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a b s t r a c t 

De novo designed peptides that self-assemble into cross- β rich fibrillar biomaterials have been pursued as 

an innovative platform for the development of adjuvant- and inflammation-free vaccines. However, they 

share structural and morphological properties similar to amyloid species implicated in neurodegenerative 

diseases, which has been a long-standing concern for their successful translation. Here, we comprehen- 

sively characterize the amyloidogenic character of the amphipathic self-assembling cross- β peptide KFE 8 , 

compared to pathological amyloid and amyloid-like proteins α-synuclein ( α-syn) and TDP-43. Further, 

we developed plasmid-based DNA vaccines with the KFE 8 backbone serving as a scaffold for delivery 

of a GFP model antigen. We find that expression of tandem repeats of KFE 8 is non-toxic and efficiently 

cleared by autophagy. We also demonstrate that preformed KFE 8 fibrils do not cross-seed amyloid for- 

mation of α-syn in mammalian cells compared to α-syn preformed fibrils. In mice, vaccination with 

plasmids encoding the KFE 32 -GFP fusion protein elicited robust immune responses, inducing production 

of significantly higher levels of anti-GFP antibodies compared to soluble GFP. Antigen-specific CD8 + T cells 

were also detected in the spleens of vaccinated mice and cytokine profiles from antigen recall assays in- 

dicate a balanced Th1/Th2 response. These findings illustrate that cross- β-rich peptide nanofibers have 

distinct physicochemical properties from those of pathological amyloidogenic proteins, and are an attrac- 

tive platform for the development of DNA vaccines with self-adjuvanting properties and improved safety 

profiles . 

Statement of significance 

Biomaterials comprised of self-assembling peptides hold great promise for the development of new vac- 

cines that do not require use of adjuvants. However, these materials have safety concerns, as they self- 

assemble into cross- β rich fibrils that are structurally similar to amyloid species implicated in disease. 

Here, we comprehensively study the properties of these biomaterials. We demonstrate that they have 

distinct properties from pathological proteins. They are non-toxic and do not trigger amyloidogenesis. 

Vaccination of these materials in mice elicited a robust immune response. Most excitingly, our work sug- 

gests that this platform could be used to develop DNA-based vaccines, which have few storage require- 

ments. Further, due to their genetic encoding, longer sequences can be generated and the vaccines will 

be amenable to modification. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Natural and de novo designed peptides that self-assemble into 

-rich nanofibers have emerged as excellent building blocks for 

abricating materials with a variety of biomedical applications [1] . 
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ome of the simplest and most widely used synthetic peptides 

re amphipathic and comprised of alternating hydrophobic and po- 

ar/charged amino acids. Several such peptides have been shown to 

pontaneously associate to form fibrillar scaffolds in physiological 

uffers [ 1 , 2 ]. Self-assembling peptide biomaterials have several key 

dvantages. First, they only require the synthesis of a simple pep- 

ide building block which then self-associates to form higher or- 

er complex structures. Additionally, functional groups can be ap- 

ended to the peptides’ N - or C -termini which are displayed in a 

ultivalent fashion along the fibril surface, thereby imparting bio- 

unctionality [3] . Numerous studies have demonstrated that self- 

ssembling peptide biomaterials can support the growth of a va- 

iety of cell types and be used to deliver therapeutic drugs, exert 

ntimicrobial effects, serve as theranostics, and act as immune ad- 

uvants in vaccines [ 1 , 4 , 5 ]. 

A range of self-assembling peptide sequences have been de- 

igned that adopt a variety of secondary structures [6] . A partic- 

larly promising design is based on the cross- β structure where 

-strands form the fibril axis which is stabilized by non-covalent 

nteractions such as hydrophobic interactions, π–π stacking, and 

lectrostatic interactions [7] . While these cross- β rich scaffolds 

re highly promising as biomaterials, cross- β structures are also 

 defining characteristic of disease-relevant amyloid fibrils [8] . In- 

eed, accumulations of amyloid fibrils and pre-amyloid species are 

he pathological hallmark of many neurodegenerative disorders in- 

luding Alzheimer’s disease and related dementias, along with car- 

iac disorders, and diabetes [9–13] . Despite their structural and 

orphological similarity to disease-associated amyloids, β-rich fib- 

illar biomaterials have been explored for multiple biological appli- 

ations, without reports of toxicity. We hypothesize that this is be- 

ause the designed peptides aggregate extremely rapidly, and the 

re-amyloid oligomeric species are likely the most toxic [14] . These 

iffering kinetics likely bypass, or greatly decrease, the length of 

ime that the nanofibers populate the highly toxic pre-amyloid 

ligomeric state. Another key feature of amyloids is their ability to 

eed further aggregation by nucleating amyloidogenesis [15] . Here, 

 small amount of amyloid fibrils can spontaneously enter cells and 

ucleate or ‘seed’ the amyloidogenesis of additional copies of the 

onomer, thereby rapidly increasing amyloidogenesis in neighbor- 

ng cells [ 15 , 16 ]. It is crucial that any amyloid-inspired biomaterial

e unable to seed the amyloid cascade of other amyloid-prone pro- 

eins. Therefore, it is important that the properties of cross β-sheet 

ich nanofibers be comprehensively characterized prior to their fur- 

her application in these contexts [ 15 , 17 ]. 

The KFE sequence belongs to a class of amphipathic peptides 

ith a [XZXZ] n pattern where X is a hydrophobic and Z is a 

harged or polar residue. KFE 8 (FKFEFKFE) is one of the best char- 

cterized sequences for use in the fabrication of hydrogel bioma- 

erials. There are ample data pertaining to the effects of sequence 

ength, pattern variation, and chiral substitutions on self-assembly 

nd molecular packing of KFE 8 [ 7 , 18–21 ]. The two apolar faces of

FE 8 associate to form a cross- β motif that forms the backbone 

f the fibrils. We have demonstrated that KFE 8 is a powerful im- 

une adjuvant for the development of vaccines and immunother- 

pies in multiple preclinical disease models [22–25] . To further ap- 

ly KFE 8 -based vaccines, it is crucial that they first be comprehen- 

ively characterized. Here, to accelerate translational efforts, differ- 

nt length repeats of KFE (KFE 8 , KFE 16 , and KFE 32 ), where KFE 16 

nd KFE 32 are comprised of 2 and 4 repeats of the KFE8 sequence, 

espectively, were expressed in a yeast model system and their tox- 

city and clearance mechanism was compared to that of the toxic 

myloid-like protein TDP-43, which is implicated in amyotrophic 

ateral sclerosis (ALS) and frontotemporal dementia (FTD) [26] . We 

lso investigated the seeding capacity of KFE 8 nanofibers because 

t is known that some proteins can cross-seed, whereby fibrils of 

ne protein can trigger fibrillization of a different amyloid-prone 
465 
rotein [16] . Here, we tested the capacity of KFE 8 to cross-seed 

he aggregation of α-synuclein, a key protein implicated in Parkin- 

on’s disease (PD), using a mammalian biosensor cell line [ 27 , 28 ].

he successes we achieved in recapitulating the properties of the 

ynthetic peptide nanofibers upon cellular expression suggest that 

his system might also be harnessed as a new form of DNA-based 

accine. Therefore, we generated lentivirus vectors expressing sol- 

ble GFP, α-syn-GFP or KFE 32 -GFP for expression in mammalian 

ells, with GFP serving as both an expression marker and a model 

ntigen. Mice were vaccinated with plasmids encoding soluble GFP, 

-syn-GFP or KFE 32 -GFP and antibody and cellular immune re- 

ponses were evaluated. In comparison to prior studies where the 

oxicity testing was limited to cell viability assays, here we explore 

he safety profile of self-assembling peptides by directly compar- 

ng them to toxic amyloids in a range of cellular assays. Further, 

o our knowledge, this is the first report of DNA vaccines encod- 

ng self-assembling peptide sequences as adjuvants. Our results 

emonstrate that despite the structural and morphological simi- 

arity between pathological amyloids and self-assembling peptides, 

hey have distinct immunological properties and safety profiles. 

. Materials and methods 

.1. Peptide synthesis 

Peptides KFE 8 ( ≥90% purity) and KFE 16 ( ∼70% purity) were ac- 

uired from P3Bio and used without further purification. KFE 32 

as synthesized on a Liberty Blue microwave assisted peptide syn- 

hesizer (CEM) using standard Fmoc-SPPS chemistry on rink amide 

ith DIC/Oxyma as coupling reagents and cleaved using a cock- 

ail of trifluoroacetic acid (TFA), triisopropylsilane (TIS), and wa- 

er (95:2.5:2.5). The crude peptide was pelleted using centrifuga- 

ion, resuspended in cold diethyl ether, washed 5 ×, lyophilized, 

nd stored at 4 °C. Purification attempts were unsuccessful due to 

he intractable nature of KFE 32 . Cy5-labeled KFE 8 was purchased 

rom Genscript (90% purity). Co-assembled nanofibers were pre- 

ared for the seeding assay by mixing Cy5-KFE 8 and KFE 8 (1:9 

ole ratio) followed by addition of water and vortexing to en- 

ure complete mixing. This doping strategy has been previously re- 

orted for other self-assembling peptide systems and did not sig- 

ificantly impact fibril formation ( Fig. S7 ). 

.2. Transmission electron microscopy 

KFE 8 and KFE 16 (0.25 mM in water) and KFE 32 (0.0625 mM 

n water) were applied directly to glow discharged, 200 mesh, 

arbon-coated, copper grid (10 μL) for 2 min. Excess sample was 

lotted using filter paper. The grids were stained with uranyl ac- 

tate for 1 min and excess stain was removed using filter paper. 

ark field and bright field images were taken with a JEOL JEM- 

100 scanning transmission electron microscope (STEM) with an 

ccelerating voltage of 120 kV. 

.3. Circular dichroism 

CD spectra of the peptide solutions (same concentration as TEM 

bove)) were recorded on a Jasco J-815 circular dichroism spec- 

rometer. Spectra of the peptide solutions (3 scans) were collected 

t 20 °C in a 1 mm quartz cuvette between 260 and 200 nm with a

andwidth of 1 nm, 0.1 nm step, and 2 s averaging time per step. 

olvent background was subtracted. 

.4. Thioflavin-T (ThT) and ANS (8-anilino-1-napthalene sulfonic 

cid) assays 

KFE 8 and KFE 16 peptide fibrils, and KFE 32 (50 μM in water) 

ere mixed with ThT (50 μM in water) and fluorescence emis- 
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ion was measured (470–700 nm) upon excitation (440 nm) us- 

ng a Synergy H1 microplate reader (BioTek). For ANS assays, pep- 

ide solutions (20 μM) were mixed with ANS (250 μM) and emis- 

ion spectra was collected (380–700 nm) following excitation at 

50 nm. ANS fluorescence spectra were also collected at varying 

eptide concentrations (10–50 μM). Intrinsic peptide fluorescence 

as measured and subtracted as background. 

.5. Yeast strains, media, and plasmids 

All yeast were BY4741 or BY4741 �atg8 , acquired from the Yeast 

nockout Collection [29] . pAG423GAL-ccdB-eGFP plasmid for yeast 

xpression was obtained from Addgene [30] . Strains expressing 

DP-43 and α-syn have been described previously [31] . Yeast were 

rown in rich medium (YPD) or in synthetic media lacking the ap- 

ropriate amino acids. Media was supplemented with 2% glucose, 

affinose, or galactose. To construct KFE 8 plasmids, repeating se- 

uences of KFE 8 interspersed with flexible glycine-serine linker re- 

ions were synthesized by IDT with flanking Gateway cloning sites. 

FE 16 and KFE 32 refer to 2x and 4x repeats of this KFE 8 sequence. 

hese fragments were then inserted into pAG423GAL-ccdB-eGFP 

30] by Gateway cloning to generate KFE 8 tagged with GFP at the 

-terminus. Final sequences were: KFE 8 : MFKFEFKFEGSGSGSGS- 

eGFP), KFE 16 : MFKFEFKFEGSGSGSGSFKFEFKFEGSGSGSGS-(eGFP), 

nd KFE 32 : MFKFEFKFESGSGSGSGFKFEFKFEGSGSGSGSGFKFEFK 

EGGSGSGSGFKFEFKFEGSGSGSGS-(eGFP). 

.6. Yeast transformation and spotting assays 

Yeast were transformed according to standard protocols using 

olyethylene glycol and lithium acetate [32] . For the spotting as- 

ays, yeast were grown to saturation overnight in raffinose supple- 

ented dropout media at 30 °C, normalized to A 600nm 

= 1.5, seri- 

lly diluted, and spotted in duplicate onto synthetic dropout media 

ontaining glucose or galactose. Plates were analyzed after growth 

or 2-3 days at 30 °C. Each experiment was repeated three times. 

.7. Immunoblotting and microscopy 

Yeast were grown and induced in galactose containing medium 

or 5 h from overnight cultures supplemented with raffinose. Cul- 

ures were normalized to A 600nm 

= 0.6, 8 mL cells were harvested, 

reated in 0.1M NaOH for 5 min at room temperature, and cell pel- 

ets were then resuspended into 1x SDS sample buffer and boiled 

or 4 min. Lysates were cleared by centrifugation at 14,0 0 0 rpm for 

 min and then separated by SDS-PAGE (4–20% gradient, BioRad), 

nd transferred to a PVDF membrane. Membranes were blocked 

n Odyssey Blocking Buffer (LI-COR). Primary antibody incubations 

ere performed at 4 °C overnight. Antibodies used: anti-GFP mon- 

clonal (Roche Applied Science), anti-TDP-43 polyclonal (Protein- 

ech), and anti-PGK monoclonal (Invitrogen). Membranes were im- 

ged using a LI-COR Odyssey FC Imaging system. For microscopy, 

trains were grown as for immunoblotting. After 15 h induction 

t 30 °C, cultures were harvested and processed for microscopy. 

ll imaging was performed using live cells treated with Hoechst 

ye. Yeast images were collected at 90x magnification on a Nikon 

clipse Te20 0 0-E microscope and processed using ImageJ software. 

ll experiments were repeated at least three times, and represen- 

ative images are shown. 

.8. Filter retention assays 

Yeast were grown and induced as for immunoblotting. Fol- 

owing induction, cultures were normalized to A 600nm 

= 0.5, and 

 mL of cells were collected and washed with sterile water. Cells 
466 
ere resuspended in 500 μL spheroplasting solution (1.2 M D- 

orbitol, 0.5 mM MgCl 2 , 20 mM Tris, 50 mM β−mercaptoethanol, 

.5 mg/mL Zymolyase 100T, pH 7.5) for 1 h at 30 °C with light shak-

ng. Spheroplasts were pelleted by centrifugation at 500x RCF for 

 min, and supernatant was discarded. Samples were then resus- 

ended in 100 μL lysis buffer (100 mM Tris, pH 7.5, 500 mM NaCl, 

 mM MgCl 2 , 10 mM β-mercaptoethanol, 0.5% Triton, and 1% yeast 

rotease Inhibitor cocktail). Samples were vortexed at high speed 

or 1 min and then incubated at room temperature for 10 min. 

ells were then flash frozen in nitrogen, thawed at room tempera- 

ure, and boiled for 5 min where indicated. 33 μL of sample buffer 

2X TAE, 20% glycerol, 10% β−mercaptoethanol, and 0.0025% bro- 

ophenol blue) was added, followed by incubation for 5 min at 

oom temperature. 15 μL of each extract was applied to a non- 

inding cellulose acetate membrane using a Minifold I 96-well 

pot-blot array system (GE). The membrane was then washed with 

BST and the remaining sample was diluted in PBST (3 sample:1 

BST) and 5 μL was applied onto a nitrocellulose membrane. After 

oth membranes were allowed to dry, they were then re-wetted 

n PBST for 10 min. Membranes were blocked and imaged as de- 

cribed for immunoblotting. Bound protein was quantified using 

mageStudio Lite software (LICOR). The reported CA/NC ratio is the 

atio of signal on the cellulose acetate (CA) and nitrocellulose (NC) 

embrane. Values were normalized to a vector control run in par- 

llel. 

.9. Preparation of α-synuclein PFFs 

Plasmid for expression of α-synuclein was from Peter Lans- 

ury [33] . α-Synuclein was expressed in E. coli BL21-DE3-RIL cells 

Invitrogen), where expression was induced at OD 600 = 0.6 with 

 mM IPTG for 2 h at 37 °C. Cell pellets were resuspended in os-

otic shock buffer (30 mM Tris, pH 7.2, 2 mM EDTA, 40% sucrose) 

nd incubated for 10 min at room temperature with vortexing. 

he lysate was then cleared by centrifugation. Nucleic acids were 

hen removed by streptomycin sulfate precipitation (10 mg/mL fi- 

al concentration) and cleared by centrifugation. The supernatant 

as then boiled for 10 min and the soluble protein was loaded on 

o a bed of DEAE sepharose beads for anion-exchange batch purifi- 

ation. The beads were washed with wash buffer (20 mM Tris, pH 

.0, 1 mM EDTA) and then eluted with elution buffer (20 mM Tris, 

H 8.0, 300 mM NaCl, 1mM EDTA). The eluted protein was then 

ialyzed against α-syn fibrillization buffer (20 mM Tris-HCl, pH 

.0, 100 mM NaCl). Endotoxin was removed using a High-Capacity 

ndotoxin Removal Spin Column (Pierce) and confirmed using a 

harles River Endosafe Cartridge. The protein was then flash frozen 

nd stored at -80 °C until use. 

To prepare α-syn PFFs, monomer was thawed and passed 

hrough a 0.2 μm syringe filter. The protein was then diluted to 

 mg/mL in fibrillization buffer and incubated at 37 °C with agita- 

ion at 1,500 rpm in an Eppendorf Thermomixer for 7 days. The re- 

ulting mixture was centrifuged at 15,0 0 0 rpm for 30 min at room 

emperature. The supernatant was then removed and fibrils were 

esuspended to achieve 5 mg/mL fibrils, as measured by a BCA as- 

ay. Fibrils were then flash frozen and stored at -80 °C until use. 

To prepare labeled α-syn, 5 mg/mL monomeric α-syn was fil- 

ered through a 0.2 μm syringe filter and diluted to 2 mg/mL in 

.1 M NaHCO 3 . Alexa Fluor 568 NHS Ester (A20 0 03) was dissolved

n DMSO to 10 mg/mL. Alexa dye was added in 2.1:1 molar ra- 

io of dye: α-syn and mixed by stirring at room temperature for 

 h. Unbound dye was removed using Bio-Spin P-6 Gel Columns 

Bio-Rad #7326227). The Alexa-568 labeled α-syn was aliquoted, 

ash frozen, and stored at -80 °C. To prepare labeled α-syn PFFs, 

oth monomeric Alexa-568 labeled α-syn and unlabeled α-syn 

ere filtered through a 0.2 μm syringe filter. Alexa-568- α-Syn was 

ixed with unlabeled α-syn (5% labeled) in 40 mM HEPES pH 7.4, 
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50 mM KCl, and 20 mM MgCl 2 . The mixture was then incubated 

t 37 °C with agitation at 1,500 rpm in an Eppendorf ThermoMixer 

ith ThermoTop for 7 days to produce mature fibrils. The resulting 

ixture was centrifuged at 15,0 0 0 rpm for 30 min at room tem- 

erature. The supernatant was then removed and PFFs were resus- 

ended in 20 mM Tris pH 8, 100 mM NaCl to achieve 5 mg/mL

brils. Protein was then aliquoted, flash frozen and stored at -80 °C 

ntil use. 

.10. HEK293T cell culture and FRET biosensor cell assays 

HEK293T biosensor cells (HEK293T- α-syn-CFP/ α-syn-YFP) were 

btained from David Holtzman [28] . Cells were grown in Dul- 

ecco’s modified high glucose Eagle’s medium (DMEM) sup- 

lemented with 10% fetal bovine serum (FBS), and 1% peni- 

illin/streptomycin. For FRET seeding assays, the biosensor cells 

ere plated in 96-well plates at a density of 35 K cells per well.

4 h following plating, PFFs were applied. Here, α-syn or Cy5- 

FE 8 fibrils were diluted in fibrillization buffer to the appropri- 

te concentration and sonicated in a cup horn water bath soni- 

ator for 3 min. The fibrils were then mixed with Lipofectamine 

0 0 0 (Invitrogen) at 0.5 μL Lipofectamine per well, incubated for 

0 min at room temperature, and applied to the biosensor cells. 

fter 48 h, cells were trypsinized, transferred to a 96-well plate, 

nd fixed with 4% paraformaldehyde for 15 min at 4 °C in the dark. 

ells were then resuspended in 150 μL chilled MACSQuant Flow 

unning buffer for analysis in a MACSQuant VYB flow cytometer. 

luorescence was measured using settings for CFP (ex: 405 nm, 

m: 450 nm, bw: 50 nm), YFP (ex: 488 nm, em: 525 nm, bw:

0 nm), FRET (ex: 405 nm, em: 525 nm, bw: 50 nm), and Cy5 

ex: 561 nm, em: 661, bw: 20 nm). Fluorescence compensation was 

erformed with control cell lines each time prior to sample anal- 

sis. FRET signal was used to distinguish cells with α-syn aggre- 

ation from cells without α-syn aggregation. Integrated FRET den- 

ity was calculated by multiplying the percent cells with FRET sig- 

al by median FRET intensity of the FRET-positive cells. To quan- 

ify KFE 8 fibril internalization, a bivariate plot of Cy5 vs CFP was 

reated to introduce a polygon gate to exclude all of the Cy5- 

egative cells treated with only lipofectamine/buffer and to include 

he Cy5-positive cells treated with KFE 8 fibrils. The quantification 

or KFE 8 internalization was based on percent Cy5-positive cells. 

ll data analysis was performed with FlowJo V10 software. Images 

ere collected at 20x magnification on a Nikon Eclipse Te20 0 0-E 

icroscope and processed using ImageJ software. 

.11. Generation of lentiviral plasmids 

293LTV cells were kind gift from Dr. Kian Lim, Washington 

niversity in St. Louis. A20 cells were kind gift from Dr. John 

. DiPersio, Washington University in St. Louis [34] . pLenti CMV 

FP Puro (658-5) was a gift from Eric Campeau & Paul Kauf- 

an (RRID:Addgene_17448) [35] . Packaging pMDLg/pRRE (Addgene 

lasmid #12251), envelope pMD2.G (Addgene plasmid #12259), 

nd regulatory plasmids pRSV-Rev (Addgene plasmid # 12253) 

ere a gift from Didier Trono [36] . The ∝ -synuclein tagged GFP 

r KFE8 32 tagged GFP constructs were derived by sub-cloning ser- 

ices from Genescript USA Inc., into pLenti backbone by replacing 

FP with α-Syn-GFP or KFE 32 -GFP. 

.12. Animals and immunization 

All experimental procedures were approved by the Institutional 

nimal Care and Use Committee of Washington University in St. 

ouis. 20 μg (100 μL of PBS) of pLenti-GFP or α-Syn-GFP or KFE 32 -

FP plasmids were injected intramuscularly into 6-8 wk old female 

ALBC mice three times with 14 days between immunizations. 
467 
lood was drawn 10 days after the last dose and sera was collected 

or ELISA. Spleens were harvested and splenocyte cultures were 

repared according to published protocols and stained with T- 

elect H-2Kd restricted GFP 200-208 tetramer (MBL Bio #TS-M525-1) 

o assess cellular immune responses. Splenocytes (10 6 /well) were 

lso stimulated in vitro with GFP (2 μg/ml) for 5 days and the su- 

ernatant collected for analysis of cytokines. 

.13. Antibody titers and isotyping 

High binding ELISA plates (Corning #3361) were coated with 

 μg/mL GFP in PBS and incubated overnight at 4 °C. The wells 

ere blocked for 1 h at RT with 1% BSA in PBST buffer (PBS with

.05% Tween20, 100 μL/well). Serial dilutions of the sera were pre- 

ared in the blocking buffer and added to the wells (100 μL/well 

or 1 h at RT) followed by secondary HRP-conjugated goat anti- 

ouse IgG (1:50 0 0, 10 0 μL/well) for 30 min. For isotyping, HRP- 

onjugated secondary isotypes (IgG1, IgG2b, IgG2c, IgG3, IgM, or 

gE; Southern Biotech) were added (1:40 0 0, 10 0 μL/well for 1 h 

t RT) after serum dilutions prior to development. Plates were 

ashed 3-5 times between each coating step. The assay was devel- 

ped using TMB solution (100 μL/well) for 15 min and the reaction 

as quenched with 1 M phosphoric acid (100 μL/well). Absorbance 

as recorded at 450 nm using a Biotek Synergy microplate reader 

nd background absorbance from non-antigen coated wells was 

ubtracted. 

.14. Cellular immune responses 

Induction of GFP-specific T cell response was quantified by 

easuring the tetramer positive CD8 + T cells in spleen of vacci- 

ated mice via flow cytometry. Briefly, splenocytes from vacci- 

ated mice were prepared following RBC lysis of whole spleen sus- 

ensions as reported previously. Cells were stained with Zombie 

IR fixable viability dye (Biorad #423105) for 15 min, washed in 

nce with FACS buffer, and stained with T-select H-2Kd restricted 

FP 200-208 (HYLSTQSAL) tetramer (PE, # TS-M525-I, MBL Inc.) fol- 

owed by CD3-PE-Cy7 (Biolegend #100220) and CD8-APC (eBio- 

cience #17-0081-82) staining. Total 10 6 events were recorded on 

ovoCyte instrument (ACEA Biosciences, USA.) and the data were 

nalyzed by FlowJo v.10 software (FlowJo, LLC). To assess cytokine 

roduction, splenocytes (10 6 /well) were plated in 24-well plates 

nd treated with GFP (2 μg/ml for 5 days or with PBS as con- 

rol). Supernatant was collected and cytokines were quantified us- 

ng mouse cytokine & chemokine convenience 6-Plex kit (IL-2, IL-4, 

L-5, IL-10, IFN- γ and TNF- α; # LXSAMSM-06, R&D systems) using 

uminex xMAP according to manufacturers protocols. 

.15. Statistical analysis 

All quantitative results were obtained from three or more sam- 

les per group. To ensure reproducibility and rigor, two inde- 

endent animal studies (4-5 mice per group) were conducted 

nd cumulative antibody levels tetramer-positive CD8 ±T cell fre- 

uency are shown. Data are expressed as mean ±S.E. and statisti- 

al analysis was performed using a one-way or two-way ANOVA 

ith Tukey/Sidak’s/Dunnett’s multiple comparison test. ∗p ≤ 0.05, 
∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 0.0 0 01. 

. Results 

.1. Testing the toxicity and clearance mechanism of KFE repeat 

onstructs in yeast 

Saccharomyces cerevisiae , Baker’s yeast, has long been a useful 

odel system for studying biology. Though simple, yeast is highly 
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Fig. 1. KFE 8 -GFP fusions are nontoxic in yeast. (A) BY 4741 and BY 4741 �atg8 yeast was transformed with galactose-inducible KFE 8 -GFP fusions of varying lengths along 

with a GFP and TDP-43 control. The strains were serially diluted 5-fold and spotted onto glucose (off) or galactose (on) media. Toxicity was scored on a scale from 0 to 6 

based on the average number of spots from four replicates. (B) Strains from (A) were induced for 5 h, lysed, and immunoblotted. PGK1 serves as a loading control. 
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Fig. 2. KFE-GFP fusions are insoluble in yeast. (A) Filter retention assays of the 

three KFE-GFP fusions expressed in WT yeast. Cells were induced for 5 h, lysed, and 

passed in duplicate through a nonbinding cellulose acetate membrane and a bind- 

ing nitrocellulose control membrane. Samples were also boiled and passed through 

the cellulose acetate membrane. Peptides were then detected by immunoblotting 

for the GFP epitope. Experiments were performed in triplicate with independent 

transformations, representative results are shown. (B) The ratio of binding to the 

cellulose acetate (CA) to nitrocellulose (NC) membrane for the unboiled samples 

was quantified and normalized to the vector control. Dots show biological repli- 

cates, bars show means, and error bars show SEM ( N = 5). A one-way ANOVA with 

Tukey’s multiple comparison test was used to assess differences among each of the 

strains and no significance was found. 
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enetically tractable, and genetic pathways are highly conserved 

etween yeast and humans [37] . Yeast has been shown to be an 

xcellent model system for studying complex human diseases in- 

luding ALS/FTD, Parkinson’s disease, Alzheimer’s disease, diabetes, 

nd sarcoma [38–45] . We therefore sought to study the properties 

f the repeat peptide constructs in yeast, compare their proper- 

ies to those of disease-associated amyloid and amyloid-like pro- 

eins, and follow their mechanism of clearance. To test the ef- 

ects of intracellular expression of the constructs, we generated 

lasmids encoding 1, 2, or 4 repeats of the sequence FKFEFKFE 

or expression in yeast. Each repeat was separated by a flexible 

lycine-serine linker, and to monitor expression and localization, 

e fused each construct to eGFP. We used the 423GAL plasmid 

o drive galactose-inducible expression of the genes, and we ex- 

ressed KFE 8 , KFE 16 , and KFE 32 , along with a GFP control. We also

ncluded the amyloid-like protein TDP-43, which has been impli- 

ated in ALS/FTD and has been shown to be highly toxic and aggre- 

ate in yeast [46] . As expected, TDP-43 was highly toxic in yeast, 

hile KFE 8 and KFE 16 were nontoxic. KFE 32 was just slightly toxic 

 Fig. 1A ). Expression of each of the constructs was confirmed via 

mmunoblotting, and we also observed the expected increase in 

olecular weight corresponding to increased number of repeats 

 Fig. 1B ). 

It has been demonstrated that these peptide nanofibers engage 

he autophagy machinery in mammalian cells [47] . Such off-target 

ffects could prove problematic for ultimate therapeutic applica- 

ions of the nanofibers, particularly in elderly populations known 

o have impaired autophagy, though toxicity of the nanofibers has 

ot been noted in mammalian cell studies. Therefore to validate 

ur yeast model, we sought to assess if these proteins also engage 

utophagy in yeast. We assessed the toxicity of each of the fusions 

n �atg8 yeast and found that toxicity was not modified in this 

ackground as compared to WT yeast ( Fig. 1A ). We therefore con- 

lude that the repeat peptide constructs are not toxic and toxicity 

s not exacerbated under autophagy-deficient conditions. 

.2. KFE repeat peptides form insoluble inclusions in yeast 

Amyloid proteins are known to form insoluble inclusions that 

re resistant to boiling and other denaturing conditions. To deter- 

ine if the KFE repeats formed insoluble species in yeast, we em- 

loyed a filter retention assay [48] . Here, following induction of 

xpression as for immunoblotting, extracts are applied to a non- 

inding cellulose acetate and a binding nitrocellulose membrane 

n parallel. Larger insoluble species will be retained on the cel- 

ulose acetate membrane while smaller species will pass through 

he membrane. Proteins that form highly stable amyloid conform- 

rs will be resistant to high concentrations of denaturant and boil- 

ng. Here, we found that each of the KFE fusions strongly bound 
8 

468 
o the cellulose acetate membrane as compared to the GFP con- 

rol ( Fig. 2A ). As controls, we also included yeast expressing α-syn 

nd a polyglutamine expansion ( Fig. S1 ). Following boiling, none 

f the samples were retained on the cellulose acetate membrane, 

ith the exception of α-syn and polyglutamine. The ratio of ma- 

erial retained on the two membranes was quantified and we ob- 

erved a predicted increase in retention on the cellulose acetate 

embrane that correlates with increased length of the construct 

 Fig. 2B ). We therefore conclude that the repeat peptide constructs 

ssemble into stable, insoluble species, but that these species are 

ot as stable as amyloid species and can be disrupted at high tem- 

eratures. We also aimed to purify these KFE-GFP constructs to 

onfirm that GFP does not perturb fibrillization and that the ma- 

erials form nanofibrils in yeast. However, we found that the KFE 

epeat sequence drives the construct to accumulate in inclusion 

odies, and purification was not possible in either the native or 

enatured state ( Fig. S2 ). 

.3. KFE repeat peptides form foci in yeast that are cleared by 

utophagy 

We next sought to visualize the properties of the KFE repeat 

eptides in yeast using fluorescence microscopy. We studied each 
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Fig. 3. KFE-GFP fusions form foci in yeast. (A) Fluorescence microscopy of the three KFE-GFP fusions expressed in WT and �atg8 yeast. Strains were induced for 15 h, 

stained with Hoechst dye to visualize nuclei (blue), and imaged. Foci formed in each strain, with no clear differences among the strains. Representative images are shown, 

scale bar = 5 μm, all images are at the same scale. (B) Additional images of strains shown in (A). In some cells in the WT background, vacuolar accumulation of GFP was 

observed. No vacuolar accumulation of GFP was observed for cells in the �atg8 background. (C) Quantification of microscopy experiments shown in (A). Error bars show 

SEM. A one-way ANOVA with Tukey’s multiple comparison test was used to assess differences among each of the strains and no significant differences were found. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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f the strains and found that expression of each of the six strains 

licited formation of foci, or areas of punctate fluorescence, in 

east ( Fig. 3A ). We quantified these effects and found no significant 

ifferences in the number of cells harboring foci that correlated 

ith length of the KFE 8 repeat, although the foci did appear larger 

n strains expressing KFE 16 and KFE 32 as compared to KFE 8 . We 

lso observed that many cells in the WT background displayed GFP 

uorescence in the vacuole ( Fig. 3B ), while vacuolar accumulation 

as not observed in the �atg8 background. We quantified these 

ffects and saw a subtle, but consistent, increase in the number of 

ells with foci in the �atg8 background as compared to the WT 

ackground ( Fig. 3C ). These shifts in localization appear to happen 

ithout any substantial changes in expression level between the 

T and �atg8 strains. Based on this increased number of foci in 

he autophagy-deficient strain, and the accumulation of vacuolar 

FE, we conclude that they are trafficked through the autophagy 

athway in yeast, as they are in mammalian cells, yet this does 

ot trigger toxicity. 

.4. Self-assembly of KFE variants 

We next generated these synthetic peptides to characterize 

heir solubility and for use in subsequent seeding assays. Scan- 

ing transmission electron microscope (STEM) images indicated 

hat KFE 8 and KFE 16 assemble into high aspect ratio nanofibers 

s expected, whereas KFE 32 assembled into amorphous aggregates, 

ikely due to challenges with synthesis and purification of such 

ong repeat peptides ( Fig. S3 ). Circular dichroism (CD) spectroscopy 
469 
howed that KFE 8 assembled into the expected cross- β structure 

minima at ∼204 nm and ∼214 nm) whereas the secondary struc- 

ure of KFE 16 was indicative of a classical β-sheet (minima at 215–

20 nm) which is in agreement with other amphipathic 16-mer 

equences such as EAK16 and RADA16 [49] ( Fig. S4 ). We used ThT 

uorescence to assess the β-rich content of KFE assemblies and 

ata indicated enhanced fluoresence with increasing length ( Fig. 

5 ). In contrast to ThT that incorporates into the grooves along the 

ong axis of the fibril, ANS binds to exposed hydrophobic patches 

s well as integrates into hydrophobic cavities and our data in- 

icated enhanced ANS fluorescence emission with increasing re- 

eat length ( Fig. S6 ). Together, these data suggest that KFE8 and 

FE16 undergo self-assembly into supramolecular β-rich architec- 

ures whereas KFE32 forms amorphous aggregates. 

.5. Peptide nanofibers cannot cross-seed aggregation of α-synuclein 

Amyloid fibrils are known to spontaneously enter cells and seed 

ggregation of other copies of monomeric protein. These features 

nderpin the cell-to-cell transmissibility and infectious nature of 

myloid, allowing for a small quantity of seed to rapidly acceler- 

te conversion of monomer to adopt the amyloid fibril conforma- 

ion [50] . Further, cross-seeding is a phenomenon by which amy- 

oid fibrils comprised of one protein can nucleate amyloid for- 

ation by a protein of a different sequence. Given the resem- 

lance of the secondary structure of KFE nanofibers to disease- 

ssociated amyloid and amyloid-like proteins, it is of crucial im- 

ortance that the KFE nanofibers be incapable of seeding aggre- 
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C  
ation of disease-associated amyloid proteins. To test this idea, 

e employed HEK293T α-synuclein biosensor cells [ 27 , 28 ]. Here, 

ne copy of α-synuclein is fused to cyan fluorescent protein (CFP) 

hile another copy is fused to yellow fluorescent protein (YFP). 

FP and YFP function as a pair of fluorophores that can readily 

ndergo fluorescence resonance energy transfer (FRET) when in 

lose proximity, such as upon aggregation. As previously shown, 

hen pre-formed α-synuclein fibrils (PFFs) are added to cell cul- 

ure medium, the PFFs are internalized by the HEK cells and trig- 

er aggregation of α-synuclein which is quantified by measuring 

he FRET signal by flow cytometry [28] . 

To test if the KFE nanofibers can seed α-synuclein biosensor 

ells, we first confirmed uptake of the fibrils by flow cytome- 

ry using Cy5 labeled KFE fibrils. Internalization of the nanofibers 

as robust, with approximately 10% of cells displaying a Cy5 pos- 

tive signal on addition of 100 nM fibrils. When the concentration 

as increased to 200 nM, nearly 40% of cells were Cy5 positive 

 Figs. 4A , S8A). We next compared internalization of KFE fibrils to 

-syn monomer and α-syn PFFs using fluorescently labeled pro- 

eins ( Figs. 4B , S8B). We find that α-syn monomer is most readily

nternalized, with approximately 70% of cells showing internalized 

-syn. α-Syn PFFs are taken up less readily, with approximately 

0% of cells showing internalized PFFs. Approximately 30% of cells 

ake up labeled KFE 8 fibrils, indicating that the KFE 8 fibrils are in- 

ernalized more similarly to amyloid fibrils than monomeric pro- 

ein. We then applied the proteins to assess seeding. Here, appli- 

ation of just 50 nM α-syn PFFs is sufficient to trigger a robust 

RET signal ( Figs. 4C , S8C), with over 25% of cells displaying FRET. 

hen Cy5-KFE 8 preformed fibrils are applied instead of α-syn PFFs 

e observe no increase in FRET ( Fig. 4D ). We increased the con-

entration of Cy5-KFE 8 to as high as 200 nM and still observed no 

RET signal ( Fig. 4D ), confirming that the nanofibers do not seed 

-synuclein aggregation. We also applied 10 μM KFE 8 nanofibers 

ithout the Cy5 tag to ensure there was no interference of the 

ag with the FRET pair and still observed no seeding. We also di- 

ectly compared application of KFE 8 , α-syn monomer, and α-syn 

FFs all harboring the fluorescent tag and observe similar results 

 Figs. 4E , S8D). To further corroborate these results, we imaged 

hese cells using fluorescence microscopy. Again we observe an 

bundance of foci upon application of α-syn PFFs, while no foci 

re observed upon application of the KFE 8 nanofibers ( Fig. 4F -H). 

hus we conclude that the KFE nanofibers can enter cells similarly 

o amyloid fibrils, but they cannot cross-seed α-syn. Prior studies 

y Zottig et al. also demonstrated that a 10-mer peptide (SNNF- 

AILSS) derived from the amyloidogenic segment of the islet amy- 

oid polypeptide is capable of self-assembling into nanofibers but 

ot seeding amyloid formation [51] . 

.6. Vaccination with plasmids encoding KFE 32 -GFP elicits a robust 

ntibody response 

Armed with our characterization data, we next tested the im- 

unogenicity of plasmid vaccines containing KFE 32 tagged with 

FP as our model antigen. The reason for this choice is because 

ur ultimate goal is to express longer epitopes via plasmid delivery, 

nd these additional repeats can be easily generated through plas- 

id vaccination. Further, prior studies reporting on plasmid vac- 

ines composed of poly-Q tails attached to GFP have reported a 

ength-dependent increase in immunogenicity [52] . Thus, we chose 

o conduct our immunological studies using the longest repeat 

FE 32 -GFP construct. DNA-based vaccines have many advantageous 

eatures as compared to synthetic peptide vaccine strategies such 

s decreased cost, improved stability, and the ability to construct 

onger sequences than can be accomplished using solid-phase pep- 

ide synthesis. In our studies, we encountered significant barriers 

n the synthesis and purification of KFE ( Figs. S3-7 ) and there is
32 

470 
o precedence in the literature for solid phase synthesis of amphi- 

athic peptides beyond 16 residues. This provides a strong ratio- 

ale for delivering the constructs as DNA vaccines. However, syn- 

hesis in the host may also lead to different assembly patterns and 

rchitectures than when synthesized in vitro . Here, we primed and 

oosted groups of Balb/c mice with plasmids encoding GFP, α-syn- 

FP or KFE 32 -GFP and assayed the levels of anti-GFP antibodies in 

he sera. Data indicated that mice vaccinated with the KFE 32 -GFP 

r α-syn-GFP construct produced significantly higher levels of anti- 

FP antibodies as compared to soluble GFP at the highest dilution 

ested. ( Fig. 5A ). This difference can be ascribed to the monomeric 

r oligomeric nature of soluble GFP or α-syn-GFP and KFE 32 -GFP 

espectively which could potentially fibrillize in vivo to form higher 

olecular weight, high aspect ratio nanofibrils that mimic danger 

ignals and activate the immune system. In a series of serum di- 

utions, higher absorbance values were detected in mice receiv- 

ng the α-syn or KFE 32 tagged GFP compared to the soluble form. 

o determine the nature of the antibody response, isotypes IgG1, 

gG2a, IgG2b, and IgG2c, IgG3, IgM, and IgE were assessed using 

LISA. Data indicated detectable levels of IgG1, IgG2a, IgG2b and 

gM ( Fig. S9 ). These findings are exciting as they demonstrate that 

hese vaccines can be produced upon expression driven by a plas- 

id in a host. This will allow for more antigenic complexity in the 

onstruction of such vaccines than is possible with in vitro synthe- 

is. 

.7. Vaccination with plasmids encoding KFE 32 -GFP elicits a robust T 

ell response 

Immunization with DNA is known to be an effective inducer of 

ellular immunity. Having demonstrated that our constructs elicit a 

obust antibody response, we next sought to evaluate the ability of 

FP, α-syn-GFP or KFE 32 -GFP constructs to potentiate the produc- 

ion of antigen-specific CD8 + T cells. Spleens from vaccinated mice 

ere used in antigen recall assays and the frequency of tetramer- 

ostitive CD8 + T cells was quantified using flow cytometry. Pro- 

uction of antigen-specific cells were detected in mice receiving 

ll constructs without measurable statistical differences ( Figs. 5 , 

10). Importantly, both α-syn and KFE 32 fusion constructs were 

ound to elicit equivalent levels of antigen-specific CD8 + T cells. 

he augmentation of antibody responses, isotype class-switching, 

nd tetramer + CD8 + T cells also point to the possibility that KFE 32 -

FP could efficiently trigger CD4 + T cell mediated helper immu- 

ity. To investigate the involvement of T cell help, splenocytes from 

mmunized mice were stimulated in vitro with soluble GFP (cog- 

ate antigen), and the production of interferon- γ (IFN- γ ), tumor 

ecrosis factor- α (TNF- α), interleukin-2 (IL-2), interleukin-4 (IL-4), 

nterleukin-5 (IL-5), and interleukin-10 (IL-10) was measured using 

 multiplex assay. These cytokines were selected to provide mea- 

ures of either a Th1 response (IFN- γ , TNF- α, and IL-2) or a Th2

esponse (IL-4, IL-5, IL-10). Data indicated significantly higher pro- 

uction of all cytokines in splenocyte cultures of mice vaccinated 

ith soluble GFP, α-syn-GFP, or KFE 32 -GFP constructs compared 

o controls (splenocytes from the same mice that did not receive 

he cognate GFP stimulus) ( Fig. 6 ). The production of classical cy- 

okines associated with both Th1 and Th2 phenotypic T cells sug- 

ests a balanced immune response. 

. Discussion 

A crucial challenge in vaccine development is to achieve a bal- 

nce between immunogenicity and safety [53] . Most of the cur- 

ently used vaccines rely on co-administration of antigens with 

djuvants to enhance, maintain, and direct the adaptive immune 

esponse. In the U.S., only handful of adjuvants (alum, AS04, and 

pG) are currently licensed for human use [ 54 , 55 ], though a new



P.C. Shrimali, S. Chen, A. Das et al. Acta Biomaterialia 169 (2023) 464–476 

Fig. 4. KFE 8 nanofibers are internalized by HEK biosensor cells and do not cross-seed α-synuclein. (A) Cy5-KFE 8 nanofibers were applied to HEK biosensor cells and in- 

ternalization was monitored by flow cytometry. Quantification is based on Cy5 signal. Values were compared to buffer control using a series of two-tailed t-tests ( N = 3, 

biological replicates are shown as dots, bars represent means ± SEM, ∗p ≤0.05, ∗∗p ≤0.01). (B) Cy5-KFE 8 nanofibers, Alexa568- α-syn monomer, or Alexa568- α-syn PFFs were 

applied to HEK biosensor cells and internalization was monitored by flow cytometry. Quantification of cells with fibrils is based on Cy5 or Alexa 568 signal, respectively. 

Values were compared to buffer control using a series of two-tailed t-tests (N ≥3, biological replicates are shown as dots, bars represent means ± SEM, ∗∗∗∗p ≤0.0 0 01). (C) 

HEK α-synuclein biosensor cells were seeded with α-syn PFFs at the indicated concentrations. Seeding of α-syn was monitored by flow cytometry. Integrated FRET density 

for the α-syn PFFs were quantified from the experiments. (D) Experiments were performed as in C, but using KFE 8 PFFs at the indicated concentrations. Values in C and D 

are compared to buffer treatment using a one-way ANOVA with a Dunnett’s multiple comparisons test ( N = 3, biological replicates are shown as dots, bars represent means 

± SEM, ∗∗∗p ≤ 0.0 01, ∗∗∗∗p ≤0.0 0 01). (E) Labeled materials as tested for internalization in B were applied to HEK α-synuclein biosensor cells and seeding was monitored as 

in D. (F) α-Syn PFFs were added to biosensor cells at the indicated concentration and imaged. (G) Experiments were performed as in F but with Cy5-KFE 8 PFFs instead of 

α-syn. (H) Experiments were performed as in G but with unlabeled KFE 8 at higher concentration. Scale bar = 20 μm, scaling is the same in all images. 

471 
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Fig. 5. DNA vaccination with KFE 32 -GFP constructs elicits robust immune responses. (A) Prime-boost with KFE 32 -GFP construct induced robust anti-GFP (total IgG H ±L) 

antibody responses at significantly higher levels compared to α-syn-GFP or soluble GFP at higher serum dilutions. Levels of total IgG were comparable between α-syn- 

GFP fusion or soluble GFP. ∗p ≤0.05 and ∗∗p ≤ 0.01 by ANOVA with Tukey HSD post hoc testing, compared between groups. (B) Representative flow cytometry plots showing 

production of tetramer ± CD8 ± T cells in the spleens of mice immunized with soluble GFP, α-syn-GFP, or KFE 32 -GFP. (C) Cumulative bar graph from (B) showing the percentage 

of tetramer ± CD8 ± T cells from two independent plasmid batches and two independent animal experiments ( n = 4-5 mice per group). Vaccination scheme was created using 

Biorender.com 
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Fig. 6. DNA vaccination with KFE 32 -GFP elicits a balanced Th1/Th2 response. (A) Production of Th1 cytokines (A) IFN- γ , (B) TNF- α (E) IL-2 and Th2 cytokines (C) IL-4 (D) 

IL-5 and (F) IL-10 in unstimulated (open circle) or stimulated (solid circle) splenocyte cultures from mice vaccinated with soluble GFP, αSyn-GFP, or KFE 32 -GFP constructs. 
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0 0 01 compared with corresponding unchallenged control, by ANOVA with Sidak’s multiple comparisons test. 
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eneration of adjuvants including MF59 are under development 

56] . These adjuvants are chemically heterogeneous mixtures of 

lant- or pathogen-derived products, formulations of mineral salts, 

r emulsions, all of which which suffer from poor chemical defini- 

ion. These limitations have motivated the pursuit of adjuvant-free 

accination technologies [57] . Recently, Matrix M, a nanoparticle- 

ased adjuvant patform licensed by Novavax has been FDA ap- 

roved for use in COVID-19 vaccines [55] paving the way for the 

ext generation of nano-adjuvants. 

To enhance vaccine-based immunotherapies to combat infec- 

ions, cancer, and other conditions, biomaterials are being heav- 

ly explored with the goal of improving vaccine safety and ef- 

cacy. A prominent strategy, inspired by viruses, is to leverage 

acromolecular self-assembly which facilitates multivalent anti- 

en display, significantly enhancing receptor binding affinity and 

mmunogenicity. Recently, peptides that self-assemble into spe- 

ific nanoarchitectures have been pursued as modular and chemi- 

ally defined platforms for vaccine development [4] . In particular, 

amyloid-inspired’ peptide nanofibers that adopt a cross- β struc- 
473 
ure have been demonstrated to be effective for efficient delivery 

f vaccines and immunotherapies in multiple preclinical models of 

nfectious and non-infectious diseases [4] . However, several unre- 

olved challenges still remain and must be addressed to acceler- 

te translational effort s. A key hurdle is the fact that the safety of 

sing cross- β sheet rich amyloid-like structures must be carefully 

tudied [4] . 

The field of peptide self-assembly was motivated by initial at- 

empts to gain molecular and structural information on misfolded 

tates of proteins involved in neurodegenerative diseases. Identifi- 

ation of minimal peptide fragments capable of emulating the be- 

avior of the parent protein was used as a reductionist approach to 

lean structural information and understand disease pathogenesis. 

nexpectedly, these studies also suggested that very small peptides 

re capable of self-assembly. Minimal sequences derived from nat- 

ral proteins such as islet amyloid polypeptide (FGAILK), human 

alcitonin (DNFKFA), and A β1-42 (KLVFFA) have been reported [58–

2] . Reches and Gazit first identified the diphenylalanine (FF) pep- 

ide as the shortest motif able to self-assemble from the full length 
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myloid beta peptide (A β1-42 ) [63] . A second family of cross- β rich 

eptides comprised of amphipathic sequences with strictly alter- 

ating apolar and charged residues, such as the protopeptide EAK 

Ac-(AEAEAKAK) 2 -NH 2 ], were first identified in S. cerevisiae [64] . 

ecause these peptides all self assemble into structures resem- 

ling amyloid fibrils, and amyloid underpins the pathogenesis of 

everal neurodegenerative diseases, understanding the amyloido- 

enic potential of cross- β rich peptide biomaterials intended for 

accine development or other in vivo applications is paramount 

or their continued success. Computational and spectroscopic ef- 

orts in structural biology have identified that cross- β rich peptide 

ggregates are characterized by remarkable molecular and struc- 

ural complexities that correlate with toxicity [65] . Importantly, the 

utcomes of these studies have been exploited to design peptide 

nhibitors of amyloid-aggregation and cross- β rich peptide fibrils 

ave also been reported to be capable of triggering innate immune 

athways for the design of vaccines [ 8 , 65–67 ]. Also, emerging in-

ights into the functional roles of amyloid and amyloid-like pro- 

eins have challenged the notion that all amyloid species are in- 

erently toxic, and crucial differences that distinguish pathological, 

nconsequential, and functional aggregation are not yet fully under- 

tood. 

In this study we utilized the self-assembling peptide KFE 8 (FK- 

EFKFE). This peptide sequence is not only Phe rich but also am- 

hipathic with alternating apolar and charged residues. Association 

f the two apolar faces generates the basic cross- β motif that con- 

titutes the backbone of the fibrils. The structure, molecular pack- 

ng, and assembly of KFE 8 have been extensively characterized us- 

ng spectroscopic and computational studies [ 7 , 18 , 19 ]. Further, we

ave demonstrated the ability of KFE 8 to act as an immune adju- 

ant in multiple preclinical models of disease [4] . Therefore, we 

nticipate that, barring safety concerns, the KFE 8 sequence may 

ave broad translational utility. Here, to further the translational 

otential of amyloid-inspired peptide nanofibers, we have investi- 

ated the properties of the self-assembling peptide KFE 8 . First, we 

everaged the genetic tractability of S. cerevisiae , Baker’s yeast, to 

haracterize varying lengths of this repeat. We find that KFE 8 re- 

eats have distinct properties from those of amyloid and amyloid- 

ike proteins. While KFE 8 forms characteristic insoluble inclusions, 

xpression of these materials is non-toxic. We have previously re- 

orted that KFE 8 fibrils can enter cells via endocytic mechanisms, 

nd that the adjuvanting potential of peptide nanofibers is due 

o their ability to engage key components of the autophagy path- 

ay [47] . Triggering autophagy is important, because this signifi- 

antly improves responses to influenza vaccines in the elderly and 

he BCG vaccine in infants [68] . However, amyloid species are also 

leared via autophagy, and evidence suggests that impairment of 

utophagy in the elderly may be linked to increased susceptibil- 

ty to neurodegeneration with aging [69] . Here, we find that just 

s these peptides are cleared via autophagy in mammalian cells, 

hey are also cleared via autophagy in yeast. Promisingly, even in 

n autophagy-impaired strain, expression of the KFE 8 sequences 

emains non-toxic in yeast. The ability to study these biomateri- 

ls upon expression in yeast will be a useful platform in further 

haracterization of these materials. For instance, this yeast expres- 

ion platform can be used to conduct a genome-wide screen to in- 

estigate if the KFE repeat peptides engage or interact with other 

roteins in the cell, and to investigate and/or identify possible off- 

arget effects. 

Accumulating evidence implicates transcellular propagation of 

myloid species, or seeds, as a mechanism for disease progression 

n neurodegeneration. Amyloid species are also known to be ca- 

able of ‘cross-seeding’, whereby amyloid fibrils comprised of one 

rotein can initiate the amyloid cascade of another amyloidogenic 

rotein. This is thought to be due to the highly conserved struc- 

ural features of amyloid and pre-amyloid, which are highlighted 
474 
y the findings that a single antibody can cross-react with pre- 

myloid species comprised of a diverse range of monomeric pro- 

eins [14] . As such, it is crucial to investigate the capacity of any 

myloid-like therapeutics to seed amyloidogenesis of endogenous 

roteins. Here, we find that while α-syn preformed fibrils can en- 

er the cell and trigger robust seeding of endogenous α-syn, KFE 8 
brils can also enter the cell, but they do not trigger seeding of 

-syn amyloidogenesis. In future work it will be important to con- 

rm that these fibrils do not cross-seed a broader range of amy- 

oidogenic proteins. 

Finally, inspired by our successful expression of the KFE-GFP fu- 

ions in yeast, we also explored the development of DNA-based 

accines using the KFE platform. DNA-based vaccines remain an in- 

requently employed mode of delivery, yet this strategy has great 

romise. By genetically encoding synthesis of a vaccine, longer se- 

uences can be made than is practical by synthetic routes. Further, 

NA is less expensive to generate, easier to modify, and can be 

tored at ambient temperatures. To investigate these applications, 

e immunized mice with plasmids encoding KFE 32 -GFP, where 

FP serves as a model antigen. Immunization elicited a robust im- 

une response, and the KFE 32 scaffold induced production of sig- 

ificantly higher levels of anti-GFP antibodies as compared to im- 

unization with plasmid encoding GFP alone. However, a key ob- 

ervation here is that the antibody levels were low compared to 

ther reports using peptide nanofibers vaccines. To date, a plasmid 

accine encoding peptide nanofibers has not been tested so we do 

ot have a comparative baseline. Hudalla et al. delivered GFP con- 

ugated to peptide nanofibers (via cutinase-phosphonate orthogo- 

al chemistry) and reported high anti-GFP antibody titers [70] . On 

he contrary, immunization with GFP tagged PolyQ repeats (103Q) 

elivered as a plasmid, produced low levels of anti-GFP antibod- 

es as observed here for KFE 32 -GFP repeats. Importantly, the self- 

djuvanting potential observed upon immunization with synthetic 

eptide nanofibers was not diminished when delivered for expres- 

ion from a DNA plasmid. Further, the cytokine profiles from anti- 

en recall assays indicate a balanced Th1/Th2 response. 

In summary, we demonstrate that expression of KFE 8 results 

n the formation of insoluble inclusions in yeast similar to those 

f amyloid and amyloid-like proteins. However, KFE 8 is not toxic 

nd toxicity is not exacerbated in autophagy-deficient yeast. Fur- 

her, synthetic KFE 8 nanofibers do not cross-seed the amyloidoge- 

esis of α-synuclein, even at 10 0 0 × higher concentrations com- 

ared to α-syn preformed fibrils. In mice, vaccination with plas- 

ids encoding KFE 32 -GFP elicited a robust cellular immune re- 

ponse with a balanced Th1/Th2 cytokine profile, along with gen- 

ration of antigen-specific CD8 + T cells. These findings are signifi- 

ant and exciting because, since their serendipitous discovery, sev- 

ral applications based on self-assembling peptide nanofibers have 

een brought to the market and new sequences are being de- 

igned to generate chemically defined and hierarchically organized 

anoscale materials. However, to date no studies have investigated 

he amyloidogenic potential of self-assembling peptides or their 

tility as DNA vaccines. Our results demonstrate that despite their 

olecular, structural, and morphological similarity to pathological 

myloids, self-assembling peptides have distinct properties, and are 

romising materials for biomedical applications. 
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