Sciences.    
Graduate Students: Faculty in BMOL and Biological Sciences are provided 3-year graduate teaching 
assistantships to support Ph.D. and MS students. BMOL supports students for an additional year as a 
research assistant. Teaching assistantships cover tuition, fees and a stipend. 
 
VII. Specific project plan and timeline.  

A. Background and significance 
Adjuvants are compounds that are often required in vaccines to stimulate immunity when the vaccine 
is not made from a live or attenuated organism. There is an urgent need to develop novel adjuvants 
that can induce immune responses from surfaces, such as the skin, nose and gastrointestinal tract 
(reviewed in [1]). Studies have established that bacterial enterotoxins, such as CT and E. coli heat-
labile toxin (LT) are among the most effective adjuvants for mucosal and skin vaccination [2-7] . 
Native CT is especially active at these surfaces, however, it is also toxic. Chimeric fusions, or 
chimeras, contain the non-toxic domains of CT (CTA2/B) combined with an antigen to form a 
holotoxin-like molecule [8,9]. CTA2/B chimeras possess unique advantages over other enterotoxin 
adjuvants as vaccine platforms, these include: a stable structure, direct attachment to the antigen, 
and simple purification. Evidence suggests that the CTA2/B structure is beneficial for antigen uptake 
into dendritic cells and immune induction [10-16]. The non-toxic CT binding subunit (CTB), which 



is the adjuvant component of chimeras, has long been used experimentally, and is a component of the 
human oral V. cholerae vaccine (WC-rBS, Dukoral®). Dukoral® is licensed in over 60 countries and 
has a strong safety record [17,18]. CTB also has a record of production scale-up [19,20]. We have 
previously constructed CTA2/B chimeras for use as a vaccine to prevent S. aureus disease 
[13,21,22]. The production and holotoxin-like structure of CTA2/B chimeras is shown in Figure 1. 
These and related molecules are strong immunomodulators, and have been shown to enhance antigen 
presentation, upregulate immune cell surface molecules, and stimulate B cell isotype switching [23-
25]. CTB can also induce multilayered T-cell immunity, such as: Th1, Th2, and Th17- type CD4+ T 
cell responses [26-30]. Immunizing through the skin with CTB specifically enhances both local and 
systemic immunity [5,31].  
     Each year, 1.7 million U.S. adults develop 
hospital-acquired sepsis, and nearly 270,000 
die as a result [32]. S. aureus is a leading 
cause of this inflammatory condition, and it 
often occurs because of bloodstream, or 
systemic, invasion of the bacteria [33]. S. 
aureus is also commonly antibiotic-resistant, 
produces many virulence factors, and has a 
complex interaction with the human host. 
Clinical outcomes can range from skin or 
wound infections to severe invasive systemic 
disease. Antibiotic-resistant strains of S. 
aureus are dangerous and costly; causing 19,000 deaths per year and costing up to $40,000 per 
hospital stay [34,35]. An estimated 80% of S. aureus surgical site infections, that often lead to sepsis, 
arise from endogenous, or commensal, bacteria [36]. Patients entering the hospital for major surgery 
or dialysis are often tested for S. aureus and pre-treated with mupirocin ointment to decolonize nasal 
passages. While this practice reduces bacterial shedding and the risk of systemic disease, it does not 
prevent recolonization, and can have negative effects on patient microbiota and exacerbate resistance 
[37]. A vaccine that can reduce or eliminate colonization would prevent disease and reduce use of 
antibiotics: constituting a significant improvement over current clinical practice. Complex local and 
systemic immunity, including Th1, Th2 and Th17, is required to reduce S. aureus colonization and 
prevent sepsis [38,39]. CTB can activate local immune cells and induce systemic B and T cell 
immunity to co-administered antigens delivered to the skin [30,40,41]. We propose that IsdA+ClfA-
CTA2/B can be delivered to key skin immune cells using a dMN patch. The advantages of this 
vaccine platform as an S. aureus vaccine include: 1) the potential to induce both local and systemic 
immunity, 2) the induction of complex B and T cell immunity, and 3) a flexible vector for the 
addition of multiple antigens or serotypes.   

B. Preliminary studies  
We have constructed multiple chimeras using a vector expressing the CTA2 and CTB peptides 
(pARLDR19, Figure 1) [42-46]. The IsdA-CTA2/B chimera was purified from E. coli using D-
galactose chromatography. This construct is stable after lyophilization, re-hydration and re-
purification (Figure 2). We determined the immunogenicity of IsdA-CTA2/B in mice after intranasal 
immunization and showed induction of systemic Th2-type specific responses. Mucosal IgA was 
significantly higher when antigen and adjuvant were combined as a chimera (Figure 3) [13,43].  We 
have also determined the immunogenicity and protection against S. aureus in bovines using a mix of 
clumping factor A (ClfA) and IsdA chimeras (IsdA+ClfA-CTA2/B) [21,22]. The vaccine was 
delivered intranasally and was well-tolerated and safe. Analysis of milk and serum indicated 
significant antigen-specific antibody, and mixed Th2/Th1 cellular responses. After vaccination and 
intramammary challenge, all animals shed bacteria, however, vaccinated animals shed less overall, 

Figure 1. Design and production of the S. aureus IsdA-
CTA2/B chimeric vaccine. A) ribbon diagram of Vibrio 
cholerae cholera toxin, B) expression of the IsdA-CTA2/B 
chimera from E.coli +pBA001 (pARLDR19). 



and the somatic cell count (SCC) of the milk was significantly lower in vaccinated animals. Although 
the vaccine did not prevent infection, the outcome of lower SCC indicates reduced microbial load 
and improved milk quality. A second challenge study, 
supported by a USDA Phase I STTR, is currently underway, 
and will determine efficacy after intramammary vaccination. 
A family of patents: Cholera toxin chimera and its use as a 
Staph vaccine. U.S. issued 8,834,898 (12/16/11), 8,911,748 
(5/17/13), 9,943,582 (8/11/14), 10,576,140(7/3/19) and 
10,383,933 (8/20/19) cover the IsdA+ClfA-CTA2/B vaccine, 
with a licensing agreement to Pentamer Biologics, LLC.  

C. Research design and methods 
Objective 1: Determine the stability and antigen-delivery 
capacity of S. aureus IsdA+ClfA-CTA2/B dissolvable 
microneedles (dMN). Hypothesis and rationale: We 
hypothesize that the IsdA+ClfA-CTA2/B vaccine can be 
incorporated into sugar and silk dMN to deliver antigen 
transcutaneously. Microneedle patches are arrays of 
micrometer-sized needles designed to pierce the stratum 
corneum, or outer layer, of the epidermis to deliver antigen 
to immune cells in the underlying dermis. Microneedles can 
be solid and coated with antigen or made of dissolvable 
materials containing antigen. This route of vaccine delivery 
is well-studied with recent advances (reviewed in [47,48]). 
As shown in Figure 4, we have constructed dMN in 
collaboration with the Idaho Microfabrication Lab. For 
preparation of a micromold made of polymethylsiloxane 
(PDMS), a resin stamp was first constructed using 
stereolithography (SLA) on a MLSA 3D printer [49]. 
Resulting molds contained ≈10,000 needles of 0.01-0.02L 
volume (100-200L total) in a 10 x 10mm patch (Figure 
4B). dMN were made from molds using a two-step drying 
process [50]. The filling solution of 5% sucrose/1% 
carboxymethyl cellulose (CMC) was cast into molds under 
vacuum and dried for 24 hours, with resulting needles having a length of over 400m (Figure 4D) 
[51]. Dr. Theodossiou has experience with the construction of silk MN (Figure 4E). Silk is also a 
biocompatible material that is very stable, can be dissolvable and can be modified for antigen 
incorporation [52,53]. The stability, flexibility and immune targeting of CTA2/B chimeras make 
them ideal for incorporation into dMN for transcutaneous vaccine delivery. To establish feasibility, 
we will assess antigen deposition ex vivo using pig ears. Experimental design and methods: 
Induction from pARLDR19 results in the co-expression of antigen-CTA2 and CTB (Figure 1). 
Chimeras will be expressed in the endotoxin-modified E. coli strain ClearColi® (Lucigen), isolated 
and purified using D-galactose resin (ThermoFisher) as described [13]. We will confirm purification 
and A2/B structure using SDS-PAGE and mass spectrometry. Needles will be prepared as above, but 
also with 8-10% silk fibroin, and also with a modification to the stamp/mold to create a 350m 
needle for delivery to the mouse dermis [54]. 50g of IsdA+ClfA-CTA2/B per 200L patch will be 
mixed with filling solution and dried. dMN will be mounted for scanning electron microscopy to 
assess shape, sharpness, and length after storage under different conditions. After preparation, dMN 
will be dissolved in buffer to determine protein concentration and stability of CTA2/B. Antigen 

Figure 3. Mucosal response to IsdA-
CTA2/B in mice. Percent IsdA-specific 
IgA of total in day 45 nasal (1:2), 
intestinal (1:8), and vaginal (1:16) wash 
pooled by immunization group (n = 6). 
Significance (p < 0.05 *). 

Figure 2. Purification and stability of the 
S. aureus IsdA-CTA2/B chimera. A) SDS-
PAGE of D-galactose affinity purified 
IsdA-CTA2/B: 1) native and 2) denatured, 
and B) SDS-PAGE of IsdA-CTA2/B after 
lyophilization in 20% sucrose and re-
purification (native).  



deposition will be assessed with 450m needles ex vivo using pig ears. Pig ears will be obtained 
from local butchers and shaved prior to manual application of dMN. Initially patches will be left on 
skin for different time points up to 2 hours to determine optimal dissolution time [55]. Experimental 

patch groups will be: 1) filling solution 
(FS), 2) FS + IsdA + ClfA antigens 
(recombinant, purified as described 
below), and 3) FS + IsdA+ClfA-CTA2/B. 
A no-microneedle control will consist of 
50g of IsdA+ClfA-CTA2/B directly 
applied to ear skin. After dMN removal, 
skin appearance will be assessed by 
staining with tissue dye and light 
microscopy. Removed needles will be 
assayed for protein concentration and 
composition. Antigen deposition will be 
determined by preparing thin sections of 
ear skin for immune staining with anti-
CTB (Sigma-Aldrich), anti-ClfA 
(Cusabio, Houston, TX) anti-CD11c 
(Thermo-Fisher), and examination by 
confocal microscopy (Boise State BRC). 
Assays will be performed in duplicate for 
an estimated 8 dMN patches. Expected 
data and analysis: Data from this study 
will include microscopic images and 

electron micrographs to assess size, structure and reproducibility of dMN. Force and puncture testing 
will also be performed to determine dMN stability and sharpness. Incorporation of IsdA+ClfA-
CTA2/B into stable dMN will be determined by protein analysis of dissolved patches. Immuno-
histochemistry of pig ear skin will provide evidence of antigen deposition into dermal layers near 
dendric cells (anti-CD11c), and will be determined quantitatively by fluorescence microscopy. 
Objective 1 is expected to occur within months 1-4 of the project period.  
 
Objective 2. Assess IsdA+ClfA-CTA2/B immunogenicity after transcutaneous delivery in mice.  
Hypothesis and rationale: We hypothesize that the transcutaneous delivery of IsdA+ClfA-CTA2/B 
will induce antigen-specific responses and these responses will be superior to those induced by 
antigen alone. We will deliver IsdA+ClfA-CTA2/B to the dermis using dMN and comprehensively 
assess antigen-specific immune responses. Experimental design and methods: We will purify the 
S. aureus IsdA-CTA2/B  and ClfA-CTA2/B chimeras, as described above. Tagged (6XHIS) 
recombinant IsdA and ClfA antigens will be purified, as described [21]. Vaccines will be dialyzed 
into 1X PBS + 5% glycerol, cultured for sterility, and tested for endotoxin levels (Pierce LAL kit, 
Thermo-Fisher). Groups of BALB/c mice (age 6-8 weeks) will be screened for S. aureus by culture 
of nasopharyngeal swabs and feces [56]. Based on our previous immune analysis in mice with an 
expected group difference of 2.3% of proliferating CD3+ cells isolated from the spleen (1% s.d.), a 
sample size of 7 animals per group will provide a power of 0.976  [13,57]. We will increase to a 
sample size of 8 to ensure equal numbers of male and female animals. As shown in Figure 5, animals 
will be randomized to receive 50g of vaccine or antigen/adjuvant control by transcutaneous 
immunization (TCI) on days 1 and 21, and euthanized on day 28. Dosage/timing is based on previous 
studies [21,46]. For TCI, 50g of IsdA+ClfA-CTA2 (25 g of each chimera) or control in a silk or 

Figure 4. Construction of MN. A) design of 3D printed stamp and 
resulting B) PDMS micromold from the Idaho Microfabrication Lab. 
Microscopic images and dimensions of C) 3D printed stamp and D) 
resulting sucrose/CMC microneedles. E) electron micrograph of silk 
microneedles from Theodossiou Lab (Boise State).  



sugar dMN patch will be delivered by manual application to the shaved back of an anesthetized 
mouse and left on skin for 15 minutes, as described [58]. A second dose of equal concentration will 
occur on day 21 in a different location on the back. Feces will be collected on days 1, 14, 21 and 28 
for mucosal antibody isolation and analysis by ELISA using HIS-IsdA/HIS-ClfA, as described 
[21,46]. Blood will be collected by tail vein on day 14 and serum diluted in protease inhibitor (IB, 1X 
Halt Protease Inhibitor, 
Thermo Fisher) for 
ELISA. On day 28, 
animals will be 
euthanized and blood 
collected for ELISA. A 
patch of skin from each 
vaccination site will be 
excised and stored in 
media prior to treatment 
with collagenase and DNase for single cell suspension. Skin patches will also be frozen and 
sectioned for immunohistochemistry, using anti-DC (CD11c), anti-CTB and anti-ClfA antibody, as 
above for pig ears. Spleens will be isolated for culture of splenocytes. Splenocytes will stimulated for 
six days with purified HIS-IsdA/ClfA as described [21,46]. Following stimulation, supernatants will 
be collected for analysis of Th1/Th2/Th17 cytokines by ELISA (R&D Systems, Minneapolis, MN). 
Spleen cells will be assessed for viability and phenotyped using flow-cytometry and anti-CD3, CD4, 
and CD8. For skin cells, we will perform antigen-stimulation and immunophenotyping by flow 
cytometry to identify antigen-specific tissue-resident T cells (Trm; CD4 and CD69). Proposed immune 
analysis is shown in Table 1.  

 
Expected data and analysis: Quantitative data will include antigen-specific ELISA, cytokine 
analysis, and immunophenotyping by flow cytometry. IgG endpoint titers and antigen-specific 
IgA/total IgA ratios will be calculated after background is subtracted. Antigen deposition will be 
assessed in skin quantitatively using immunohistochemistry. Immune analysis, including: ELISA, 
flow cytometry and confocal microscopy will be performed by the post-doctoral fellow in 
collaboration with graduate students and the Boise State Imaging and Flow Cytometry cores. 
Objective 2 is expected to occur within months 5-8 of the project period.  
 
Objective 3. Determine efficacy of transcutaneous IsdA+ClfA-CTA2/B to protect against S. aureus 
systemic infection in mice. Hypothesis and rationale: We hypothesize that the transcutaneous 
delivery of IsdA+ClfA-CTA2/B will induce responses that are protective against systemic disease in 
mice and superior to antigen alone. To determine feasibility, we will assess vaccine efficacy against 
S. aureus challenge using a systemic challenge model. S. aureus mouse models are well established 
and can be improved by the use of human-adapted strains and determination of previous exposure 
[59,60]. In addition, studies assessing CT, CTB or CTA2/B vaccine adjuvanticity have largely been 
performed in mice. Experimental design and methods: We will determine the protective efficacy 

Table 1. Proposed Immune Analysis, Objective 2.  
Sample Analysis Antigen/antibodies  Method 
serum  antigen-specific antibody IsdA, ClfA; anti-IgG ELISA (d 14, 28) 
feces antigen-specific antibody IsdA, ClfA; anti-IgA ELISA (d 1, 14, 21, 28) 
spleen  T cell proliferation, cytokine 

assay 
CD3, CD4, CD8,  and IL-17A, IFN-GMA, 
IL-4  

flow cytometry, ELISA (d 28) 

skin tissue TRM proliferation, antigen 
deposition 

CD3, CD4, CD69, and anti-CT, anti-ClfA  flow cytometry, histology (d 28) 

Figure 5. Vaccination schedule for immunogenicity trial, Objective 2.  



of TCI with IsdA+ClfA-CTA2/B using an intraperitoneal systemic challenge [61]. The well-
characterized human isolate CA-MRSA USA300 (LAC), which has a high level of identity to 
vaccine IsdA (99%) and ClfA (98%) sequences, will be used for challenge. The trial schedule will be 
performed as shown in 
Figure 6. Based on an 
expected mean difference of 
2 log10 CFU/mL of kidney 
tissue at 24hrs post-S. aureus 
sepsis (1.1 log10 s.d.) 
between TCI of IsdA+ClfA-
CTA2/B and CTA2/B 
control, a sample size of 9 
animals per group will 
provide a power of 0.951 [57]. A sample size of 8 or less per group has been reported as significant 
[61,62]. Mice will be vaccinated, as in Objective 2, on days 1 and 21 by TCI with 50g of 
IsdA+ClfA-CTA2/B. Animals will be challenged by intraperitoneal injection with 5x107 CFU/100L 
of S. aureus on day 35. It is expected that animals will develop abscess lesions in the peritoneal as 
well as systemic spread of bacteria to the spleen and kidneys within 24 hours. Upon infection, 
animals will be monitored for signs of systemic disease by assessing body weight, condition of fur, 
eyes and posture, motility and respiration, and scored as described (disease activity index, DAI)[63]. 
After 24 hours on day 36, animals will be sacrificed, spleen and kidneys will be harvested for CFU 
determination on mannitol salt agar (MSA) and blood agar [61]. Blood will also be collected for 
antigen-specific ELISA, performed as above. Expected data and analysis: Data from this aim will 
consist of the quantitative determination of bacterial colonies from mouse spleen and kidneys. 
Groups will be compared directly for statistical significance in averages of bacterial numbers as 
determined by CFU. Antibody responses from day 36 will also support immune analysis from 
Objective 2. Objective 3 is expected to occur within months 9-12 of the project period.  

D. Alternative strategies and expected outcomes. 
The P.I. and Co-P.I. have previously constructed sugar and silk-based microneedles. However, if 
necessary because the vaccine-incorporated dMN from Objective 1 are not available, direct TCI will 
be performed in Objectives 2 and 3 by preparing 100L of IsdA+ClfA-CTA2/B in sterile buffer and 
placing directly on the shaved abdomen for 20 minutes, as described [7,64]. This approach will 
provide evidence of transdermal immunogenicity and efficacy without dependence on Objective 1. 
Additional immune analysis post-vaccination may also include the identification of tissue-resident 
and memory T-cell populations using CD3, CD69 and CD103 antibodies. The function of antibodies 
collected from serum and feces may be determined by opsonophagocytic killing assays (OPK), as 
described [21,60]. It is expected that this project will: 1) produce a dMN patch prototype that can 
deliver antigen to the dermal layer, and 2) provide preclinical evidence of IsdA+ClfA-CTA2/B 
immunogenicity and efficacy after transdermal delivery. The combined experience of the research 
team and anticipated expertise of the post-doctoral fellow (immunology and animal studies) are 
expected to strongly support these outcomes.  
 
VIII. Potential economic impact.  
There is no licensed human S. aureus vaccine and current practice is dependent upon the use of 
antibiotics. A vaccine that can protect against invasive disease would significantly reduce human 
morbidity and mortality, improve hospital care and reduce healthcare costs. Studies indicate that an 
S. aureus vaccine that targets hemodialysis patients and neonates would be highly cost-effective 
across a range of efficacies and costs [65,66]. The market for sepsis treatments and therapeutics is 

Figure 6. Vaccination schedule for challenge trial, Objective 3.  



estimated to be $3.4 billion, and expected to grow to $7.5 billion by 2030 [67]. The technology of 
dMN may have additional economic benefits: this route of delivery is more accessible, improves the 
patient/provider experience and reduces vaccine hesitancy. The market for vaccine adjuvants that can 
support novel delivery routes is growing along with the global vaccine adjuvant market, which is 
expected to be $1.2 billion by 2028 [68]. Pentamer Biologics, LLC., is our commercialization 
partner, and a new start-up company located in Idaho. This company is focused on the goal of 
developing a vaccine to prevent S. aureus disease. Currently, Pentamer Biologics consists of the 
CEO (Bryan Allinson) and Lead Research Scientist (Elise Overgaard, Ph.D.), and is supported by a 
USDA STTR Phase I with Boise State (Tinker) to assess the efficacy of a bovine S. aureus vaccine to 
prevent mastitis. The development of an effective mastitis vaccine will have significant statewide and 
national impacts on the dairy industry. Importantly, the lessons learned from vaccinating cows will 
contribute to our understanding of a human S. aureus vaccine, and vice-versa. Pentamer Biologics 
has a licensing agreement in place for IsdA+ClfA-CTA2/B, and the success of this industry partner 
will provide opportunities for high-tech workers in Idaho, while supporting regional agriculture, 
biomedicine and biotechnology. As shown in Figure 7, the timeline is long for the traditional 
licensure of human vaccines [69]. The IsdA+ClfA-CTA2/B vaccine has been tested in preclinical 
studies, and produced at lab-scale quantities, and is at TRL 4 for human licensure. For veterinary use, 
this vaccine has been tested in the end-user animal and is at TRL 5-6 with a significantly shorter 
expected timeline to licensure [70].   

 
IX. Criteria for measuring success.  
Objective 1: The milestone of successful IsdA+ClfA-CTA2/B TCI delivery using dMN will be 
measured quantitatively by fluorescent immunohistochemistry of antigen deposition ex vivo. Success 
will be determined by an outcome of significant IsdA and ClfA antigen deposition into the dermal 
layer in pig ear skin, using IsdA+ClfA-CTA2/B loaded dMN, over no dMN controls.  
 
Objective 2: The milestone of successful IsdA+ClfA-CTA2/B immunogenicity will be measured 
quantitatively by immune analysis after vaccination in mice. Success will be determined by an 
outcome of significant IsdA and ClfA antibody and/or T-cell response in IsdA+ClfA-CTA2/B 
vaccinated animals over adjuvant alone and no adjuvant controls.  
 
Objective 3: The milestone of protective efficacy will be determined by bacterial enumeration after 
vaccination and challenge in mice. Success will be determined by an outcome of significant 
reduction of bacterial burden in the spleen and/or kidneys on day 36 of IsdA+ClfA-CTA2/B 
vaccinated and infected animals over those of adjuvant alone and no adjuvant controls.   
 

Figure 7. Department of 
Health and Human 
Services’ Integrated 
Technology Readiness 
Level (TRL) Scale and the 
Traditional Vaccine 
Development and 
Manufacturing Processes. 
The IsdA+ClfA-CTA2/B 
vaccine is at TRL 4 for 
human use * (69).  



X. Anticipated development challenges and barriers. 
The barriers to the advancement along the TRL scale to TRL5 and toward human clinical trials are; 
1) optimization of vaccine composition for broader protection against multiple S. aureus serotypes, 
2) scaling up of vaccine production to meet current Good Manufacturing Process (cGMP) guidelines 
to support USDA/FDA approval, and 3) successful preclinical testing that identifies an optimal 
vaccine dosage and schedule using multiple disease models. Because the IsdA and ClfA chimeras are 
easily purified, stable, and already tested in animals, we propose initial construction of dMN using 
these antigens. However, we are actively pursuing the incorporation of additional antigens and it is 
expected that these will be available for future proposals. We are currently working to overcome the 
barrier of production scale-up with support from the recent NSF ART (Boise State TRANSFORM) 
seed project. A postdoctoral fellow will be supported for one year on this grant with the goals of 
identifying optimal host and vector systems for vaccine production, and developing culture and 
fermentation protocols for scale-up. This researcher will also attend training in vaccine licensure and 
cGMP processes to promote a transition to industry. The animal studies proposed here in Objectives 
2 and 3 are designed as small feasibility studies to be performed within the proposed timeline, 
however they will provide essential evidence for moving forward. Future preclinical studies will 
increase group numbers to compare different adjuvants, dosages, schedules and disease models, and 
will be designed to produce a product suitable to enter human clinical trials.  
 
XI. Budget (see Form D).  
 
XII. Budget justification.  

LINE ITEM REQUEST JUSTIFICATION 
TOTAL 
REQUEST 

Personnel    

Post-doctoral fellow (TBD)  
Salary ($67,100 + fringe) for 1 year for a Ph.D - level immunologist to 
direct the project  

$97,200.00 

PI (Tinker) Summer salary ($9,300 + fringe) for 0.75 mths for the P.I.  
$12,300.00 
 

Co-PI (Theodossiou) Summer salary ($7,900 + fringe) for 0.75 mths for the Co-P.I. $10,700.00 

MS student BMOL (TBD) 
Summer salary ($6,700 + fringe) for a MS student in the Biomolecular 
Graduate Program (BMOL) 

$7,400.00 

MS student BME (TBD)  
Summer salary ($6,700 + fringe) for an MS student in the Mechanical 
and Biomedical Engineering program (BME) 

$7,400.00 

Travel   
Vaccines Summit, Boston, MA 
2025 

Travel for post-doctoral fellow to one vaccine conference $2,000.00 

ASM Microbe, Los Angeles, CA 
2025 

Travel for post-doctoral fellow to annual ASM conference $1,500.00 

Other Direct Costs   

Materials and supplies 

Supply funds for the P.I’s and Co-P.I.’s laboratory for vaccine 
purification and microneedle construction, as described in Objective 1. 
These include: supplies for bacterial growth and culture, vaccine and 
ELISA antigen purification, PDMS, resins, and silk and sucrose for 
microneedles. Animal study supplies and immunoassay antibodies and 
reagents, flow-cytometry antibodies, qPCR supplies, tissue culture 
media and supplies for MALT and PBMC preparation, as described in 
Objectives 2-3, will also be purchased with these funds.  

$16,000.00 

Publication charges 
Funds are requested to support publication in one high-quality vaccine 
journal, such as NPJ Vaccines.  

$1,500 

Recharge center service 

Use of recharge centers will include the Biomolecular Research Center 
for confocal microscopy (Objective 1), and the Center for Materials 
Characterization for microneedle construction and characterization 
(Objective 1), and the Boise State Vivarium and Flow Cytometry core 
for animal studies (Objective 2-3).  

$4,000 



1 set of 4 pipettes New laboratory pipettes for use by the post-doctoral fellow (estimated).  $2,000.00 
Vacuum oven Small programmable vacuum oven for microneedles $2,000.00 
GRA Health Insurance  Three months health insurance coverage - 2 graduate students $1,600.00 
Total Request  $165,600.00 

 
XIII. Project management.  
Juliette Tinker, Ph.D., Principal Investigator (effort = 0.75 summer month). Dr. Tinker will 
participate in all phases of the project, including; daily execution and troubleshooting of 
experimentation, mentoring of the post-doc and students, writing of manuscripts, preparation of 
reports and adjustment experimentation as needed to support goals. The P.I. will also work across 
campus with the Co-P.I. to support dMN production and to ensure that studies comply with Boise 
State Biosafety (IRB), laboratory safety and animal care (IACUC) guidelines.   
Sophia Theodossiou, Ph.D. Co-PI (effort = 0.75 summer month). Dr. Theodossiou will work with the 
post-doctoral fellow and graduate students to construct sucrose/CMC microneedles, and silk 
microneedle patches, incorporating the CTA2/B vaccine. Dr. Theodossiou will also work with the 
Idaho Microfabrication Lab and Center for Materials Characterization to determine microneedle 
structure and stability, as described in Objective 1, and will help prepare all manuscripts.   
 

 
XIV. Additional institutional and other sector support.  
This project is supported by the commercialization partner, Pentamer Biologics, LLC (Bryan 
Allinson, CEO Halo Bioventures, see letter of support). Pentamer Biologics has a current Facilities 
Use Agreement with Boise State for use of limited laboratory space and equipment within the Tinker 
laboratory. This project is also strongly supported by Boise State in the form of staff, facilities and 
equipment as detailed below (Appendix A). The Boise State office of Technology Transfer also 
provides continual support, which includes: assistance with the analysis of invention disclosures, 
securing of five US patents, support assessing the commercial value and marketing of current 
innovations, assisting with start-up development, and negotiating license agreements.  
 
XV. Future funding. 
Through current USDA Phase I funding, the P.I. and Pentamer Biologics have been provided a 
mentor through the LARTA institute (https://larta.org/ ) to support market analysis and business 
development for a Phase II SBIR/STTR that will be submitted in the spring of 2025. Pentamer 
Biologics has also applied for supplemental STTR funding through Innovate Alabama 
(https://innovatealabama.org/programs/supplemental-grant-program/ ) to support animal model 
development in collaboration with the Southern Research Institute. The P.I. and a graduate student 
(Haley Bridgewater) have completed the regional I-Corps program in August of 2023, and will apply 
for a national team in the summer of 2024. The P.I. has submitted two NIH STTR grants with the 
focus of a human S. aureus vaccine based upon the CTA2/B platform. These grants have scored well 
(36 and 38) but have not been funded. It is expected that successful outcomes from this proposed 
project will strongly support a successful NIH STTR/SBIR in 2025-2026 in collaboration with 
Pentamer Biologics.  
 

Project timeline and management Period (months) 

Objective Supervisor Location 1-2 3-4 5-6 7-8 9-10 11-12 

Obj. 1: dMN construction/ 
            antigen deposition 

Theodossiou/ 
Tinker 

Engineering/ 
Biology 

X X     

Obj. 2: Mouse immunogenicity Tinker Biology    X X   
Obj. 3: Mouse challenge Tinker Biology      X X 








































