ABSTRACT
BARBIERI, EDUARDO. Bacteria andVirus-targetingPeptides foBiotechnology and
BiomanufacturingApplications Advised by Dr. Saad A. Khan, Dr. Jan Genzer, andSBafano
Menegatti.
Peptides, both natural amhgineered, represent a group of molecules with great diversity in
composition, structure, and applications. Specifically for biotechnology, peptides are present in
antimicrobial therapeutics, insulin, amiflammatory agents, and scaffolds for affinitgands.
Unigue chemical structure of amino acids, building blocks of peptides, offer countless possibilities
to create new peptides for different applications. However, currently no formulations offer
controlled loading and release cdtionic peptides orexplore peptides as affinity ligands for
lentivirus. Thus, in this dissertation we explored different approaches to integrate antimicrobial
peptides with polymeric surfaces or microgels. Development of different compositions of
microgels composed of acrygamonomers generated systems with controlled loading and release
profiles of antibacterial peptides, polymyxin B and bacitracin, from artificial sweat. In addition,
we created a peptide library for selection of novel affinity ligands for purificatioerivirus
particles from cell culture fluids using mild elution conditions and neutral pH. Tireiags

contributeto the improvemendf antibacterial peptides to fight antimicrobial resistance and offer

a new platform for lentivirus purification.
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CHAPTER 1: Introduction

1.1.Objective

Thisdissertations dividedinto three different parts with three different otijees. For the
first part the goal was to develop different mechanisms to integrate antibacterial peptides on
polymeric surfaces, microgels and nonwovens. The second objective was to create a system for
encapsulation of bacteriophage Felix 01 for improvemestatfility at low pH and prolong shelf
life. Finally, the last goal was to discover and optimize peptides as affinity ligands for purification
of lentivirus.
1.2.Dissertation Outline

Chapter 2reports different methods to integrate antibactgregtidesin silicon wafers
coated with differenpolymers for example, poly(ethylenirephthalate poly(acrylic acid), and
poly(maleic anhydride) copolymersloreover, it shows how different formulations of microgels
composed oN-isopropylacrylamidemethacrylic acid, ang-hydroxyethylacrylateaffect loading
and release profile of bacitracend polymyxin B. Finally, it investigates antibacterial and
biocompatibility assays for peptide functionalized materials.

Chapter 3 describes a continuous methoéfaapsulation of bacteriophage Felix 01 using
mucin, guar gum, and aceton#. reveals particle morphology by transmission electron
microscopy, and mucin/guar gunteractionwith bacteriophages by confoaaicroscopy In the
end, itreports stability of encapsulated viruses to aguhl, hightemperatureand bile salts.

Chapter4 highlights theneedfor novel affinity ligands for the purification of lentivirus
particles.After, it describedn silico and experimentaimethod for screening and selection of
peptideas affinity ligands for lentivirusFollowed byassessment of peptiddgnamic binding

capacitiest different resident timeandvirus quantificatiorby transduction assagnzymelinked



immunoassayELISA) and reverse transcriptiequantitative polymerase chain reaction ({RT
gPCR)techngues.

Chapter 4urther described performance of peptides as affinity ligands to LV by studying
viruses packinglifferent genesof interest (GOI) and peptide conjugation to different types of
chromatography resins. Moreovérshows performance of membrane as an alternative substrate
for peptide attachmergnd LV purification. This chapter also proposes a lab ssetleof unit
operatios for development oLV downstream process.

Chapter Ssummarizes the current work and provides recommendations for future work.



CHAPTER 2: Potentantibacterial composite nonwovens functionalized with bioactive
peptides and poymers
By Eduardo Barbieri, Camden C. Cutright, Saad A. Khan, Kirill Efimenko, Jan Genzer, and

Stefano Menegatti

* An adapted version of this chapter has been publishadvanced Materials Interfaces.

Abstract

This study presents a set of strategies for produpioignt antibacterial fabrics by
functionalizing nonwoven fiber mats (NWFs) with antimicrobial peptates polymergAMPS).
The incorporation of AMPs was initially optimized 28D substrateby evaluating conjugation on
a poly(maleic anhydride) copolymer coating. adsorption on polycationic/anionic films and
microgels.The evaluation of the resultimyrfacesagainstS. aureusandE. coli highlighted the
superior antibacterial activity of peignic films loaded witldaptomycin and polymyxin Bs well
asmicrogelsfeaturingcontrolled release of bacitracin and polymyxin B. These formulations were
translated onto spdioond polypropylene and polyethylene terephthaldi®/Fs. Thepoly-ionic
coatings were either covalently anchored or physically adsorbed onto the surface of the fibers,
while themicrogels and antibacterial polymers wadsorbednd photecrosslinked thereon using
a UV-crosslinkablebenzophenonbasedpolymer. Selected formulations loaded with bacitracin
and polymyxin afforded a 2@old reduction ofS. aureusand E. coli in artificial sweat
respectively, on par with commercial antibacterial NWFse propo®d antibacterial fabric,
however, outperformed its commercial counterparts in terms of biocompatibility, showing

virtually no adverse effect ofluman Epidermal Keratinocytes. Collectively, these results



demonstrate affordable and scalable routes for developing antimicrobial nonwoven fiber mats that

efficiently eliminate resilient pathogenic bacteria.

2.1.Introduction

The prevalence of bacterial and fungal infections among hospitalized patients, deployed
troops, and healthcare workers highlights the urgent need fogaagtation textiles capable of
preventing and halting the proliferation of pathogenic microorganigmatimicrobial resistance
(AMR) is currently responsible for 700,000 deaths per year worldwide, and its incidence is
expected to rise ld by 2058. The Center for Disease Control and Prevention (CDC) reports
more than 2.8 million AMRelated infections every year in the United States, resulting in 35,000
deaths’ Overuse of antibiotics in clinics is considered a key factor contributing to the rise of
AMR.>® The growing consensus indicates that reversing this trend requires the development of
new materials that deliver antimicrobial agents to pathogenic microorganisms, thus reducing the
risk of infection and the need for antibiotfcs.

In this context, nonwoven fabrics (NWFs) are an ideal platformdtiveringantimicrobial
agents, being ubiquitous in environments where the risk of bacterial contamination i higgher,
chiefly in clinics, where NWFs are extensivelijlized as personal protective equipment (PPE),
clothing, face masks, gauze pads, and wipes. Their usage has grown from 264,000 tons in 2012 to
351,000 tons in 2018. Widespread application of antimicrobial NWFs in hospitals can
significantly reduce the risk of contamination by pathogenic microorganism, offering protection
to healthcare workers and patients. Current antimicrobial NWFs are manufactured using silver
nangarticles, copper, or quaternary ammonium compotiitisThese agents can cause adverse

reactions in patients, including allergies, and damage the beneficial microbial commnififftias.



the industrial production of antimicrobial nonowovens, these agents are typically mixed with
polymeric pellets prior to spunbond or meltblown proces$iddthis strategy, however, is rather
wasteful since most of the antimicrobial payload remains unused within the fibers. Other methods
include layetby-layer coating of polymers followed by chlorinatiti?® poly(acrylic acid)
grafting on nonwovens fibers followed by the immobilization of antimicrobial (bio)polymers, such
as chitosad? or coating with poly(zhydroxyethyl methacrylate) via gamma radiatfén.
Promising alternative to conventional antimicrobials is offered by antimicrobial peptides (AMPS)
and peptidenspired polymers, which show superior potency and biocompatibility together with a
substantially lower risk of inducing AMP.

AMPs are amphiphilic molecules comprising-3Q amino acids, particularly rich in
cationic and hydrophobic residu&sThe mechanism of action of AMPs typically relies on the
lysis of the cell membrane or translocation into the cytopfsurrently, more than 3,000 AMPs
are registered in the Antimicrobial Peptide Database, including sequences derived from plants,
bacteria, archaea, fungi, protists, animals, ordganovodesign?® Of clinical relevance are
bacitracin, daptomycin, enfuvirtide, and vancomycin, which the FDA has approved for treating
various antimicrobial infections in humat?sThe key advantages of AMPs dadspectrum
activity against viruses(g, human papillomavirus, hepatitis B), resilient Grpositive €.9, S.
aureug, and Grarmegative €.g, E. coli, P. aeruginosa, K. pneumofidacteria, fungi, and
protozoa®! lower likelihood of causing AMR compared to traditional antimicrobiaksd lower
toxicity and immunogenicity compared to commercial antibicties)daffordable manufacturing
at scale’*

This study seeks to devise strategies to integrate AMPs within NWFs efficiently,

affordably, and scalably. We initially optimized the loadingAMPs upon model substrates that



mimic the surface of the fibers in NWFs by comparing covalent conjugasophysical
adsorption. Conjugation was accomplished using a thin layer of a poly(maleic anhpdisdd)
polymer that enables efficient ligation of amiterivatized AMPs, whereas adsorption was
performed using polonic films and microgels as AMBaded @pots. Surface functionalization,
characterized via ellipsometry, contact angle, and time of flight secondary ion microfoépy (
SIMS) indicated successful functionalization afbstrates and coatings. Testing these substrates
againstS. aureusand E. coli highlighted the superior antibacterial activity of padyic films

loaded withdaptomycin and polymyxin B. Selected formulations were translated ontebspidn
polypropylene and polyethylene terephthalidi&/Fs: poly-ionic coatings were initially formed
directly onto the surface of the fibers via conjugation or adsorption, while micredielsptimal
compositionwere photecrosslinked thereon using the kfgactive polymemp(NIPAM-co-4-
benzoylphenyhcrylamide) These methods were developed using affordable ingredients and
designed to enable continuous manufacturing under efficient use of materials. Selected
formulations loaded with bacitracin and polymyxin B afforded a strong reduct®nanfreusand

E. coli, while displaying superior compatibility to human skin cells than a control commercial
product. Collectively, these results demonstrate affordable and scalable routes for developing

antimicrobial nonwoven fiber mats that efficiently eliminate resilieth@genic bacteria.

2.2.Materials and methods
2.2.1.Materials

(3-Aminopropyl)triethoxysiland APTES), poly(methyl vinyl ethealt-maleic anhydride)
(PMVEMA), tris(2-aminoethyl)amine (TREN), ethylenediamine (EDA)dorophenol, toluene,

N-isopropylacrylamide NIPAM), methacrylic acidNIAA), 2-hydroxyethyl acrylate (HEA), -2



aminoethylmethacrylamide (AEMA), becrylamide (BIS), acryloyl chloride, -4
ami nobenz o pAzebis(@methylprogigniild) (AIBN), ammonium persulfate (APS),
sodium dihydrogen phosphate dihydrad¥akihPOs.2H,0), sodium chloride (NaCl), Kaiser assay
kit, triethylamine (TEA), H-pyrazolel-carboxamidine hydrochloride (HPC), sodium
bicarbonate, hydrochloric acid (HCI), polyacrylic acid (PAA), polyethyleneimine (PEI); Dey
Engley neutralizing broththioanisole, anisolegthanel,2-dithiol, glucose,in vitro toxicology
assay kit (Resazurin based) were obtained from MilliporeSigma (St. Louis, MO). Silicon wafers
were obtained from Silicon Valley Microelectronics (Santa Clara, CA). Poly(ethylene
terephthalate) (PET) copolymer (Eastapak 9921) pellets were pcowig Eastman Chemical
CompanyN , d®iNjethylformamide (DMF), dichloromethane (DCM), HPigtade acetonitrile,
fluorescein,tetrahydrofuran (THF), bacitracin frofacillus licheniformis daptomycin, and
polymyxin B sulphate (7500 IU/mg) were obtaineshfr ThermoFisher Scientific (Waltham, MA).
Trifluoroacetic acid (TFA), Fmoc/tBprotected amino acids, piperidine, diisopropylethylamine
(DIPEA), N-Methyl-2-pyrrolidone (NMP), hexafluorophosphate azabenzotriazole tetramethyl
uronium (HATU), and rink amide resin were purchased from Chemlmpex (Wood Dale, lllinois).
BBL™ Mueller Hinton Broth (MHB) and DifcB Nutrient Broth were purchased from Becton
Dickinson- BD (Sparks, MD). Beef extract and soya peptone were purchased from VWR (Radnor,
PA). Tryptic Soy Brth was obtained from Teknova (Hollister, CA). Yeast extract and granulated
agar were purchased from Genesee Scientific (San Diego,St#yhylococcus aureydaTCC
6538P) and (ATCC 25923Escherichia coli(ATCC 8739), and (ATCC 25922) cells were
obtained from Microbiologics (St. Cloud, MN). Primary Epidermal Keratinocytes cells (HEKa),
Dermal Cell Basal Media, and Keratinocyte Growth Kit were purchased from American Type

Culture Collection (AATC) (Manassa¥A). Spunbond poly(ethylene terephthalate) (PET, 50



gsm) was donated by The Nonwovens Institute at NC State University. Spunbond polypropylene
(PP, 50 gsm) was provided by O&M Halyard, Inc. (Alpharetta, GArofmmercialPPR-based
antimicrobial nonwoven fabric (30 gsm) was donate@yndustrial collaborator and utilized in

this study as control

2.2.2.Synthesisof antibacterial peptides.

Arginine and tryptophan rich peptides were synthesized on rink amide resh2q@00
mesh, functional density of 0.92 mmol per g resin) or Fip¢Boc)Wang resin (10200 mesh,
functional density of 0.73 mmol per g resin) via Fmoc/tBu strategy usingag@idlstra Initiator
(Biotage, Uppsala, Sweden). Briefly, the resin was initially deprotected using 20% v/v piperidine
in DMF (50 eq.) for 20 min at room temperature; amino acid conjugation was performed by
incubating the resin with a solution of Fmoc/tBrotected amino acid at 0.5 M (5 equivalents
(eq.) compared to the functional density of the resin) and HATU at 0.5 M (5 eq.) in DMF, and a
solution of DIPEA at 0.5 M (10 eq.) in NMP for 5 min at 75 °C; the completion of the amino acid
conjugation reactios was monitored via Kaiser test. After coupling each amino acid, the Fmoc
group was removed using 20% v/v piperidine in DMF for 20 min at room temperatteanial
acetylation of the peptides was conducted by incubating the resins with a 2 M sdldeatio
anhydride (50 eq.) and DIPEA (50 eq.) in NMP at room temperature; the completion of the
acetylation reaction was monitored via Kaiser test. Finally, peptides deprotection and cleavage
from the resin were conducted using reagent R (90:5:3:2 TlAfilsole/EDT/anisole) for 2 hrs
at room temperature under stirrinthe peptides were precipitated in-oeld diethyl ether and
petroleum ether, freezgried, and purified using a Biotage Sfar Bio C18 Duo 300 A column

installed on a Isolera Prime (Bage, Uppsala, Sweden) by running a linear gradient of



water:acetonitrile (0.1% formic acid) from 95:5 to 0:90. Peptide purity was asdgssederse
phase chromatography using a bioZen 2.6 pum peptideCX8 (50 x 4.6 mm) column
(Phenomenex, Torrance, CA) installed on a Waters 2695d@brmance liquid chromatography
(HPLC) system (Milford, MA), by running hnear gradient of water:acetonitrile (0.1% formic
acid) from 95:5 to 0:10@hile continuously monitoring the UV absorbance of the effluent at 280

nm and 220 nm.

2.2.3.Synthesis of antibacterial polymers.

Poly(N-isopropyl acrylamideo-2-aminoethyl acrylamide) R(NIPAM-co-AEMA))
polymers withNIPAM:AEMA monomer feed ratios of 80:20, 50:50, and 0:100 were synthesized
via free radical polymerizatioft.In preparing the 50:50 ratio, 0.3 g MIPAM and 0.44 g of
AEMA were initially dissolved in 200 mL of MilliQ water, degassed with &hd gradually heated
until 70 °C. After 1 hr, 40 mg of APS were added, and the reaction was allowed to proceed for 24
hrs at 70 °C under Natmosphere and stirring. Heating was then removed, and the reaction was
allowed to reach room temperature. The polymer solutions were dialyzed against MilliQ water in
SnakeSki Dialysis Tubing(Thermo Scientific, Waltham, MA) with a nominal eoff of 10
kDa for 3 days, with watathanges every 24 hrs. The polymers were finally lyophilized and stored
at 4 °C. For modification of AEMA to-guanidinoethyl methacrylamide (GUMA), a solution of
HPC (1.1 eq. with respect to the amount of AEMA) and TEA (1.1 eq.) in MilliQ water was added
dropwise to the aqueous solutions oNFFAM-co-AEMA) polymers at 20 mg/mL and allowed
to react for 48 hrs at room temperature. The polymer solutions were dialyzed against MilliQ water,

lyophilized, and stored at 4 °C. The final mol% of each monomer pollgeners were determined

vimlH NMR wusing an Avance NEO 700 MBReznomihsIR ( Br |



NIPAM:AEMA monomer ratio of 80:20, 50:50, and 0:100 were utilized to generate a larger
ensemble of antibacterial P(NIPAM-AEMA-co-GUMA) polymers to evaluate if NIPAM

affects antibacterial performance of polymers at room temperature versus 37 °C.

2.2.4.Coating of silicon wafers with polyethylene terephthalate (PET / silicon wafer) or
polyethylene imine (PEI / silicon wafer).

Silicon wafers were cut into 1.5 cm x 1.5 cm squares, cleaned with methanol, dried with a
stream ofN, and oxidized in an ultraviolet/ozone (UVO) cleaner (Model 42, Jelight, Irvine, CA)
for 5 min. Activated wafers were incubated in 10 mL of 1% v/v APTES in dried toluene for 10
min, and rinsed sequentially with toluene, methanol, and water, resultind\IAT&ES monolayer
on the silicon (APTESiIlicon) wafers. PET films were fabricated following the method described
by Castilloet al*® Briefly, PET pellets were dissolved irchlorophenol at the concentration 1.0%
w/w under heating and filtered using 0.2 &em F
solution at room temperature was spoated on top of the APTESlicon wafers a#,000 rpm
for 90 seonds Alternatively, the activated wafers were incubated directly with 1 mL of a solution
of PEI in MilliQ water at 20 mg/mL for 5 min at room temperature and 10 mi®@t°C. The
excess of PEI was removed by copiously rinsing thersafithMilliQ water. Wafers were dried

for 1 hr at atmospheric pressure and then under vacuum for 24 hrs.

2.2.5.Coating of PET / silicon wafers with poly(methylvinylether}(maleic anhydride)
(PMVEMA / PET / silicon wafer).
The PET / silicon wafersSection 2.3 were initially placed in a solution either TREN

or EDA at the concentration of 334 mM in methanol for 30 min at 60 °C. Following incubation,
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the wafers were rinsed with methanol and dried using a stream dhl aminated PET films
were then coated using a 1% w/w PMVEMA in THF at 3,000 rpm for 60 sec. After drying in air,
the PMVEMA-PET-silicon waferswere cured at 120 °C for 2 hrs. Unbound PMVEMAs
removed by sonication in THF and copiously rinsing the wafersTith. Wafers were dried for

1 hr at atmospheric pressure and then under vacuum for 24 hrs.

2.2.6.Antibacterial functionalization of PMVEMA / PET / silicon wafers.
The PMVEMA-PET-silicon wafers $ection 2.pwere incubated in solutions of AMPs at
0.5 mg/mL in MilliQ water or DMF at room temperature. After 3 hrs, the samples were sonicated

for 10 min and rinsed with MilliQ water or DMF. Samples were dried using a stream of N

2.2.7.Coating of PEI-silicon wafers with poly(acrylic acid) (PAA / PEI / silicon wafer).
The PEisilicon wafers $ection 2.%twere incubated in an aqueous solution of PAA at 16
mg/mL and pH 4.3 for 10 min at room temperature, rinsed with water and dried using a stream of

No.

2.2.8.Antimicrobial functionalization of PEI / silicon and PAA / PEI / silicon wafers.

The PEtsilicon wafers $ection 2.4were incubated in an aqueous daptomycin solution at
0.5 mg/mL for 5 min at room temperature. Alternatively, PIAZEI/ silicon wafergSection 2.y
were incubated in an aqueous solution of either polymyxin B, bacitracin, PAEN & -co-
GUMA-co-AEMA) or KRRWRIWLV-NH: at 0.5 mg/mL for 5 min. Following incubation, all

wafers were copiously rinsed with MilliQ water and dried using a stream.of N
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2.2.9.Analytical characterization of coated wafers

2.2.9.1.Ellipsometry.

The thickness of the polymer layers deposited on the silicon wafers was measured using a
VASE ellipsometer (J.A. Woollam, Co., Inc., Lincoln, NE) at a 70° angle of incidence. A custom
fitting model for the Cauchy layer model for PET, PMVEMA, and antibadt@eptides and

polymers was implemented to analyze the raw data and obtain thickness values.

2.2.9.2.Contact angle.
Contact angles of the uncoated and coated silicon wafers were measured using a Rameé
Hart contact angle goniometer equipped with a CCD camera (Mod€lQ,(RaméHart, Netcong,
NJ). A drop of water was dispensed on the surface of the wafers, allowedliforatguior 30 sec,
and imaged to measure the contact angle between the surface and the water drop. Six

measurements were taken on each sample at different locations and averaged.

2.2.9.3.Time-of-Flight Secondary lonization Mass SpectrometJqF-SIMS).

The antimicrobial wafergvere analyzed using a TOF SIMS V (ION TOF, Inc. Chestnut
Ridge, NY) instrument equipped with a Bin"ifm = 1- 5, m = 1, 2) liquid metal ion gun, Cs+
sputtering gun, and electron flood gun for charge compensation. Both the Bi and Cs ion columns
were oriented at 45° with respect to the sample surface normal. Samples were analyzed under

vacuum (5.0 x 1® mbar) to avoid contamination of the surfaces.

2.2.10.Broth microdilution antimicrobial assays.
The values of a minimum inhibitory concentration of peptides and polymers were assessed
by broth microdilution assay/.Briefly, peptide and polymer stock solutions, respectively, at 128

pg/mL and 1280 pug/mL, were initially prepared by diluting aqueous solutions with MHB media.

12



Each stock solution was utilized to prepare serial dilutions #wé&l6 polypropylene microtiter
plates, specifically 2old for peptides (128 pg/mL, 64 pg/mL, 32 ug/mL, 16 pg/mL, 8 pg/mL, 4
pg/mL, 2 pg/mL, 1 pg/mL, 0.5 pg/mL, and 0.25 pg/mL) andfd@ for polymers (PFJIPAM-co-
AEMA-co-GUMA) (81:19:0; 81:4:15; 56:44; 56:2:42; 0:100:0; 0:3:97)). In parallel, suspensions
of E. coliand S. aureuscells grown for 4 hrs (Ofo ~ 0.1) at 37 °C were diluted to a final
concentration of ~ focfu/mL in MHB media. Avolume of 50 pL of bacteria suspension was
added to each well followed by incubation for28hrs at 37 °C; the polymers were also tested at
room temperature. Following incubation, the minimum inhibitory concentration (MIC) was
measured as the lower piglgt concentration at which no bacterial growth was observed. All
experiments were conducted in triplicate using growth contirelsr{o peptide or polymer added)

and sterility control of the MHB media€., no bacteria or peptide/polymer added).

2.2.11.Evaluation of antibacterial activity of coated wafersvia contact assays withe. coli
and S. aureus

E. coli(ATCC 8739) ancs. aureugATCC 6538P) cells were initially grown in the media
recommended by ATCE at 37 °Cand 200 rpm for 4 hrs and concentration adjustedLO®
cfu/mL. A volume of 10 pL oE. colior S. aureusell suspension were placed on top of coated
silicon wafers, covered with a plastic slide, and incubated at 37 °C. After 18 hrs, the surfaces of
the coated silicon wafers were rinsed with 90 uL of {Begley neutralizing buffer. Aliquots of
10 pL of neutalizing buffer were withdrawn from the surface and utilized to prepare serial 10
fold dilutions, which were placed on agar plates with appate growth media and incubated at

37 °C. After 18 hrs, the number of cells were visualized counted.
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2.2.12.Evaluation of antifouling activity of coated wafers

E. coli(ATCC 25922) an®. aureugATCC 25923) cells were initially grown in trypticase
soy broth at 3PC and 200 rpm until an Qb» ~ 0.4 was achieved. Coated silicon wafers were
placed in 6 well plates and together with 3 mL of bacterial suspension wi ©D.1. After 3
days, samples were gently removed from plates and rinsed with PBS. The cells on the surface of
the silicon wafers were fluorescently died using a LIVE/DEAD BacLight Bacterial Viability Kit
(Molecular Probes, Invitrogen, NY) followgrthe procedure recommended by the manufactdirer.
After staining, surfaces were imaged using Zeiss LSM 880 confocal microscope (Carl Zeiss,

Thornwood, NY).

2.2.13.Functionalization of PET NWFs with PEI (PEI/ PET NWFs).

PET NWFs wereut in 2.5 x 2.5 cm squares and placed in 20 mg/mL of PEI in ethanol at
70 °C. After 3 hrs, samples were removed from heat, rinsed with ethanol, sonicated for 30 min,
and dried in an oven at 10G. The presence of PEI in the NWFs was confirmed by the Kaiser

assay MilliporeSigma, St. Louis, MQ

2.2.14.Adsorption of PAA and antibacterial peptides on PEl/ PET NWFs.

The PEI/ PET NWFswere incubated in an aqueous solution of daptomycin at 25 pg/mL,
overnight under stirring. The samples were then rinsed with MilliQ water and dried under vacuum
for 24 hrs.Alternatively,the PEI/ PET NWFswere incubated in an aqueous solution of PAA at
16 mg/mL and pH 4.®vernight the resultingPAA / PEI/ PET NWFswere incubated in an
agueous solution polymyxin B at 100 ug/mL, overnight under stirfihg.residual concentration

of daptomycin in the supernatants was quantified bgrssvphase chromatography (RPLC)
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using a BioZen 2.6 um peptide XB18 (50 x 4.6 mm) column (Phenomenex, Torrance, CA)
installed on a Waters 2695 higlerformance liquid chromatography (HPLC) system (Milford,
MA), by running an isocratic solution of 33:67 acetonitrile:water (0.1% v/v fomaid) while
continuously monitoring the UV absorbance of the effluent at 280 nm. The residual concentration
of polymyxin B in the supernatants was monitored by analyzing the collected supernatants using
a Piercé Quantitative Fluorometric Peptide Ass@hermoFisher Scientific, Waltham, MA).

The loading of daptomycin oREI/ PET NWFsand polymyxin B orPAA / PEI/ PET NWFs

were calculated by mass balance.

2.2.15.Analysis of PAA/PEI/PET, PEI/PET, and PET NWFs by Xray Photoelectron
Spectroscopy (XPS)

The surface chemical composition of the surface oPthA / PEI/ PET, PElV PET, and
PET NWFs were analyzed using a Kratos Analytical Axis Ultra spectrometer equipped with a

PHOIBOS 150 analyzer. The XPS used an Al monochromatexy Xource.

15



2.2.16.Synthesis of NIPAM -based hydrogel microparticles (microgels).

PNIPAM microgels with a variable molar ratio oNFPAM, MAA , and HEA monomers
were synthetized following the method described by Bretval*® The amounts of monomers
utilized for the different microgel formulations are listedTiable 2.1. The monomers were
initially dissolved in 200 mL of water, mixed with 194 mg BIS, degassed wittatNl gradually
heated until 70 °C. After 1 hr, 57 mg of APS solubilized in 1 mL of MilliQ water were added, and
the reaction was allowed to proceed for 5 hrs at 70 °C; airhosphere, and under stirring at 200
rpm. Heating was then removed, and the reaction mixture was allowed to reach room temperature.
The microgel suspension was dialyzed against MilliQ wateBrinkeSkii Dialysis Tubing
(nominal cutoff 10 kDg Thermo Scientific, Waltham, MA) for 3 days, with water changes every

24 hrs. Finally, the microgels were drigdyophilization

Table 2.1. Mass of monomers used to synthesize microgels. All microgelsonesslinked with
4% wiw BIS.

Nominal monomer ratio

PNIPAM:MAAHEA — NIPAM(@)  MAA(G)  HEA(g)

91:5:0 3.18 0.13 0
81:15:0 2.90 0.41 0
66:30:0 2.45 0.85 0
36:60:0 1.45 51.65 0
66:15:15 2.35 0.41 0.55
51:30:15 1.89 0.84 0.57
21:60:15 0.84 1.83 0.62
51:15:30 1.81 0.40 1.09
36:30:30 1.33 0.84 1.13
6:60:30 0.24 1.82 1.23
81:0:15 2.78 0 0.53
66:0:30 2.26 0 1.05

96:0:0 3.31 0 0

* The extended form of themonomerweight ratio utilized inmicrogelsynthesis isRIPAMMAAHEA:BIS = X:Y:Z:4.
However, while theatio of INIPAM MAA, and HEAn the polymerization miwas varied, biscrylamide (BIS) was
employedat a constant ratio of 4% w/w. Therefore, ti@ablereportsonly the values of thePNIPAMMAAHEA
ratio.
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2.2.17.Synthesis of4-acrylamidobenzophenone (ABP}!

In a round bottom flask, 1 g of@minobenzophenone was dissolved in 20 mL of DMF
under stirring in an ice bath and mixed with 400 pL of TEA and 1.050 mL of acryloyl chloride
added dropwise. The mixture was allowed to react overnight at room temperdpieemosphere
and under stirring. The resulting monomer was precipitated in 400 mL of cold Mikgr,
titrated to pH 4 using concentrated aqueous HCI, and separated by centrifugation. The compound
was resuspended in saturated sodium bicarbonate solution, centrifuged, and dried under vacuum.
The final mass of 0.8 g corresponded to a 63% yteldUMR (600 MHz, CDCY): (i 7.85 (d, 2H),

7.78 (d, 2H), 7.72 (d, 2H), 7.59 (t, 1H), 7.49 (t, 2H), 7.45 (s, 1H), 6.50 (s, 1H), 6.29 (dd, 1H), 5.85
(d, 1H).*C NMR (150 MHz, CDQ) 141.60, 137.81, 133.33, 132.27, 131.66, 130.75, 129.89,

128.88, 128.30, 119.00.

2.2.18.Synthesis of U\fcrosslinkable p(NIPAM -co-4-benzoylphenytacrylamide)
(P(NIPAM -co-BPAM)).

The P(NIPAM-co-BPAM) polymer was synthetized following the method described by
Ramesthet al*? In a Schlenk flask, 1.9 g dflIPAM, 0.2 g of ABP, and 27 mg of AIBN were
dissolved in 30 mL of dioxane under argon atmosphere. After removing the oxygen from the
reaction mixture by 4 freezgumpthaw cycles, the reaction was activated by heating to 70 °C and
allowed to react for 15 hrs iar atmosphere and under stirring (300 rpm). The resulting polymer
was separated by precipitation in cold petroleum ether, followed by filtration and drying under

vacuum.
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2.2.19.Dynamic Light Scattering (DLS) of PNIPAM -based microgels.

The microgels prepared as describedSiection 22.16 were suspended in MilliQvater
(resistivity: 18.6 Mq cm) at 0.1 mg/ mL and an
Malvern Nano ZSP instrument (Malvern, UK). Cumulant analysis of the spectra was performed to

determine the-average size and polydispersity (PDI) of thenples.

2.2.20.Microscopy imaging of microgels.

The microgels were imaged by Transmission Electron Microscopy (TEM) according to
procedure described iyameshet al*2. For confocal microscopy imaging, the microgels were
suspended in an agueous solution of fluorescein at 5 pg/mL, incubated overnight under stirring,
centrifuged at 20,000 xg for 10 minutes to remove unloaded dyes, resuspended in water, and

imaged using Zes LSM 880 confocal microscope (Carl Zeiss, Thornwood, NY).

2.2.21.FTIR Measurements of microgels.

Fouriertransform infrared spectroscopy (FTIR) data were collected by performing 128
scans with a 4 ch resolution in an attenuated total reflection (ATR) mode with Ge crystal on a
Nicolet 6700 spectrometer and analyzed using OMNIC software. All spectra were processed by

advanced ATR correction followed by baseline correction.

2.2.22.Loading and release of AMPs on {IPAM -co-MAA -co-HEA) microgels.

Aqueous solutions of polymyxin B sulphate or bacitracin at 0.1 mg/mL were incubated
with the PNIPAM-basedmicrogels(Section 2.15) at the ratio of 0.1 mg peptide per mg of
microgel and incubated overnight at room temperature under stirring. After centrifuging the

suspensions at 20,000 g for 10 min, the microgels were copiously rinsed with MilliQ water and
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centrifuged again to remove free peptides. To conduct the release studies, 0.1 mL ofqedidie
microgels were exposed to 1 mL of human svieested solution (86 mM NaCl, 14 mM Ng#Qy,

pH 5.5) (ISO108=04-2008E)# 0.2 mL aliquots of supernatant were collected at defined time
points and replaced with fresh artificial sweat. The concentratibaaitracin in the supernatants
was quantified by reverse phase chromatography using a Gemini 5 p@1LBIX100 x 4.6 mm)
column (Phenomenex, Torrance, CA) installed on a Waters 2695phaifdrmance liquid
chromatography (HPLC) system (Milford, MA) by rungiran isocratic solution of 25:25:50
methanol:acetonitrile:aqueous K at 0.05 M and pH 6.0, while continuously monikgyithe

UV absorbance of the effluent at 254 fholymyxin B was monitored by analyzing the collected
supernatants using a PierceTM Quantitative Fluorometric Peptide @$saynoFisher Scientific,
Waltham, MA).The temporal profiles of peptide release were fit against the KorsrReypgas
kinetic model Equation 1),%°® which describes the release of small molecules from hydrophilic

matrices:

Equation 1 — 0O
WhereinQ(t) is the cumulative release of peptide at tiy@p is the maximal peptide release

t &), K is the r elnesdhe eleaseaexponen:© 0.5 derated Ficldan d
diffusion, whereas > 0.5 indicates that spatial rearrangement of the polymer chains occurs within

the microgels and contributes to peptide transport.

2.2.23.UV crosslinking of P(NIPAM -co-MAA -co-HEA) microgels on PET and PP NWFs
using PNIPAM -co-BPAM).

PET or PP NWFs were cut in 2.5 cm x 2.5 cm squares, sonicated for 5 min in ethanol, dried
in oven at 70 °C, and their initial mass was recorded. A volume of 0.15 mL of aqueous suspension

of PNIPAM-co-MAA-co-HEA) microgels NIPAM:MAA:HEABIS = 6:60:30:4) or a
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suspension of RIPAM-co-MAA) microgels NIPAM:MAA :BIS = 91:5:4 or 81:15:4) in ethanol

at 10 mg/mL was incubated with the NWF samples, to which 0.15 mL of solutiomNd? AN -
co-BPAM) (Section 2.18) at 10 mg/mL in ethanol was added. The samples were dried at 100 °C
for 10 min, cooled to room temperature, and exposed to UV light (2 m¥font min on each

side to allow R{IPAM-co-BPAM) crosslink the RIPAM based microgels to the substrate NWFs.

Four additional rounds of microgel deposition and crosslinking were performed, after which the
samples were sonicated for 10 min, rinsed in ethanol or water, dried, and weighted. Samples were
incubated in polymyxin Bor bacitracin solutions at 100 pg/mL under stirring overnight. The
residual concentration of peptide in the supernatants was quantified as desc3ibettbim 2.22.
Alternatively, an aqueous solution of PAEMA oNPIPAM-co-AEMA-co-GUMA) (56:2:42) at

10 mg/mL was deposited and crosslinked on PET or PP NWFs as described for the microgels.

2.2.24.Scanning Electron microscopy (SEM).

The morphology of the microgel/polymeoated PET and PP NWFs was assessed by field
emission scanning electron microscopy (FEEM) using a Verios 490L microscope
(ThermoFisher Scientific, Waltham, MA). SEM images were captured at an accelerating voltage

of 5 kV under vacuum.

2.2.25.Antibacterial assays of NWFs.

Polymyxin B-, bacitracin, and daptomychkioaded NWFs were tested agairist coli
(ATCC 8739)andS. aureugATCC 6538P) cells, respectively. Bacteria strains were grown as
described irSection 2.11 The cells were then collected by centrifugation at 4,000 g for 5 min,

resuspended in artificial sweat, centrifugated, and resuspended one more time. The concentration
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of bacteria was adjusted 16’-10° cfu/mL using artificial sweat. Individual bacitraejrpolymyxin

B-, or daptomycidoaded NWFs (~30 mg of fabric) were placed inael plate and exposed to

25 pL of S. aureusr E. colicell suspension at 37 °C for 3 hrs. The samples were rinsed with 225
uL of Dey-Engley neutralizing bufferserially diluted, placed in agar plates, and incubated for 18

hrs at 37 °C before colony counting.

2.2.26.Assessment of Primary Normal Human Epidermal Keratinocytes (HEKa) cell
viability using Alarm blue assay.

HEKa cells were initially grown in Dermal Cell Basal Media supplemented with
Keratinocyte Growth Kit at 37 °C and 5% &@fter cells reached 780% confluence, they were
passaged to 2ell plates at 50,000 cell/well and grown in the same conditions, with the addition
of 2 mM CaC}. After cells reached 70% confluence, the PET and PP NWFs samples unmodified
or modified as described section 22.23 (~ 10 mg) were placed in contact with the cells for 24
hr s, foll owed by a performance of Al amar Bl uce
(MilliporeSigma, St. Louis, MO¥° Fluorescence signal of the supernants were read using a plate
reader (exc/em: 560/590 nm) (BioT&Kinooski, VT). The values of cell viability were expressed
as the ratio of the fluorescence signal of the reduced form of resazurin relative to that of untreated

cells.

2.3.Results

2.3.1.Synthesis and characterization of antimicrobial polymers and peptides
Antimicrobial polymers and peptides (AMPs) form a diverse class of bioactive compounds,

spanning a wide range of compositions and physicochemical properties, and derived from natural
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sources or viale novodesign?® The peptides considered in this studiatfle S2.1) include (i)
natural compounds polymyxin B, a mixture of potent antibiotic peptides utilized to treat
pneumonia, and urinary infections or skin infections caused by -Gegative bacterié as well

as daptomycin and bacitracin, both used for treating skin infections caused byp&itire
bacteriat’*8 (i) synthetic peptides pollysine, KRRWRIWLV-NH2, RW4-NH2, R\W4, and Ac
R4W4K-NH2, which have been introduced in prior studies on antibacterial applic&tithihese
peptides were initially screened by our team agd&insbliandS. aureusadopted in this study as
model Gramnegative and Graspositive bacteria, respectively, owing to their persistence in
clinics! The values of minimum inhibitory concentration (MIC) obtained via microdilution assays
point at polymyxin B, bacitracin, daptomycin, and KRRWRIWDNW; as potent AMPsTable
S2.1); the other sequences showed higher values of MeC Iess potency) and were not further
evaluated.

Inspired by polylysine and polyarginine, we also synthesized cationic polymers
PNIPAM-co-AEMA) and PNIPAM-co-AEMA-co-GUMA) as candidate synthetic AMPs.
AEMA monomers display primary amines that mimic lysine residues, whereas GUMA monomers
display guanidyl groups that mimic arginine residues. A setlfAAM-co-AEMA -co-GUMA)
with different AEMA:GUMA monomer ratio were produced from a common precurbdPRM -
co-AEMA) by converting the pendant primary amines to guanidyl groups via reaction witR*HPC.
The values oNIPAM:AEMA:GUMA monomer ratid namely, 0:100:0, 0:98:81:19:0, 81:4:15,
56:44:0, and 56:2:42 were confirmed byH NMR (Figure S1). The MIC values of these AMPs,
reported inTable S2 indicate a stronger antibacterial activity agaistaureusNotably, the
NIPAM-rich AMPs displayed a temperatesilependent antimicrobial activity agairfst aureus

As the temperature increases, the polymer chains undergo a phase transition into globular
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structures, whose core is rich in NIPAM monomers while the surface displays AEMA moieties to
the aqueous surrounding. Accordingly, at higher temperatures, the surface of PEtPAM
AEMA) globules become increasingly PAEMKe, and their MIC converges thadt of PAEMA.
Among the tested AMPs, PAEMA andNRPAM-co-AEMA-co-GUMA) (56:2:42) presented the

top antibacterial activity against botb. coli and S. aureusand were therefore selected for

integration into NFWs.

2.3.2.Design, construction, and analytical characterization of antibacterial substrates

Developing antimicrobial textiles is a complex task requiring concurrent optimization of
many design parameters. Nonwoven fibermats (NWFs) are typically manufactured using
materials, such as polyolefins or polyesters, that are rather inert and requadditien of a
reservoir material either in the form of a thin layer or particles coating the fibets load an
efficacious amount of AMPs. Accordingly, the format and composition of the reservoir material
and the identity and payload of the AMPs reguiareful optimization. Furthermore, optimizing
the formulation of an antimicrobial textile should account for the material properties of its
components and for affordable and rapid production at scale.

However, théneterogeneity of the fiber networkimdustrial NWFs is not compatible with
lab-scale studies, which, by operating on small samples, can be affected by significant errors and
fail to return correct desigfunction correlations. We resolved to begin our design optimization
studies using subsiies prepared by depositing a thin layer of polyethylene terephthalate (PET) on
silicon wafers to circumvent these issues. This substrate reproduces the chemical composition and
t he geomet rfgceio NWFL.iThe dianset@r ofshe fibers in sjmamd nonwovens (10

35 em) is much | arger than the thickness of pi
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(< 1 em) used as reservoirs for | oading the
the loading and release of antimicrobial agents,-B&afted silicon wafers mimic well the surface
of fibers in NWFs, while their uniformity and reproduditlyienable a thorough investigation using
a large number of small sample replicates.

In this study, we devised two alternative routes to create antibacterial substrates based on
covalent conjugation and physical adsorption of AMPs. This enabled comparing the role of display

and payload amount of the antibacterial activity of the compfaditec.

2.3.2.1.Covalent AMP conjugation.

The strategy to achieve covalent conjugation of AMPs on the substrates is presented in
Figure 2.1. Briefly, a thin PET film was initially deposited via spin coating onto silicon wafers
primed with a selassembled monomolecular (SAM) layer of aminopropyl triethoxy silane
(APTES). Following the amination of the PET film surface, a thin layer of potheinyl ether
alt-maleic anhydride) (PMVEMA) was deposited via spoating. Finally, the surface of
PMVEMA was decorated with antimicrobial peptides orypwérs. The subsequent steps of
deposition result in a composite wherein the various layers are connected by a dense network of
amide bonds. Specifically, the amide bonds are formed by aminolysis the ester groups in the PET
chains by the terminal amines ARTES, the nucleophilic substitution by the aminated PET to the
anhydride groups of the PMVEMA chains, and the substitution by ad@neatized AMPSs to the
anhydride groups of PMVEMA.

The progression of surface coating and antibacterial functionalization was monitored via
contact angle measurements, ellipsometry, and time of flight secondary ionization mass
spectrometry To~SIMS). The summary of the resultskigure 2.2 documents the formation of

subsequent layers. First, the film thickness valumesmsured via ellipsometry increased upon
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subsequent depositions and functionalizafidre basal layer of PET (~ 20 nm) deposited via spin
coating was meant to simulate the surface of the fiber of a PET NWF, thus serving as a model for
optimizing the antibacterial coatingéction 3.3 The values of contact angle followed the
expected changes in hydrophilicity upon subsequent functionalization ($f¢jps:basal values of

56.3° and 77.7° for the APTES monolayer, and the PET film were in line with published
literature®>°3(ii) a decrease from 77.7° to 72.3° was observed upon amination of PET with TREN
(note: TREN was chosen for amination as Th~SIMS analysis demonstrated that a significantly
higher density of TREN was achieved on the PET layer compared to ERAge S2.2); (iii) a

small increase to 76.4° was then registered upon depositing the PMVEMA (iayalifferent
variations in the contact angle were registered upon conjugation of AMPs, ranging from sharp
decreases produced by hydrophilic species KRRWRIWL (53.5°), daptomycin (51.1°), and
PAEMA (47.9°), to milder decreases caused by amphiphilic species polymyxin B (69.4°),

bacitracin (644°), and PNIPAM-co-AEMA-co-GUMA) (66.7°).
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Figure 2.1. Construction and antimicrobial functionalization of PMVEMA -PET-silicon

wafers. (A) A selfassembled monolayer (SAM) of APTES was initially formed on activated (i.e.,
UV/Os-treated) silicon wafergB) A thin film of PET was deposited by spaoating a solution of

PET onto APTESsilicon wafers. The aminolysis reaction (nucleophilic addigbmination) of

the ester bonds in PET chains by the free amine groups on APTES results in the formation of a
network of amide bonds anchoring the PET film ttte APTESsilicon wafers;(C) second
aminolysis of the PET layer by EDA or TRE(D) covalent crosslinking of PMVEMA chains to

the underlying aminated PET film by forming a network of amide bonds between the primary
amine groups displayed on PEI and the maleic anhydride moieties of PMV(@&Ylégnjugation

of antibacterial peptides or polymers.

The final film thickness values achieved upon the final antibacterial functionalization step
varied rather widely among different AMPs. Specifically, the conjugation of peptides
KRRWRIWLV-NH,, daptomycin, and bacitracin, which was conducted in DMF, resulted in a
thickness growth of 24 nm, commensurate with the formation of a monomolecular peptide layer.
Conversely, the deposition of polymyxin B, PAEMA, antNFRAM-co-GUMA-co-AEMA) was
conducted in water, due to the poor solubility of these AMPs in DMF. It resulted in a remarkable
increase in thickness (~ 20 nm), likely due to the formation of aggregates &MWMEMA
surfaceThe topical presence of peptide KRRWRIWANH: on the films was confirmed BiyoF

SIMS analysis focused on the mass fragments associated with arginine, and trypkghen (
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2.2); notably, the 2DToFSIMS scans demonstrated uniform distribution of the peptide on the
substrates. The corresponding data for other ABfiespolymerss reported irFigures .3 and

S2.4.
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Figure 2.2. (A) Values of thickness and contact angles measured throughout the subsequent steps

of coating silicon wafer with APTES, PET, PET amination with TREN, PMVEMA, and AMPs
KRRWRIWLV-NH2, polymyxin B, daptomycin, bacitracin, PAEMA, P(NIPAM-AEMA -co-

GUMA). (B) To~SIMS analysis of PMVEMA / PEilicon wafers before (bottomblue) and

after the conjugation of KRRWRIWLWH: (topi mangenta) in DMF; TofSIMS scans reporting

the 2D distribution of € and D) the guanidinium ion fragment (GNs", E) characteristic of
arginine,FandG) t he 1 pyrr ol isHaN",iHpand(amdd) f Ba gnme mty | ( e ne
1 i um i on oHEN, K)gchaeaatdristi¢ oftryptophan on PMVEMARET / silicon wafer

before and after conjugation SRRWRIWLV-NH: peptide
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2.3.2.2.AMP adsorption.

The method introduced in this work to prepare antibacterial substrates vovelent
loading is presented iRigure 3. Briefly, silicon wafers were initially coated with a thin layer (~
2 nm) of poly(ethylene imine) (PEI); thermal annealing of the $tlitlon system were conducted
to ensure the formation afgablePEI layer. A second thin layer of poly(acrylic acid) (PAA, ~ 1.5
nm) was then deposited via adsorption by incubation in aqueous solution of PAA. The dense
network of ionic interactions between the polycationic PEI and the polyanionic PAA ensures the
adhesdn of the layers, making covalent crosslinking superuddwing to their high charge
density, the PEI and PAA bilayers serve as ideal substrates for adsorbing an antibacterial payload:
accordingly, daptomycin (anionic, pl = 3.8) was loaded ontd Bitton wafers, whereas cationic
polymyxin B, KRRWRIWLV-NH>, bacitracin, PAEMA, and RIPAM-co-AEMA-co-GUMA)
(56:2:42), were loaded onto PAAPEI/ silicon wafer.

The surface coating and antibacterial functionalization were monitored via contact angle
measurements, ellipsometry, ahd~SIMS (Figure 2.4). Both PEI and PAA layers were very
thin, since the repulsion among PEI chains or PAA chains enables removing the polymer chains
that are not strongly anchored by electrostatic binding during the copious rinsing conducted after
deposition. The values obntact angle of PEI and PAA layers align with the values reported in
the literature?>°We note that daptomycin and bacitracin also created thin laygefsnm and 1.1
nm, respectivelyi indicating the formation of a monomolecular layer of agent. Conversely,
polymyxin B, KRRWRIWLV-NH2, PAEMA, and PlIPAM-co-AEMA-co-GUMA) formed a
thick layer. Among these AMPs, polymyxin B, in particular, has been reported to form self
assembled or supraolecular structures with polyanionic polymers, resulting in nanopatilee

structureS® The ToR~SIMS analysis of the polymyxin Boaded substrates, however, indicated
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that the chemical composition of both the PAREI/ silicon wafer and the AMBoaded surface

is uniform, thus excluding the presence of aggregates or particlHajases 2.4, S2.5 andS2.6).
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Figure 2.3. Construction and antibacterial functionalization of PAA-PEI-silicon wafers.(A)

A layer of PEI hasnitially formed onto UV/G-treated silicon wafers PEI deposition followed by
annealing at 1086 (OB) a layer ofPAA is formed onto PEtoated silicon wafer via incubation in
PAA solution;(C) adsorption of daptomycin on PEl/silicon wafers; adsorptiofDdipolymyxin

B, (E) bacitracin,(F) KRRWRIWLV-NH2, and(G) P(NIPAM-co-AEMA-co-GUMA) (H) onto

PAA-PELsilicon wafers.
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Figure 2.4. (A) Values of thickness and contact angles following the adsorption of PEI,
daptomycin, PAA, polymyxin B, bacitracin, KRRWRIWL:MH2, PNIPAM-co-AEMA-co-

GUMA), and PAEMA on silicon wafersTo~SIMS analysis of(B) PEI / silicon waferbefore

(bottom- red) and after (topmagenta) the adsorption of daptomydinf~SIMS scans reporting
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G) the 3 methyl i den e igHyN" ) chdracteristimof fryptophah onaPgIme nt |
silicon wafer before and after adsorptiondaiptomycin To~SIMS analysis of(l) PAA / PEI/

silicon waferbefore (bottom blue) and after (top green) the adsorption of polymyxin BpF

SIMS scans reporting the 2D distribution dfgndK) the phenylmethyl ion fragment {Bs*, L)
characteristic of phenylalanine, and @ndN) the (5aminopentylidene)azam ion fragment

(CsH13N2*, O) characteristic of lysine on PAAPEI/ silicon wafer before and after adsorption of
polymyxin B.
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2.3.3.Antibacterial activity of peptide- and polymer-coated 2D substrates

Table 2.2. Logarithmic (logo) reduction values of microbial loading Bf coliandS. aureugells
contacted with the antibacterial substrates.

S. aureus E. coli
Substrate ; .
logioreduction  logio reduction
PET / silicon wafer No activity No activity
TREN / PET / silicon wafer No activity No activity
PMVEMA / TREN / PET / silicon wafer No activity No activity
Daptomycin / PMVEMA / TREN / PET / silicon wafer 1.88 Not tested
KRRWRIWENH/ PMVEMA / TREN / PET / silicon wafer No activity No activity
P(NIPAMcO-AEMACO-GUMA) /IPMVEMA / TREN / PET / silicon wa  No activity 1.69
PAEMA / PMVEMA / TREN / PET / silicon wafer No activity No activity
Bacitracin / PMVEMA / TREN / PET / silicon wafer 1.34 Not tested
Polymyxin B/ PMVEMA / TREN / PET / silicon wafer Not tested >5.01
PEI / silicon wafer No activity No activity
PAA / PEI / silicon wafer No activity No activity
Daptomycin / PEI / silicon wafer >5.12 Not tested
Polymyxin B / PAA / PEI / silicon wafer Not tested >5.01
KRRWRIWENH / PAA / PEI / silicon wafer 0.95 1.59
PAEMA / PAA / PEI / silicon wafer No activity 1.14
P(NIPAMcO-AEMACO-GUMA) / PAA / PEI / silicon wafer No activity 0.46
Bacitracin / PAA / PEI / silicon wafer 1.83 Not tested

The antibacterial performance of the antimicrobial substrates was tested Bgaotsind
S. aureusy conducting contact assayaple 2.2). As anticipated, the peptides that presented a
higher reduction of bacteria onto the functionalized silicon wéaferamely, polymyxin B and
daptomycini were those that showed the lowest values of microbial inhibitory concentration
(MIC) based on micratution assay Table S2.1). With the exception of polymyxin B, all AMPs
showed insufficient antibacterial actiyitvhen covalently conjugated onto PMVEMA. Similar
results were reported by Wat al, who showed that peptide CP1C lost its antibacterial activity
following surface immobilization but maintained it upon adsorpticFhe orientation of surface
conjugated peptides is a critical factor determining their acti¥ity. this study, the loss of
antimicrobial power by the AMPs can be attributed to the unfavorable display onto PMVEMA.

Moreover, the carboxylic groups produced by the hydrolysis of the anhydride moieties drive the
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adhesion of the conjugated AMPs onto the PMVEMA layer, further reducing their display.
Conversely, the AMRoaded substrates prepared via physical adsorption presented stronger
antimicrobial activity. In particular, polymyxin-Band daptomycittoated wafes cleared more

than 99.999% oE. coliandS. aureugells. Wafers coated with peptid&RRWRIWLV-NH2, and
polymers PAEMA and NIPAM-co-AEMA -co-GUMA) showed a lower albeit still significant

T reduction of the bacterial load. The lower antimicrobial @gtief these substrates may be
attributed to the milder native potency of these AMPs compangalymyxin B and daptomycin,

and their stronger binding to the underlying PEI or PAA layer. Similar results were reported by
Majhi and Mishh&? who showed that the antibacterial activity of peptides decreases when coated

on glass (negative charged.polystyrene or stainless steel.
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Figure 2.5. Confocal fluorescence microscopy images of 2D antimicrobial substrates following
LIVE/DEAD BacLight bacterial viability assay using SYT®9 (green, exc/em: 485/498 nm) and
propidium iodide (red, exc/em: 535/617 nr§d) PET/, (B) PEI/ PET/, (C) PAA/ PEI/ PET/,
and(D) polymyxin B/ PAA / PEI/ PET/ silicon wafers were exposed o coli cells and stained
with propidium iodidefE) PET/, (F) PEI/ PET/, (G) PAA / PEI/ PET/, and(H) polymyxin B

/ PAA / PEI/ silicon wafers were exposed o colicells and stained with SYT® 9; (1) PET/,

(J) PEI/ PET/, and(K) daptomycir/ PEI/ PET/ silicon wafers were exposed3oaureusells

and stained with propidium iodidé;) PET/, (M) PEI/ PET/, and(N) daptomyciry PEI/ PET/
silicon wafers were exposed $o aureusells and stained with SYT® 9. Scale bar 5am.

Having demonstrated the highest antibacterial performance upon contact assays, the
substrates loaded with daptomycin and polymyxin B warther characterized to determine

antibiofilm activity. To this end, PAA PEI / silicon wafers loaded with polymyxin B were
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incubated in culture media wih coli (ATCC 25922) cells, which are known to form biofil%s.

As shown inFigure 2.5, both PAA and PEI layers show a mild basal antimicrobial activity
compared to PE€oated silicon wafers, although colicells manage to form colonies thereupon.
On the other hand, PolymyxiniBaded substrates completely prevented cell adhesion even after
3 days of incubation. Similar results were obtained uSingureugATCC 25923) cells, also
known to form biofilms®! PEI/ silicon wafers reduced, yet without eliminating, cell adhesion,
whereas daptomycilvaded substrates completely prevented the formati&@ afireusolonies

(Figure 2.5K).

2.3.4.Construction and analytical characterization of antibacterial nonwoven fibermats

The methods introduced for coating silicon wafers were adapted téospaPET NWFs.
The fibers were first coated with PEI, and the second layer of PAA was formed drPEEI
NWFs via dip coating in aqueous PEI. The analysis of the composite fabrics-rag X
photoelectron spectroscopy (XPS) confirmed the formation of PEI and PAA |&jgusg(2.6).5?
Specifically, PET NWFs shows no N signal, which appeared only after reaction with PEI,
subsequent coating with PAA lowered the N signal. The modification of PET NWFs was further
confirmed, albeit indirectly, by the increase in the loading capacity of AMiBare 2.7). Unlike
native PET, which has a low AMP loading capacity, the anionic outer layer of/ P&A PET
NWFs can |l oad up to 1.1 &g TabléS2p,pérynmgtNWHR B,
Coating with PEI increases the daptomycin loading cdapd.5f o | d from 0.056

native PET to O.cla®edfamigq per mg of PEI
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The antibacterial performance of native PET and modified PET NWFs was tested against
E. coliandS. aureusy conducting contact assays over 3 fi@ble 2.3). Notably, polymyxin B
/| PAA / PEI/ PET showed a minimum of 4.3 lgageduction ofE. coli, while daptomycin’ PEI/
PET displayed a 3.2 lagreduction. The lower activity of daptomyenoated fabrics with respect
to polymyxin B-coated fabric may be attributed to the difference in AMP payload (0.3 ug

Daptomycin per mg NWKs.1.14 pg per mg NWF).

Table 2.3. Logarithmic (logo) reduction values of microbial loading measured \EitlzoliandS.
aureuscontacted with antibacterial NWFs.

S. aureus E. coli
Substrate . .
logioreduction  logio reduction
PET No activity No activity
PEI/ PET No activity 0.05
Daptomycin / PEI / PET 3.2 Not tested
PAA / PEI/PET 0.2 No activity
Polymyxin B/ PAA/PEI/PE  Not tested >4.3

2.3.5.Fabrication of microgels for AMP loading and release

As shown above, antimicrobial fabrics prepared by adsorbing AMPs on the apical layer of
polymer coating the fabrics feature a range of AMP loading capacities, resulting in different values
of bacterial load reduction against Grpwsitive and Grarmegativeorganisms. To improve the
consistency and potency of antimicrobial fabrics, we sought to employ hydrogel microparticles
(microgels) as reservoirs for the loading and sustained release of AMPs. We anticipated that the
load capacity and release kineticsdayield of AMPs depend on the monomers' chemical

composition and their copolymerization ratio. Accordingly, we resolved to utilize three monomers
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T namely,N-isopropylacrylamideNIPAM), methacrylic acidMAA ), and hydroxyethyl acrylate
(HEA) 7 combined at different ratiosT@ble 2.1) and crosslinked byisacrylamideto form

mi crogel s of .NPAM is annampghiphalionracnamer widely utilized to synthesize
polymers with therm@esponsive phase behavidits primary amide bond promotes interaction
with AMPs via hydrogen bondingMAA is a pHresponsiv& monomer used in commercial
formulations for enteric coating8whose anionic character (pKa ~#®)5s critical to ensure high

AMP loading via longrange electrostatic interaction when the microgels are contacted with AMP
solutions. Finally, HEA monomers, whose polarity is substantially lower &AM, form
hydrophobic bonds with AMPs and thus play a key role in reducing the kinetics of AMP release
in agueous environmeritd., sustained release). The three monomers aréaxamand are widely

used in drug delivery, biosensing, enzyme immobilization, and eukaryotic cell and tissue
engineering® 8 In this study, microgels were prepared by radical polymerization and initially
characterized by ATRR (Figure S2.7) to verify the abundant presence of amiN&PAM, peak

at 1643 crt), carboxyl MAA, 1705 cm'), and ester (HEA, 1725 cthgroups.

The v al-potensial ab the nEcrogels are coherent with the nomimnahomer ratio
(Figure S2.8): decreasing the density BMfAA monomer lowers the negative charge. Even with
MAA absent, the HEA monomers impart some negative charge, due to the mild acidity of the OH
groups. The same is noted whdAA and HEA are combined; at fixed densityMAA , if the
ratio of HEA has increased, a slight increase in negative charge is registered. Similarly, the values
o f -potential of the peptides in solutions at physiologic pH were coherent with the data of
isoelectric point in the litetare (Table S1): polymyxin B is cationic at all values of pH, bacitracin
is cationic for pH 4 and 7, and anionic for pH 10.0; finally, daptomycin is anionic at all values of

pH. Accordingly, polymyxin B and bacitracin loaded efficiently on the anionic microgels, owing
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to the strong electrostatic interactidfigures2.8and2.9),r eachi ng val ues as hi
AMP per mg of microgels; conversely, microgels did not show thikioading of daptomycin.

The size of the microgels measured via dynamic light scattering (BigBre S2.8)
averaged well below 2 um, suggesting that the particles can find easy access into the fiber network
of NWFs and form a uniform coating on the surface of all the fibers. As anticipated, the
hydrodynamic diameter of the microgels increased withMiA&\ monomer ratio, due to the
electrostatic repulsion between the anionic monomers displayed on the monomer chains.
Furthermore, microgels constructed with IMAA and high HEA ratie tend to present high size
polydispersity (PDI), suggesting the HE¥iven formation of aggregates during and after
polymerization.The microgels, imaged via TEM and confocal microscopy imdgjgsire S2.9),

showed circular shape and a diameter of ~ 1 um, in line with prior measuréfments.
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Figure 2.8. Loading capacity of bacitracin in microgelsoading studies of microgels based on
formulations with different mol% df1AA , HEA, andNIPAM.
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Figure 2.9. Loading and release studies of antibacterial peptide Polymyxin B on microgels
composed oNIPAM, MAA, and 4 mol% bisacrylamidéoading (A) in PNIPAM-co-MAA)

mol% (96:0), (91:5), and (81:15) and release of polymyxin B a¢ &n artificial sweat based
solution from PRIPAM-co-MAA) (B) (91:5) and(C) (81:15; the dotted curves represent the
KorsmeyerPeppas kinetic model utilized to fit the release data.

As anticipated, the loading of bacitracin was primarily determined by the anionic character
of the microgels. IntroducinglAA monomers in the polymer chain substantially increased
bacitracin loading from <10 €g per mgMAA micr c
monomer ratio to 30% 60% generated additional increments in AMP loading. The addition of HEA
also promoted bacitracin loading, which reached its highest value at 0.1 mg of peptide per mg of
microgels built with a nominaNIPAM:MAA :HEA monomer ratio of 6:60:30. Together with
assisting bacitracin loading, HEA monomers play a key role in controlling its release kinetics:
specifically, increasing the HEA density decreased the release rate, likely due to hydrogen bonding
and between bacitratiand the HEA monomer$-igure 2.10). The release curves follow the

KorsmeyerPeppas kinetiequation Table S3), consistently featuring a release expomeqt0.5,
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which denotes release via ordinary Fickian diffusioWe also note that the chromatographic
analysis used to quantify the payload release showed no degradation of the peptides over the 20
days of the studyFigure S2.10), thus indicating that the peptide is stably stored within the
microgetloaded fabrics.

Sustained release over 3 weeks is ideal for antibacterial applications: the peptide is released
at a sufficiently high amount to exert an effective antibacterial activity, yet without rapidly
depleting the reservoir, thus maintaining the antimicrobialiactf the fabric constant for weeks;
for comparison, most of the systems reported in the literature release the entirety of their AMP
payload in just 24 hr€ " This is the first hydrogdbased system to achieve a truly sustained
release of small antibacterial peptides.

The MAA monomer ratio was also found to strongly determine the uptake and release of
polymyxin B. Specifically, increasing ttidAA monomer ratio from 0% to 5% and 15% led to a
growth of polymyxin B l|loading from 14.3 to 50
introduction of HEA monomers was not necessary to achieve sustained release; the microgels
constructed with 5%1AA , in fact, afforded a 70% release within 3 weeks, while their counterparts

constructed with 1591AA released only 20% of theiapload.
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Figure 2.10. Release studies of bacitracin loaded in microgels with different molBdRAM,
MAA , and HEA at 3& @n artificial sweatbasedsolution.Microgel compositions WIPAM-co-
MAA -co-HEA 81:15:0, 66:30:0, 36:60:0, 66:15:15, 51:30:15, 21:60:15, 51:15:30, 36:30:30,

6:6030; the dotted curves represent the Korsmdgppas kinetic model utilized to fit the release
data.

2.3.6.Integration of antibacterial polymer coatings and microgels with PET and PP NWFs

2.3.6.1.Integration of antibacterial polymer or microgels with NWFs.

We then sought to integrate the selected antimicrobial polymer coatengBAEMA and
P(NIPAM-co-AEMA -co-GUMA) with monomer ratio of 56:22) and microgelsife., PNIPAM-
co-MAA -co-HEA) with monomer ratios of 6:60:30 and 81:15:0 for rapid and sustained release of
bacitracin, respectively, and MAA-co-NIPAM) with monomer ratios of 5:91 for sustained

release of polymyxin B) on commercial spoond NWFs.
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The adhesion of the polymer coatings o and PET fibers was achieved following the
methods developed iSection2.2.23. To anchor the microgels or antibacterial polymers stably
onto the surface of the fibers, we introduced a pleatsslinkable polymer, R{PAM-co-4-
benzoylphenyklcrylamide), A{IPAM-co-BPAM). When exposed to UV light, the benzophenone
moieties displayed by R{PAM-co-BPAM) generate a radical that can react with the methylene
carbons of PP/PET and the polymer chains forming the microgels, thus anchoring them to the
surface of the fiberéFigure S2.11). The haracterization of the polymer viel NMR confirmed
a NIPAM:BPAM ratio of 99.3:0.7 Kigure S2.1G). The amouhof microgels anchored on the
fibers was controlled by repeating cycles of deposition and firo&slinking.

SEM imaging documented the homogeneous coating of PP and PET fibers by polymer
layers Figure S2.12) and microgelsKigure S2.13 andS2.14). These results were corroborated
by the gravimetric analysis of the composite fabri€able S2.4 and Figure S2.13D,H,L).
Specifically,the mass of the antimicrobial composite fabric increased steadily with the number of
microgel depositions and crosslinking, growing up to 20% upon five application cycles.
Accordingly, the antimicrobial loading grew with the micregeNWF ratio, reachig values as
high as 22.3 €e€g of bacitraci aofpolymyxin Brpgr mg bf ¢ o mp ¢
composite NWF Figure 2.11). In line with peptide absorption in suspended microdeigufe
2.8), NWFs coated with RNIPAM-co-MAA -co-HEA) (6:60:30) microgels loaded a higher
amount of peptide compared to NWFs coated witNIPAM-co-MAA -co-HEA) (81:15:0)
microgels. These values indicate that microgels provide a superior depot for AMP loading; for
example, the polymyxin B payload was consistenthfet8 higher than the amount of PEPAA

polymer layer coating the fibers.
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Figure 2.11. Loading studies of AMPs on PET and RW/Fs.Loading capacity ofA) bacitracin
and(B) polymyxin B on PET (red bars) and PP (blue bars) NWFs upon several cycles (0, 1, 3, or
5) of deposition and crosslinking ofNMPAM-co-MAA -co-HEA) microgels to the fiber network.
2.3.6.2.Antibacterial activity of AMRloaded NWFs.

The composite fabrics loaded with antimicrobial peptides and polymers were evaluated
againste. coliandS. aureusells suspended in artificial sweat via contact assay (residence time:
3 hrs)*3 As shown inTable 2 4, theselected NWFs coated with microgels loaded with bacitracin
and polymyxin B, as well as NWFs coated with layers of PAEMA biIPAM-co-AEMA -co-
GUMA) afforded a >5 log reductiong., less than 1 in 100,000 bacterial cells survived); similarly,
to a commercial available antibacterial NWFs. Notably, the NWFs coated with natilRAR( -
co-MAA -co-HEA) and PNIPAM-co-MAA) microgels (e, no AMP payload) demonstrated a
basal antimicrobial activity coherent with the known antibacterial properties of polymeitiac
acid’?i affording a 106fold reduction in bacterial cell density. This suggests that, even after the
complete release of the AMP payload, the depleted composite fabrics maintain a robust

antibacterial effect that prevents colonization by subsequent adventigeosts.
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Table 2.4. Logarithmic (logo) reduction values of microbial loading measured \EitlzoliandS.

aureuscontacted with microgetoated NWFs loaded with antimicrobial peptides.

Substrate S. aureus E. coli _
logio reduction  logio reduction
Bacitracin / P(NIPAMco-MAA -co-HEA) (6:60:30) / PET >5.53 Not tested
P(NIPAM-co-MAA -co-HEA) / PET (6:60:30) 1.99 Not tested
Bacitracin / P(NIPAMco-MAA -co-HEA) (6:60:30) / PP >5.24 Not tested
P(NIPAM-co-MAA -co-HEA) / PP (6:60:30) 1.62 Not tested
Bacitracin / P(NIPAMco-MAA) (81:15) / PET >5.53 Not tested
P(NIPAM-co-MAA) / PET (81:15) 1.60 Not tested
Bacitracin / P(NIPAMco-MAA) / PP (81:15) >5.24 Not tested
P(NIPAM-co-MAA) / PP (81:15) 0.93 Not tested
Polymyxin B / P(NIPAMco-MAA) (91.5) / PET Not tested >5.13
P(NIPAM-co-MAA) / PET (91:5) Not tested No activity
Polymyxin B / P(NIPAMco-MAA) (91:5) / PP Not tested >5.29
P(NIPAM-co-MAA) / PP (91:5) Not tested No activity
PAEMA / PET >5.54 >5.30
PAEMA / PP >4.88 >5.40
P(NIPAM-co-GUMA-co-AEMA) / PET >5.54 >5.30
P(NIPAM-co-GUMA-co-AEMA) / PP >4.88 >5.40
PP commercial antibacterial sample >5.24 >5.40

An essential property of antimicrobial fabrics for topical application is their

bi ocompati bil iintegument¢gh t he pasfiéatods skin).
samples of the composite AMPBaded fabrics with human skin cellse(, normal human
epidermal keratinocytes, HEKa) and determined their viability after 24 hrs of contact to simulate
the extended topical application of the composite fabiégue 2.12). While some of the
composite fabrics, such as PAEMA / PP and P(NIP&WAEMA-co-GUMA) / PET caused
substantial damage to skin cells, most of the antimicrobial micoageed NWFs appeared to be
rather benign. Notably, the viability of the cells in contact with functionalized fabrids §386)

was higher than that of cells in cortaath native PET and PP (71% and 68%, respectively) or
commercial antimicrobial NWFs (31%Jhe reason may be found in the potential leaching of
cytotoxic compounds from the native fibers. Recent studies have investigated the impact of

compounds such aghthalates released by PET and polymerization initiators released by PP,

PET, and PBT on mammalian cell&"* Conversely, the microgeloated fabrics are likely to
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release less cytotoxic compounds becdi)she proposed process of antimicrobial modification
may have removed those leachables an(ijoithe antimicrobial coating shields their release.
Moreover, different HEKa cytocompatibility afonwoven fabrics coated with peptitbaded
P(NIPAM-co-MAA -co-HEA) or P(NIPAM-co-MAA) microgels vs. nonwoven fabrics coated
with a PAEMA orP(NIPAM-co-AEMA-coGUMA) layer,the reason may lay in the polycationic
nature of PAEMA or P(NIPAM-co-AEMA-coGUMA). Polycationic polymersare indeed
generally found to be skin irritants’® Polymyxin B is a cationic biopolymer, but the amount
loaded on the microgels is negligible compared to the amouRA&MA or P(NIPAM-co-
AEMA-co-GUMA) coating the surface of the fiber§he commercial reference material

formulation was not disclosed by the ventlecause its composition is proprietary.

bare

P(NIPAM-co-MAA-co-HEA) (6:60:30)

P(NIPAM-co-MAA-co-HEA) (6:60:30)
+ bacitracin

P(NIPAM-co-MAA) (81:15)

P(NIPAM-co-MAA) (81:15)
+ bacitracin

P(NIPAM-co-MAA) (91:5)

P(NIPAM-co-MAA) (91:5)
+ polymyxin B

PAEMA

P(NIPAM-co-AEMA-co-GUMA) (56:2:42) -

PP

commercial NWF sample

T T T 1 y
0O 10 20 30 40 50 60 70 80 90

Cell viability (%)

Figure 2.12. Cytocompatibility study of antimicrobial and native PET and PP NWFs on normal
human epidermal keratinocytes (HEKa). The values of cell viability are expressed with respect to
HEKa cells.
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2.4.Conclusions

The prevalence of infections caused by resilient bacterial and fungal strains amongst
healthcare and military workers calls for strong measures to fight pathogens and prevent their
colonization. It stands to reason that effectively opposing ubiquitousrizeiquires a weaponry
whose application can be equally widespread. We considered that nonwoven fabrics are an ideal
candidate in this struggle, being present in virtually all disposable garments, beddings, and surgical
masks and gowns. Furthermore, tletiemical flexibility, high specific surface, and large porosity
provide many routes for functionalizing their surface with antimicrobial coatings or converting
their void volume in a depot releasing antimicrobial agents. The second key aspect in
manufactiring antimicrobial fabrics is the affordable scalability of functionalization. We devised
coating methods that rely on selsemblyi either triggered by electrostatic interactions or
efficient chemical reactionis between free polymers and microgelsriedted with benign and
widely available ingredients. The third and final main design parameter is the choice of bactericidal
payload. In this study we selected antimicrobial peptides and polymers (AMPSs) that are potent as
well as safe and widely availabl€he adopted AMPs displayed either native characteristcs (
charge or hydrophobicity) or added featuiies, (derivatization of the sequence with @eeminal
lysine) that promoted conjugation at high surface density or absorption of a high payload.
Collectively, these design choices afforded facile and reproducible manufacturing and excellent
antimicrobial actrity. We indeed consistently achievé)l homogeneous surface distribution of
AMPs conjugated to the fiber coatings, which is critical to prevent bacterial colonization over
prolonged exposure; ar(d) sustained release of the antibacterial payload oweeeks, which
suffices to ensure protection in cases of prolonged exposure. Select antimicrobial NWFs afforded

a remarkable reduction in cell densityup to 100,0060ld 7 for bothS. aureusandE. coli, the
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most widespread and resilient pathogens in clinical settings. The values of bacterial reduction
observed in this work are comparable or better to those provided by most commercial antimicrobial
fabrics. Complementing the sustained release, the proposed NeWonstratedtogether with

potent bactericidal activity robust biocompatibility when contacted with human skin cells. These
results warrant future evaluation of these materialipgxpanding the spectrum of model
pathogens towards other bactersalch aBacillus andClostridium’’ as well as fungajenera

such asCandida and Aspergillus (ii) attempting contact with higher bacterial loadsi)
evaluating the activity of the antimicrobial NWFs under extended storage-ideairconditions,

such as high temperature and moisture;(@ndvaluating, and mitigating as needed, the potential

reduction of beneficial bacteria on the surface of skin.
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2.6. Supplementary Information

2.6.1.S1.1NMR spectra of antimicrobial polymers.
The *H NMR spectra of R{IPAM-co-AEMA -co-GUMA) polymers were acquired to

determine the actual monomer rattogure S2.1).
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Figure S2.1. 'H-NRM spectrum ofA) PAEMA; (B) P(GUMA-co-AEMA) (98:2); PNIPAM-
co-AEMA-co-GUMA) with NIPAM:AEMA :GUMA ratios of(C) (81:19:0), (D) (81:4:15),(E)
(56:44:0),(F) 56:2:42, andG) P(NIPAM-co-4-acrylamidobenzophenone). The ratio between
the areas of the peaks corresponding to the aromatic hydrog@R&Mf (7.76, 7.58, and 7.48
ppm) and the methylene hydrogen of NIPAM (3.99 ppm) indicatePAM:BPAM ratio of
99.3:0.7.
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2.6.2.Properties and activity of antibacterial peptides and polymers (AMP) againgE. coli
and S. aureus

In this work, eight peptides namely, polymyxin B, bacitracin, daptomycin, pdygine,
KRRWRIWLV-NH2, RsWs4, Ac-RsWs-NH2, and RWs-NH2 i and six synthetic polymers
namely, PRIPAM-co-AEMA), and PQNIPAM-co-AEMA-co-GUMA) with different
AEMA:GUMA ratios were tested againkt coliandS. aureus These AMPs were selected to
target Gramnegative and Graspositive bacteria either specifically or broadly, owing to their
relevance as infectious agents in the medical and food industry sectors. The physicochemical
properties of antibacterial peptidesamely, molecular weight and isoelectric pairrelisted in
Table S2.1. The antibacterial activity of the peptides was quantified in terms of minimal inhibitory
concentration (MIC) following the established Broth Microdilution Antibacterial (BMA) adsay
The resultant values, listed Fable S2.1, demonstrate the potency and selectivity of natural
peptides compared to their synthetic counterparts, with the sole exceiBRWRIWLV-NH2,
which performed well againgéf. coli. Conversely, peptidessR/s-NHz, R4Ws and AcRaW4K -

NH2 showed poor antibacterial activity and were abandoned.

57



1

2

3

Table S2.1. Physicochemical properties of antibacterial peptides and their MIC values determined via broth microdilution assay
Peptide Molecular  Isoelectric e-potential MIC (ug/mL) MIC (pg/mL)
weight point E. coli S. aureus
(g/mol) (ATCC 8739) (ATCC 6538P)
pH 4 pH 7 pH 10
Polymyxin B 1,203.477 - 18.8+0.9 13.1+05 6.0+0.7 1 >64
Daptomycin 1,619.709 3.8 -435+15 -51.7+19 -56.6+2.6 >64 2
Bacitracin 1,408.67 8.8 10.0+£0.6 6.9+1.0 -28.7+25 >64 4
Poly-lysine 30,00670,000 8.9 50 50
KRRWRIWLV- 1311.63 12.8 4 32
NH2
RsaW4-NH2 1386.62 13.0 32 16
RaW4 1387.6 13.0 32 32
Ac-R4W4K-NH2 1428.66 13.0 32 32

Note: Ac, acetylated Nerminus;-NH, amidated @erminus; R: arginine; W: tryptophan; K: lysine; I: isoleucine; V: valine; and L: leucine.
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The contact assay was repeated for the synthetic polyRBHPAM-co-AEMA-co-
GUMA) with varying monomer ratiof2olymers PAEMA and RIPAM-co-AEMA-co-GUMA)
(56:2:2) showed the highest activity against bBtlcoliandS. aureusind were therefore adopted

to build antimicrobial coatings on the surface of fibers in PP and PET NWFs.

Table S1.2. MIC values of antibacterial polymers determined via broth microdilution assay.

MIC (pg/mL) MIC (pg/mL)

Polymer E. coli(ATCC 8739) S. aureugATCC 6538P)
37¢C RT 37aC RT
PNIPAMco-AEMA) (81.0:19.0) >1280  >1280 16 128
P(NIPAMcO-AEMACO-GUMA)(81.0:4.0:15.0) >1280  >1280 16 64
PNIPAMco-AEMA) (56:4) >1280  >1280 16 16
P(NIPAMcO-AEMACO-GUMA) (56:2:42) 80 80 32 32
PAEMA 160 160 16 16
P(AEMACO-GUMA) 8:97) 160 160 32 32

Note:RT: room temperature.

2.6.3.Characterization of functionalized 2D PET substrates vid oF-SIMS.

The surface functionalization of PET with either EDA or TREN was assess@okia
SIMS, in particular focusing on the signature ion fragments of amides (GIN@® amines (NH).
Higher amount of Nk fragments were found in 2D substrates functionalized with TREN as
compared to EDA, which is consistent with the display of 2 primary amine groups by TiR&EN (
the third primary amine is covalently bound to PET via amide besd) free primary amine
group displayed by EDAHijgure S2.2). Accordingly, all subsquent steps of surface modification

were performed with TREXunctionalized PEcoated silicon wafers.
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Figure S2.2. Intensity of(A) NH4" and(B) CNO fragment ions measured on native &iIA or
TREN / PET /silicon wafer or EDA; the values were normalized against the intensity values
measured oMREN / PET /silicon wafer. Intensitiesvere normalized with respect to TREN
signals.

The coating homogeneity of silicon wafers with PEMVEMA / TREN /PET, bacitracin
/ PMVEMA / TREN /PET, polymyxin B / PMVEMA / TREN /PET, KRRWRIWLV-NH> /
PMVEMA / TREN /PET, PAEMA/PMVEMA / TREN /PET, PNIPAM-co-AEMA -co-GUMA)
/ PMVEMA / TREN /PET (56:2:£2) was assessed viamFSIMSin scanning modd<gures .3

and 2.4).
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Figure S2.3. PositiveTo~SIMS mass spectra @A) polymyxin B onPMVEMA / TREN / PET/
silicon wafer;(B) bacitracin on o°PMVEMA / TREN / PET /silicon wafer;(C) daptomycinon
PMVEMA / TREN / PET kilicon wafer (D) KRRWRIWLV-NH2 on PMVEMA / TREN / PET /
silicon wafer (E)P(NIPAM-co-GUMA-co-AEMA) on PMVEMA / TREN / PET /silicon wafer
(F)PAEMA orfPMVEMA / TREN / PET /silicon wafer (G)PMVEMA / TREN / PET /silicon
wafer, and(H) PET /silicon wafer
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Peptide/Polymer PMVEMA Peptide/Polymer PMVEMA
ey '

Polymyxin B P(AEMA)
CsN,O," C4HioN,*
. & P(NIPAM-co-GUMA-
Daptomy+cm co-AEMA)
CoHgN CoHygN,0*
KRRWRIWLV-NH, Bacitracin
C5H10N2()2+ (:4H12N202+

Figure S2.4. Scanning ToFSIMS images of éN20O." fragment or{A) polymyxin B on PMVEMA
/ TREN / PET / silicon wafer an@®) PMVEMA / TREN / PET / silicon wafer; &4sN* fragment
on(C) daptomycin on PMVEMA / TREN / PET / silicon wafer afiz) PMVEMA / TREN / PET
/ silicon wafer; GH1oN202" fragment onE) KRRWRIWLV-NH2 on PMVEMA / TREN / PET /
silicon wafer andF) PMVEMA / TREN / PET / silicon wafer; §610N2" fragment o(G) PAEMA
on PMVEMA / TREN / PET / silicon wafer angd) PMVEMA / TREN / PET / silicon wafer;
CoH19N20" fragment on(l) P(NIPAM-co-GUMA-co-AEMA) on PMVEMA / TREN / PET /
silicon wafer andJ) PMVEMA / TREN / PET / silicon wafer; and4812N20." fragment on(K)
bacitracin on PMVEMA / TREN / PET / silicon wafer afid PMVEMA / TREN / PET / silicon
wafer.

ToFSIMS analysis for adsorption of layers PEI, PAA, and loaded with either daptomycin,
polymyxin B, KRRWRIWLV-NH2, PNIPAM-co-AEMA -co-GUMA), or PAEMA- are shown in

Figures .5 andS2 6.
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Figure S2.5. Positive TORSIMS mass spectra ofA) Bacitracin loaded o?AA / PEI /silicon
wafer; 8) PAEMA loaded orPAA / PEI /silicon wafer; C) PNIPAM-co-AEMA-co-GUMA)
loaded orPAA / PEI /silicon wafer; D) Polymyxin B loaded of?AA / PEI /silicon wafer; E)
KRRWRIWLV-NH: loaded onPAA / PEI /silicon wafer; E) PAA / PEI /silicon wafer; )
Daptomycin loaded oREI /silicon wafer; H) PEI /silicon wafer.
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CoH1oN, 0"

Bacitracin
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Figure S2.6. Scanninglo~SIMSimages of @NgN* fragment or{fA) KRRWRIWLV-NH:z loaded
onPAA / PEl /silicon wafer andB) PAA / PEI /silicon wafer; GH1oN2* fragment or{C) PAEMA

loaded orPAA / PEI /silicon wafer andD) PAA / PEI /silicon wafer; GH19N2O" fragment on
(E) P(NIPAM-co-AEMA-co-GUMA) loaded onPAA / PEI /silicon wafer andF) PAA / PEI /
silicon wafer; GH10N3O2" fragment on(G) Bacitracin loaded oAA / PEI /silicon wafer and
(H) PAA / PEI /silicon wafer.
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Figure S2.7. ATR-IR analysis of microgels R{PAM-co-MAA -co-HEA) with (A) (36:60:0); B)
(66:30:0); C) (81:15:0); D) (91:5:0); E) (96:0:0); F) (21:60:15); G) (51:30:15); H)
(66:15:15); () (81:0:15); Q) (6:60:30); K) (36:30:30); L) (51:15:30); M) (60:0:30) monomer
ratios. Peak Assigment at: 1712 €mIAA (O-C=0), 1640 crit NIPAM (N-C=0), 1545 crit
MAA (N-H), 1515 cmt MAA (N-H), 1460 cnt all components (&), 1261 cmt MAA and HEA
(C-0), 1172 crit MAA and HEA (GO), and 1080 chhHEA (O-C-C).
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Figure S2.8. DLS analysis of microgelsinwatdf.al ues of Ppotentialf miaagels and ¢
composed of monomeMIPAM, MAA , HEA, and 4% bisacrylamide as crosslinker.
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Figure S2.9. Images of PNIPAMbased microgels(A) TrasmissiorElectron Microscopy image
of P(NIPAM-co-MAA ) microgles(PNIPAM:MAA = 36:60).(B) Confocal microscopy images of
fluoresceinstained P(NIPAMco-MAA) microgels(PNIPAM:MAA = 36:60) scale bars: 1@um
(red)and 40um (blue).
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Figure S2.10. Chromatographic analysis of the aqueous supernatant containing Bacitracin
released from P(NIPAM-co-MAA) microgels (PNIPAMMAA:HEA = 36:30:30) The
supernatants collected after 0.5 hrs (red) andi@&@ (blue) were analyzed via reverse phase
chromatography using a Gemini 5 um MN48 (100 x 4.6 mm) column installed on a Waters 2695
HPLC system by running an isocratic solution of 25:25:50 methanol:acetonitrile:aquegR&uKH

at 0.05 M and pH 6.0, while continuously monitoring the UV absorbance of the effluent at 254
nm.

67



Table S2.3. Values of release rate constal) @nd release exponem) for release of bacitracin
and polymyxin B from microgels according to tkersmeyefrPeppas kinetimodel Equation 1).

Nominal monomer ratio Bacitracin Polymyxin B
PNIPAM:MAA:HEA K n K n
91:5:0 0.331 0.274
81:15:0 0.713 0.163 0.148 0.183
66:30:0 0.608 0.225
36:60:0 0.507 0.204
36:60:0 0.695 0.180
51:30:15 0.519 0.251
21:60:15 0.365 0.158
51:15:30 0.486 0.173
36:30:30 0.502 0.183
6:60:30 0.267 0.278
(A) (B)

’3{/// = - _ -,"T"

(€) (D)

(E)

S

AN QS
‘15» \}x

Figure S2.11. Antimicrobial functionalization of NWFs using AMP -loaded microgels: (A)PP

and PET NWFs ar¢B) incubated with microgels mixed witR(NIPAM-co-BPAM) (C) and
photocrosslinked on their fibers upon exposure to UV ligh); AMPs are subsequently absorbed
into the microgels{E) sustained release of AMPs from the microgels exert the antibacterial
activity of the composite NWFs.

68



Unmodified NWF PAEMA P(NIPAM co-GUMA-co-AEMA)

Figure S1.12. SEM analysis of PET and PP NWFs modified with AMP coatingsimages of
spunrbond PET and PPA and D) before and after modification witfB and E) PAEMA or (C
and F) P(NIPAM-co-GUMA-co-AEMA) (56:2:42) photocrosslinked to the PET or PP fibers
using PNIPAM-co-4-benzoylphenyhlcrylamide). Scale: 200m (blue) and 5@um (red).

Table S2.4. Mass increase of PET and PP NWFs after one cycle of antibacterial polymer

crosslinking.
Substrate Massincrease
PAEMA / PET 3.2 0.8
P(NIPAMcO-AEMACO-GUMA) / PET  2.8%+ 0.8%6
PAEMA / PP 3.4% £ 1.0%

P(NIPAMcO-AEMACO-GUMA) / PP 2.6% * 0.3%
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Figure S2.13. PET NWFs functionalization with microgels. SEM images of spubhond PET
modified with IANIPAM-co-MAA -co-HEA microgels constructed with NPPAM:MAA :HEA
monomer ratios ofA-C) 91:5:0 (top row)(E-G) 81:15:0 (middle row), ofl -K) 6:60:30 (bottom
row), and crosslinked on the PET fibers usitidjPAM-co-BPAM under UV light after(A, E,
and ) 1, (B, F, and J)3, and(C, G, and K) 5 cycles of application. Scale: 2Qén (blue) and 2
um (red). Gravimetric analys{®, H, and L) of PET NWFs after crosslinking of microgels.
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Figure S2.14. SEM images and gravimetric analysis of sjmamd PPmodified with 1,3, and 5
cycles of application of RIPAM-co-MAA-co-HEA) polymers with different
PNNIPAM:MAA :HEA) ratio (A-D) (91:5:0), (E-H) (81:15:0), or(I-L) (6:60:30) and photo
crosslinking with P{IPAM-co-4-benzoylphenyhacrylamide) under UV light (scale: 2@@n).
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CHAPTER 3: A continuous process for encapsulation of bacteriophage Felix 01
By Eduardo Barbieri, Kelly Nguyen, Gina N. Mollica, Nathan Crook, Jan Genzer, Saad Khan,

Paul Hamilton, Kirill Efimenko, and Stefano Menegatti

Abstract

Bacteriophages are viruses that have gained more attention recently with the increase in
the number of antimicrobial resistance cases (AMR) parallel to a limited number of novel
antibiotics. Unique characteristics, such as high host specificity, abilggltoeplicate during
infection, and large diversity make bacteriophages an ideal therapeutic to treat bacterial infections.
However, bacteriophage stability in solid formulations and at acidiargldtill bottlenecls that
need to be addressed fatinical implementation of phage therapy. Seeking to improve
bacteriophage formulations, we developed a continuous process using mucin and guar gum for
encapsulation of bacteriophage Felix 01 by precipitation in acetone. Selected formulation yield
particles aroun@00 nm in diameter, lower polydispersity, and encapsulation efficacy higher than
90%. Mucin/guar gum encapsulation of Felix 01 was confirmed by fluorescent labeling
compounds and imaging by confocal microscopy. Particles composed of mucin/guar gum (10:1
m/m) guaranteed viable phage even after exposure to pH 2.0 for 30 minutes and 90 minutes at pH
3.5. In terms of temperature protection, less thadd3eduction was observed after storage of
encapsulated bacteriophages at 40 °C for 4 weeks with nocagpifeduction in titer when stored

at 4 °C during same period.

72



3.1.Introduction.

Antimicrobial resistance (AMR) has emerged as a global problem leading to 35,000 deaths
per year just in the USA and 1.27 milliamorldwidel? Concomitantly, investments in new
antimicrobial treatments represented less than 5% of venture capital applied in research and
development by pharmaceutical compariiBsfore lack of investments, a complex issue as AMR
requires multiply approaches that extend above traditanaalabletherapeutics. An available tool
to flight AMR is bacteriophagesirusesnitially applied to treat bacterial infections in the begging
of last century, but lost space with the development of antibibidish the growth of AMR and
requirement of therapeutics that target just pathogenic strains of bacteria, bacteriophages have
attracted more attention in the last few ye&rkeading to the creation of Locus Biosciences a
company specialized on bacteriophages in 2015 and first FDA approval of acphi@gétrial in
humansn 201978

Bacteriophages are an abundant group of viruses with approximatélpakficles on
Earth® They are gtremely specific viruses able to distinguish even bacterial subspecies
presenting minimal negative effect on microbiomes that are benddictaimanst®!! Moreover,
phage therapy present potential for fewer doses as bacteriophage infection events will lead to
propagation of viruses, cell lysis and infection of other bacterial cells. Felix 01 isenaeloped
tailed bacteriophage composed of a 73 nm in diametsahedral headnd 117 nm total length
from head to end afontractile taif? Salmonella is the natural host for Felix 01 that infects both
non-typhoidalSalmonella entericandSalmonella Typhimuriumredominantly found in clinical
hospitalizations?

Salmonella is estimated to cause 93.8 million casgasifoenteritisvorldwide every year

leading to 155,000 deathbSalmonella infections typically target the mucosamfll and large
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intestinetissues producing toxins that aggravate to diarrhea, fever, and in more grave cases
ulceration and destruction of the mucésa Currently, Salmonella infections are treated with
antibiotics fluoroquinolone third-generation cephalosporins and azithromygirHowever,
multidrug resistance have already being reported for these antibiotics limiting treatments and
potential deatf®

Different studies have confirmed clinical relevance of bacteriophages to treat
Pseudomonas aerugingsataphylococcus aureusind E. coli infections!”?° However, these
initial clinical studies administer bacteriophages in liquid buffer with limited stability, -tifeelf
and scalability’! Before reaching intestine, oral delivery of phage therapy needs to pass through
the stomach, surviving acidic pH. Specifically for Felix 01, Vineeal?? applied spraydrying
technique for bacteriophage encapsulation usmnethyl methacrylateo-methacrylic acid
formulated with trehaloseOn another study, Ma et @l studied Felix 01 encapsulation using
chitosancoated Calginate microspheresAlthough both studies present improvement on
bacteriophage stability and delivery, there is still the need for scalable andpreoigonon
particle formation processes.

Mucin is a high molecular weight and high glycosylated protein with low isoelectric point
(2.0-2.5) present in mucosal epitheftaMucin has been reported as a facilitator agent to
bacteriophage and host bacteria interactions as well as used for oral delivery of?trt8ulin.
However, for the best of our knowledge mucin has not been reported as an encapsulation agent for
bacteriophages. Another agent for drug release, guar gum isiamopolysaccharidetableat a
pH range from 1102527 Burker et al?® showed guar gum ability to resist low pH and degrade in

colonic environment
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In seeking improvement of oral delivery strategies for bacteriophage therapy, we
developed a continuous and scalable process for Felix 01 encapsulation using mucin and guar gum.
By combining both agents we a@ato create particles with pH and temperature stability, to treat

Salmonella infections in the intestine and prolonged shelf life of bacteriophage therapeutics.

3.2.Material and methods

3.2.1.Materials

Mucin from porcine stomach, guar gum, magnesium chloride hexahydrate{BtgCl),
calcium chloride dihydrate (Caf£2H.O), porcine bile extract, 100 kDa Amicon UKt&
centrifugal filter were purchased from MilliporeSigma (Burlington, MA). Acetone,
tris(hydroxymethyl)aminomethane (Tris.HCI) and sodium chloride (NaCl) were obtained from
Fisher Scientific (Waltham, MA)Salmonella entericéLT2) were acquired from The American
Type Culture Collection (ATCC 700720). Bacteriophage Felix 01 was kindly donated by the Plant
and Microbial Biology Department at NCSU. Fluorescent dyes-Nté8amine B, SYTE&3, and
dye removal columns were obtainiedm ThermoFisher (Waltham, MA). Peptone, yeast extract

and granulated agar were obtained from Genesee Scientific (San Diego, CA).

3.2.2.Propagation ofbacteriophageFelix 01

LT2 cells were grown iuria-Bertani(LB) broth supplemented with 0.2% m/m glucose
and 5 mM CaCl2H,O at 37 °C and 200 rpm until @Qf3nm higher than 0.8 (~% hours).
Bacteriophage Felix 01 was added to LT2 cells at multiplicity of infection (MOI) of 0.01 and
incubated at 37 °C. After 10 minutes, 0.5 mL of bacterial cells combined with bacteriophages was
added to 50 mL of fresh LB broth i@ and incubated at 37 °C at 100 rpm for 6 hours or until

ODesonm Was lower than 0.1. Cell debris were removed byrifagation at 4000xg for 30 minutes
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followed by 0.2 um filtration using PES filters (ThermoFish&fialtham, MA). Final titers were
typically ~ 10 pfu/mL and further concentration and buffer exchange to phage buffer (50 mM
Tris, 2 mM CaC4, 10 mM MgSQ, 10 mM NacC] pH 7.5) was achieved using 100 kBanicon

centrifugalfilters (Millipore Sigma, MA).

3.2.3.Encapsulationprocedure

In separatedscintillation vias mucin at 40 mg/mL and guar gum at 4 mg/mL were
solubilized in phage buffer overnight at 50 °C. Equal volumes of mucin and/or guar gum were
combined with bacteriophages at4pfu/mL. Particles were prepared by precipitation in acetone
using the system describedkigure 3.1. Solution composed of bacteriophage, mucin and guar
gum was added to reactor at 100 pL/min and acetone at 16 mL/min. Simultaneously particle
suspension was removed from reactor also at 16 mL/min. Particles were collected by
centrifugation at 10,000 xg f@0 minutes and remaining solvent removed by frefyeg.
Samples were stored at 4 °C until further use. Encapsulation efficacy was calculated by measuring

bacteriophage concentration in initial stock and in acetone supernatant after centrifugation.
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Figure 3.1. Schematicdiagram of encapsulation step used for bacteriophage encapsula
Under constant stirring, acetone and a solution of bacteriophage with mucin and guar g
continually added to a glass reactor. Simultaneously, particle suspension was con
collected from reactor at same rate as acetone was added.
3.2.4.Dynamic light scattering analysis.

Particles in acetone were analyzeddynamic light scattering (DLS) using a Malvern

Nano ZSRnstrument (Malvern, UK)Samples were placed in a glass cuvette and analyzed at room

temperature.

3.2.5.Plaque assay

LT2 cells were grown in LB media, 37 °C and 200 rpm. After 4 hours, 50 pL of bacteria
suspension was added to 3 mL of melted LB top agar (7 g of agar/L) and dispensed on LB agar
plates (15 g of agar/L). Bacteriophage samples weifeltiGerial diluted in phage buffer and 10
pL of each dilutiorwas pipetted on bacterial layer and incubated at 37 °C. On next day, nhumber

of plagues were visually counted.
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3.2.6.Confocal microscopyimages

A mixture composedf mucin and guar gum were prepared in 100 mM carbonate buffer
pH 9.0 at 20 mg/mL and 2 mg/mL, respectively. Fluorescent labeling was conducted by combining
0.5 mL of mucin/guar gum mixture with 3 pL of NH8odamineB at 10 mg/mL in DMSO and
incubation for 1 hour at room temperature and gently mixing. Felix 01 stocks in phage buffer were
labeled by adding 1 pL of 5 mM Syto 13dmethyl sulfoxidg DMSO) to 0.2 mL of bacteriophage
solutionand 1 hour incubation also at room temperature and gently mikugss dyes were
removed by dye removal columns (Ther moFi sher,
Encapsulation procedure was the same as descrilsedtion3.2.3. Particles were imaged using

aZeiss LSM 880 confocal microscope (Carl Zeiss, Thornwood, NY)

3.2.7.Transmission Electron Microscopy imaging
TEM grids were placed ondrop of bacteriophage samples for one minute, followed by
exposure to uranyless solution for 1 minute and lead citrate for 10 seconds. Samples were air dried

and imaged on &alos F200X GZThermoFisher, MA).

3.2.8.Stability assays
3.2.8.1.Simulated gastric fluid (SGF)
Freezedried encapsulated bacteriophages were exposed to 1 mL of simulated gastric fluid
composed of 2 g/L of NaCl and 3.2 mg/mL of pepsin at pH 2.0, 2.5, 3.BBSBdAfter 5, 30, 60,
and 90 minutes, 50 pL aliquots were collected and neutralized with phage buffer. Bacteriophages

were quantified by plaque assay.
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3.2.8.2.Bile salts
A solution 2% (wt/vol) porcine bile extract solution was added to bacteriophages and
incubated for 1 hour and 3 hours at 37 °C. Samples were neutralized and serial diluted with phage

buffer before plaque assay.

3.3.Results

3.3.1.Study of different mucin/guar gum formulation for Felix 01 encapsulation

Advance of bacteriophage as a therapeutic to treat bacterial infections is limited by the use
of liquid formulation with short shelf life anféw delivery routego patients’® 3! Specifically for
oral delivery, many authors investigated the use of alginate for protection of bacteriophages at
acidic pHby produéng microspheresia precipitation in calcium carbonate aqueous solutigh.
However, this approachpresents limitations oparticle uniformity poor water resistance and
unstablein the presence of calcium chelatdt3.herefore, we investigated the use of mucin and
guar gum as a new combination for encapsulation of bacteriophage Felix 01. Mucin is a high
glycosylated protein that presents an isoelectric point (pl) ranging from 2.00 to 2.55 while guar
gum nonionic anduncharged structure present stability to pH as low ag*1’0rherefore,
presenting potential for enteric coating applications.

Initially, we investigated the effect of mucin to guar gum mass ratio on particle formation
with or without bacteriophage Felix 01. Particles were produced by precipitation of aqueous
mixture of these polymers in acetone with continuous supply of fresbngcand removal of
particle suspension. Overview of encapsulation process is represeftgaren3.1 Formulations
composed of mucin/guar gum mass ratio higher or equal to 10 yielded uniform particles
(polydispersity < 0.2) and approximate 300 nm inrbggnamic diameterT@ble 3.1). Moreover,

when bacteriophage Felix 01 was added to formulations particles presented a slight increase in
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hydrodynamic diameter. In terms of charge, particles presented negative charge corroborating with
the presence of mucin with a zeta potential reported in the literaturg wiv 3*

For all formulation, bacteriophage encapsulation efficacy was higher than 90% proving
overall feasibility of system for encapsulation and centrifugation for recovery of parficlete (
3.2). To determine optimal ratio of mucin/guar gum for bacteriophage protection against acid pH,
we exposure particles to simulated gastric acid at pH 2.5 for 30 minutes. Results are shown in
Table 3.2. Bare Felix 01 did not show resistance to acid pH as well as when encapsulated with
just mucin. Poor stability when encapsulated with only mucin may be related to proximity to its
pl. On theotherhand, increasing the amount of guar gum improved stability indicating symbiotic
effect of mucin and guar on phagecapsulation for acidic pH protection. Considering particle
size, polydispersity, and resistance to acidic pH we decided to further investigate 10:1 mucin to

guar gum mass ratio for Felix 01 encapsulation.

Table 3.1. Different formulations of mucin anduar gum were tested for encapsulation of
bacteriophage. Particle size and zeta potential were determined by DLS analysis.

Mucin:Guar gum (m/m) ratio Dn (nm) PDI Zeta potential

(mV)
1:0 no phage 259.8 0.207 -7.89
1:0 with phage 257.7 0.153 -6.13
1000:1 no phage 271.8 0.239 -7.07
1000:1 w/ phage 315.0 0.243 -6.30
100:1 no phage 260.0 0.234 -7.01
100:1 with phage 297.2 0.187 -7.23
10:1 no phage 234.3 0.175 -7.70
10:1 with phage 298.6 0.171 -6.81
1:1 no phage 963.2 > 0.400 -7.91
1:1 withphage 986.5 > 0.400 -7.43

0:1 no phage > 1000 > 0.400 Not measured

0:1 with phage > 1000 > 0.400 Not measured
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Table 3.2. Values of bacteriophage encapsulation efficacy determined by mass balance and initial
evaluation of stability at pH 2.5 with 3finutes contact time.

Mucin:Guar gum (m/m) Encapsulation efficiency Titer LRV at pH 2.5 —30
ratio (%) min
1.0 949 >4
10001 933 4
1001 917 3
101 92.3 03
0:1 95.8 2
Just Felix 01 N/A >4

3.3.2.Particle morphology studies

To confirm, mucin/guar gum encapsulation bacteriophage, we fluorescent labeled
bacteriophages with SYTO 13 (green) and guar gum/mucin with rhodamine B (red). Particles were
generated using the same procedirewnin Figure 3.1. By confocal microscopimaging we
observe superposition of green and red dots on top image and presence of a red ring around green
center inindividual particleimage(Figure 3.2). Therefore, confocal microscopy corroborates
hypothesis omucin/guar gum interaction with Felix 01 and successful encapsulation. In terms of
particle morphology, transmission electron microscopy (TEM) reveals spherically shaped particles
(Figure 3.3A).

Bacteriophage formulations reported in the literature typically produce particles in
micrometer or millimeter rangé\bdelsattaret al. (2019) reports encapsulation of bacteriophage
ZCECS5 in chitosafalginate by extrusion in calcium chloride solution producing beads bigger than
1 mm3® Similar particle sizes have also been reported by Yin et al. (2021) when phages were
encapsulated using alginate and calcium chlofidezen sprayingdrying of bacteriophages with
different formulations olfleucine trehaloseandcaseirgenerated particles around 1 pum in diameter

and high polydispersity. Smaller particle sizes offer higher surféoevolume ratio contributing
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to therapeutic release and bioavailabifityTherefore, our encapsulation method offers an

alternative method to produce smaller particles and facilitate delivery of phages.

Bacteriophage Guar gum + mucin

5um
]

Figure 3.2 Confocal microscopy images of bacteriophages in green and guar gum and mucin in
red after encapsulatioBacteriophage particles were labeled with Syto 13 dye and mucin/guar
gum with NHSrhodamine B.

Figure 3.2. Transmission Electron Microscopy images &) (particles after encapsulation
bacteriophages in mucin:guar gum (10:1) formulation &)décteriophages in phage buffer.
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3.3.3.Stability studies of encapsulated Felix 01

Salmonella infections are typically located on small and large human intestine requiring
oraly deliveredtherapeutics to resist to stomach acid environriiewe tested encapsulated
bacteriophage stability to acid pH by incubating fregded particles with simulated gastric fluid
at pH 2.0, 2.5, 3.5 and PBS as a contfelggre 34A). Less than one log reduction of
bacteriophage activity was observed at pH 3.5 and around 2 for pH 2.5 after 90 minutes contact
time. At pH 2.0, particles showed limited stability for 30 minutes with no detected plaques after 1
hour. These results show pmovement of phage stability when compared to previous study using
alginatewith no detectable bacteriophagéer 5 minutesn contactwith SGF at pH 2.8 and 3%.
Even though loss of infectivity is significant for our systatrpH 2.0,the ability of bacteriophages
to propagatehemselvesn the presence of hosts guarantees effective treatment even if part of
bacteriophages is inactivated in the stomach but remaining number of activity phages reaches
minimum multiplicity of infection (MOI).

Temperature stability and prolonged shelf life of therapeutics reduce costs and facilitate
treatment access in regions wihihited storage infrastructure. Encapsulated bacteriophage Felix
01 was stored in three different temperatures, 4, 25, and 40 °C for up to 4 weeks. No statistically
significant titer reduction was observed for samples stored in a fridge, less than 1 log fessamp
at room temperature, and around 1.5 log reduction for samples at 40 °C after 4 weeks. Moreover,
no loss in functional t#r was observed for encapsulated bacteriophages incubatePPuvitiie
salt solution after 1 hour or 3 hours. Therefongycin/guar gum encapsulation preserves

bacteriophage activity at both low pH and at high temperatures.
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Figure 3.3. Stability studies of bacteriophage encapsulated in mucin/guar gum (10:1 m/m ratio).
(A) Number of Felix 01 plagues afteontact withsimulated gastric fluid at pHs 2.0, 2.5, 3.5 or
PBS for 5, 30, 60and90 minutes(B) Sheltlife studies of encapsulated bacteriophage up to 4
weeks at 4, 25, or 40 °C.

3.4.Conclusions

In this paper, we described a continuous and simple process for bacteriophage
encapsulation usingsymbiotic combination of mucin and guar gum. By precipitation in acetone,
spherical particles were generated with diameter around 300 nm and good uniformity. Selected
mucin/guar gum 10:1 mass ratio formulation displayed stability to PFb230 minutes and low
titer reduction at pH 3.5 even after 90 minutesvivo studies should be conducted to validate
ability of encapsulated bacteriophage to treat Salmonella infections. Oral delivery of
bacteriophages should be conducted with and without food ingdstiovestigatef increase in
stomach pHluring digestiortan help with encapsulation stability befoeeteriophagesachthe

intestine.
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CHAPTER 4: Peptide ligands targeting the vesicular stomatitis virus G (VS\G) protein
for the affinity purification of lentivirus particles
By Eduardo BarbieriGina N. Mollica Brandyn D. Moore, Sobhana A. Sripada, Ryan E. Kilgore,
Shriarjun Shastry, Cas®& Loudermilk, Zachary H. Whitacre, Katie M. Kilgour, Elena
Wouestenhagemnnika Aldinger, Heiner Graalfs, Oliver Rammo, Michael M. Schiftighael A.

Daniele,andStefano Menegatti

Abstract

The recent uptick in the approval ek vivocell therapies highlight the relevance of
Lentivirus (LV) as an enabling viral vectoirmodern medicine. As labile biologics, however, LVs
pose critical challenges to industrial biomanufacturing. In particular, LV purificatmmrently
reliant on filtration and anieexchange or sizexclusion chromatographiy suffers from long
process tnes and low yield of transducing particles, which translate in high waiting time and cost
to patients. Seeking to improveVLdownstream processing, this study introduces peptides
targeting the enveloped protein Vesicular stomatitis virus G (&30 serve as affinity ligands
for the chromatographic purification of LV particles. An ensembleafdidate ligandsvas
initially discoveredoy implementing a dudluorescence screening technology and a targeted
silico approachdesigned to identify sequencesth high selectivity and tunable affinity. The
selected peptidewere conjugated on Poros resin and their LV bindingrelease performance
was optimized bydjusting theflow rate, composition and pHof the chromatographibuffers.
Ligands GKEAAFAA andSRAFVGDADRDwere selected for their high product yiest{60%
of viral genomes; 480% of HT1080cell-transducing particles) upon elution in PIPES buffer with
0.65 M NaCl at pH 7.4. The peptitbased adsorbents also presented remarkable values of binding

capacity (up to 4-10TU per mL of resin at the residence time of 1 min) and clearance of host cell
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proteins (p to220-fold reduction of HEK293 HCPs). Additionally, GKEAAFAA demonstrated
high resistance to caustic cleariingplace (0.5 M NaOH, 30 min) with no observable loss in

product yield and quality.

4.1. Introduction

The recent swath of FDA approvals ek vivo cell therapiesi ABECMAE and
CARVYKTIE for multiple myeloma;? BREYANZIE for B-cell lymphoma SKYSONAE for
cerebral adrenoleukodystropfgnd ZYNTEGLCE f o +thalassemii has turned the spotlight
on lentiviruses (LVs) as a replicatiaiefective viral vector for gene and cell therdgyLVs
comprises a single straiNA of 8.517 9 kb in length packed inside a capsid and enveloped by a
coatwith 80-100 nm diametet!! The envelop displays many copies of vesicular stomatitis virus
glycoproteins G (VSVG), which preside on virus stability and cellular tropiéfiThe VS\-G
protein interacts with the lowdensity lipoprotein receptor (LDR) on the membrane of the target

cell and mediates virus infection by membrane fusion.

Despite their clinical relevance, LVs do not yet benefit from an established
biomanufacturing platform. In particular, the downstream segment of bioprocessing represents a
critical bottleneck in the industry, causing high waiting times and cost to patients $208to
million per treatment}? LVs are traditionally produced by transfection of packing plasmids and a
transfer plasmid with the gene of interest in adherent or suspension HEK293 cells. Following virus
production, mammalian cells and debris are removed from the cell culture fluid) (GCF
centrifugation and/or microfiltration. After clarification, different purification processes are
employed, including tangential flow filtration (TFF), size exclusion chromatogtaPh§SEC),

ultracentrifugationt, PEG precipitatio® and anion exchange chromatography (AEX) on
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membrane$>!"® nanofibers® monolitheg! or resins'® These unit operations, however, suffer
from long process time and low scalability as well as limited recovery of LV particles and host

cell proteins (HCPs) removal.

The recent consolidation of an industrial layout for manufacturing of aalesuriated
viruses (AAV) 1 inspired by the downstream process platform established for monoclonal
antibodiesi highlights the role of affinity chromatograplag thekeystonen the purification of
viral vectors for cell and gene therapies. For AAVs, a number of affinity adsorbents is available:
PORO% CaptureSele& AAVX and AVB Sepharose HP are commercially available as pan
selective resins; while CaptureSefectAAV8 and AAVY, andAVIPure® AAV2, AAVS, and
AAV9 are available for serotypspecific application$®? These resins offer excellent product
yield (50- 60%) and purity?*?but require harsh elution conditions (pH ~ 2) that can cause product
degradation and aggregation, resulting in a loss of transduction activity. Conversely, the
commercial offer for LV is less developed. Heparin has been applied as a-asendoligand
with reported values of recovery ~-30% and 95% removal of HCP%2’ However, heparin is
extracted from animal tissues, which poses concerns of contamifftiois, discouragings use
in Good Manufacturing Processes (GMP) proce$smsreover, heparibased adsorbents are not
compatible with typical cleaning in place (CIP) procedures used in biomanufacturing, as they
rapidly lose selectivity and over 50% of their binding capacity after the first caustic cléning.
Other affinity strategies described in the literature rely on the expression of affinity tags on the LV
envelope. Cheek®t al. produced histidingdagged LV particles enabling purification via
immobilized metal affinity chromatograpRy: monoliths functionalized with sodium
iminodiacetate and nickel showed 69% elution efficiency, but modest binding capacity

(6.7 x 1C® transducing units penL of adsorbentTU/mL);*! furthermore, the use of imidazole in
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the elution buffer causes virus inactivatidnin another approach, Mekkaoet al. applied
streptavidinfunctionalized magnetics beads for purification of LV particles displaying a cfag8,
obtaining yields > 60%, andI8g and 2log reduction of host cell DNA and HCPs, respectively;
however, yield reduced to 20% when the ligands were transferred onto monoliths. More recently,
the team led by Peixoto utilized a library of sindtemain camédl antibodies (VH) to identify
ligands targeting the Vesicular stomatitis virus G (VSY protein®*3® The ligands, now
commercialized in a chromatographic resin format (CaptureGeldatnti VSVG Affinity

Matrix), provide a binding capacity of ~f0viral particles per mL (vp/mL) of resin and afford
good product purity; at the same time, they require elution conditions (0.8 M arginine) that may

denature the product and withstand limited caustic CIR2EL\M aqueous NaOHy.

Inspired by that work, our team sought to devalQY-G-targetingpeptides that combine
high binding selectivity and capacity with milder elution conditions and stronger chemical stability
and lifetime. A first ensemble okptides were discovered by screening a focused librarnyr8
peptides against the ectodomain of V&V Ligand selection was implemented using a device
established by our team to promote the identification of sequences with bespoke biorecognition
activity.3®3"Following the successful LV purification usitige peptides identified experimentally,
we pursud the in silico discoveryof VSV-G-targetingpeptidesdesigred as linear and cyclic
mimetics of the lav-density lipoprotein receptor (LBR). These combined efforts delivered the
first known set of peptide ligands for LV purification, whose purification performarege (
binding capacity, product yield, and clearance of contaminants) and reusability are evaluated and

optimized in this study.
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4.2.Experimental

4.2.1.Materials

Dimethyl sulfoxide (DMSO),thioanisole, anisolegthanel,2-dithiol (EDT), polybrene,
citric acid, hydrochloric acid (HCI), magnesium chloride hexahydrate (M@&E40), phosphate
buffer saline at pH 7.4 (PBS), and Kaiser test kit were obtained from MilliporeSigma (St. Louis,
MO) . -Dimetihyjormamide (DMF), dichloromethane (DCM), viral production cells,- LV
MAX production medium, LVMAX transfection kit, LMMAX Lentiviral Packaging Mix, Opti
MEM Reduced Serum Medium, Vivid ColdspLenti6.3/V5GW/EmGFP Expression Control
Vector, SthI3E Chemically Compent E. coli, TrypLEE express enzyme, fetal bovine serum
(FBS), PureLinE HiPure Plasmid Maxiprep Kit, NH8lexaFluor 488 (AF488), NHS
Al exaFluor 594 (NHSAF594) , Dul beccodl FBthos pha
Virus 1-Step Multiplex Master Mix, TagMdh custom made probe and primers, Purelink Viral
RNA/DNA Kit, Turbo DNAse, Proteinase K, CaptureSefectenti VSVG Affinity Matrix,
Poro€ 50 HE Heparin affinity resin, PorBis 50 OH resin, and high glucose DMEM
supplemented with GlutaMAX and pyruvate wre obtained from ThermoFisher Scientific
(Waltham, MA). Fmoc/tBprotected amino acids, hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU), piperidine, diisopropylethylamine (DIPEA)-Midthyl-2-
pyrrolidone (NMP), and trifluoroacetic acid (Tl#vere purchased from Chemimpex (Wood Dale,
lllinois). T-75 and F25 cell culture flasks, 9@vell culture plates, DNAse/RNAgeee water, and
ampicillin were from VWR (Radnor, PA). Shake flasks and Plasmiedia for bacterial growth
were from Thomson (Oemside, CA)Yeast extract, peptone, and granulated agar were purchased
from Genesee Scientific (San Diego, CA). The HT1080 cell line was received from American

Type Culture Collection (AATC) (Manassas, VA). Tris(hydroxymethyl)aminomethane
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hydrochloride (TrisHCI), sodium phosphate monobasic dihydrate, sodium citrate dihydrate,
sodium hydroxide (NaOH), and sodium chloride (NaCl) were sourced from Fisher Chemical
(Hampton, NH). Aminomethyl ChemMatrix (particle diameteriZ% 0 € m, 6 mraotl i n g :
per g resin) resin was from PCAS Biomatrix, Inc. (SdednsurRichelieu, Quebec, Canada).

The HIV1 p24 ELISA kitwas purchased from Abcam (Waltham, MA). The ectodomain and the

full-length VS\AG EVSV-G and™VSV-G) were donated by Merck (Darmstadt, Germany).

4.2.2.Production of lentivirus particles (LV).

The LVs were produced using EMAX system (ThermoFisher Scientifig\altham, MA)
foll owing the ma%Thefplasmid pLenia. 304 WHEMGFP was transformed
in Stbl3 Chemically Competefi. coli cells and selected on LB agar plates supplemented with
100 pg/mL of ampicillin. Selected colonies were grown in PlaSmiedia, and the plasmids were
extracted and purified using PureLfakHiPure Plasmid Maxiprep Kit. Suspension HEK293F
cells were grown in LMMAX media andpassedo achieve a final cell density of ~5.5°nMable
cells/mL. Twelve hours before transfection, the cells were adjusted to a density of 8efi/af.,
cultured overnight, and diluted to a final concentration of 4%&éls/mL. In a 125 mL flask5.5
mL of cell culture suspension were combined with 1.5 mL ofMXX supplement. In a 5 mL
vial, 1.5 mL of OptiMEM | was mixed with 45 pg @V -MAX Lentiviral Packaging Mix (a pre
defined mixture of plasmids pLP1, pLP2, and pLP/VSVG) and 30 pg of Vivid CHlors
pLenti6.3/V5GW/EmGFP Expression Control Vector plasmid. This mixture was slowly added to
1.5 mL of OptiMEM | and 180 pL of transfectioreagent anthcubated at room temperature for
10 minutes. This mixture was slowly added to the viral production cells and placed in an incubator
at 37°C and 8% Cfunder gentle shaking at 125 rpm. After 6 hours, 1.2 mL 6MAX enhancer

was added to the cell suspension. The LV particles were harvested after 48 hours by centrifugation
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at 1300xg for 15 minutes, followed by filtration using 0.45 um surfactiee cellulose acetate
(SFCA) filters (ThermoFisher Scientifigyaltham, MA).All LV samples were immediately stored

at-80e C until further wuse.

4.2.3.Buffer stability studies.

The clarified cell culture fluid (CCF) containing LV particles was buffer exchanged using
7 kDa Zeba micro spin desalting columns ugifigermoFisher Scientific, Waltham, MAapainst
(i) 20 mM citrate buffer or 20 mM histidineuffer with 75 mM NacCl at the pH of either 6.0, 6.5,
or 7.0;(i)) 20 mM PBS with 75 mM NaCl at the pH of either 6.2, 6.5, or (fii);20 mM citrate
at pH 6.0 added with eithé€r.1, 0.25 or 0.5M MgCly; or (iv) DMEM medium Samples were
incubated at room temperature for 30 minufeipwed by serial dilution in DMEM media
supplemented witt8 pg/mL of polybrene. The LV titer in the samples was determined by
transduction assay as describedSerction4.2.11.4and the infectivity titers were expressed in

comparison with LV samples in DMEM medium.

4.2.4.Fluorescent labeling of LV particles, FVSV-G and F-VSV-G, and HEK293 HCPs.

The NHS-ester ges Alexafluor 594 (NH&\AF594, red) and NH®\lexafluor 488 (NHS
AF488, green) were initially dissolved in DMSO at the concentration of 10 mg/mL. LV particles
were purified by centrifugation following the procedure described by Jeing*® and re
suspended in PBS at pH 7.4. ivSV-G and™VSV-G as well as the HEK293F cell culture fluid
were buffer exchanged to PBS at pH 7.4 using Zeba spin desalting columns 7 KDa molecular
weight cutoff (MWCO) (ThermoFisher Scientific, Waltham, MAAliquots of 100 pL of LV
particles €10 vp/mL; ~10° TU/mL) or VSV-G protein (0.2 mg/mLyeremixed with 3 pL of

dye NHSAF488, and incubated at room temperature for 1 hour under mild shaking and in the
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dark. The same procedure was used for labeling HEK293F HORsnig/mL)with NHS-AF594.
Unreacted dyes were removed by Zeba Dye removal column (ThermoFisher Scientific, Waltham,

MA) andthesamples were stored at 4°C.

4.2.5.Production and screeningof the peptide library.
A library of 8mer linear peptides the format XX2X3X4XsXeX7X8G was builtfollowing

the splitcoupleandrecombine methodn Aminomethyl ChemMatrix resin via Fmoc/tBu
chemistryusing protected amino acids FraA@a-OH, FmoecAsn(Trt}OH, FmoeGlu-(OtBu)
OH, FmoeGly-OH, FmoeHis(Trt)-OH, FmoelleOH, FmocLys(Boc}OH, FmoePheOH,
FmocSer(tBuyOH, and Fmo€Trp(Boc)}OH #44® Library synthesis was automated using a Syro
| peptide synthesizer (Biotag€ppsala, Sweden). Briefly, aliquots of resin in 5 mL reactor vials
were combined with 3 equivalents (eq.) of protected amino acid at a concentration of 0.5 M in
DMF, 3 eq. of HATU at 0.5 M in DMF, and 6 eq. of DIPEA at 0.5 M in DIPEA. Coupling was
performed at 45°C for 20 min and followed by washing with DMF. After each reaction step, a
Kaiser test was performed verify the completion of amino acid couplinghe Fmoc protection
between two successive residues was removed usingV20%iperidine in DMF at room
temperature. Upon completing chain elongation, the peptide library was depretacteidolysis
using a cocktail of TFA:thionasole:EDT:anisole (90:5:3:2) for 2 hours at room tempefdiare.
deprotected library was then washed and stored in dry DMF.

Aliquots ofH n ofpeptide library beads were equilibrated with 20 mM phosphate buffer with
75 mM NaCl at pH 6.5 and combinedwB0 € L of a s cr e eAFb94lgbeledi x con
HEK293T HCPs (~0.3 mg/mL) and either AF4B®eled LV (~16! vp/mL; ~1F TU/mL) or
AF488-labeled VSVG protein EVSV-G or F'VSV-G, 0.2 mg/mL). After 30 minutes at room
temperature, the beads were collected by centrifugation at 5000g and resuspended in 200 mL of
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20 mM phosphate buffer with 75 mM NaCl at pH 6.5. The library beads were screened using a
microfluid device developed in prior work and installed am Olympus 1X81fluorescent
microscope(Center Valley, PAf54! Individual beads were imaged, and the values of green
(AF488) and red (AF594) fluorescenemission were recorded; the bead was then washed for 5
minutes with 20 mM citrate buffer with 0.5 M MgCland imaged to record the new values of
green and red fluorescence emission. All values fluorescence emission, emission ratio, and
emission reduction were determinedraal-time via image analysis using a custom MATLAB

code (MathWorks, Natick, MAJY’ The beads that exhibitei) high green fluorescence emission

and redto-green emission ratio prior to washing gyl > 75% reduction of green fluorescence
emission after washing were isolated, while all other beads were discarded. The selected beads
were finally analyzed via Edman degradation using a RB®Qprotein sequencer (Shimadzu,

Kyoto, Japan) to sequence thed@ate peptide ligands.

4.2.6.In silico design VS\G-binding peptides and evaluation of VSVG:peptide
interactions.

The crystal structure of the complex formed by the Vesicular stomatitis virus Glycoprotein
G (VSV-G) and the lowdensity lipoprotein receptor (PDB ID: 50Y9 and 50YL) was analyzed to
identify the paired residues and estimate their contributions to thengiadergyNine designed
sequence$ namely, four disulfidecyclic sequence$C-cyclo[GSRQFVADSDRDI]GGSG C-
cyclo[GSRSFVGDSDRD]EGSG C-cyclo[GSRAFVADADRD]|GGSG C-
cyclo[GSRAFVGDAD]GGSG and five linear sequences (SRQFVCGDSDRBGSG
SRSFVCDSDRBGSG SRAFVGDADRD-GSG AFVGDADRD-GSG andSFVRIGLSDGSGQ
T together withthe sequencadentifiedexperimentallyi namelyFEKISNAE-GSG, FEKISAAE
GSG, FEKISTAEGSG, GKEAAFAA-GSG, and SKSAAEHESSG 1 were constructed in
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Avogadrd® and modeled in GROMACS using the force field GROMOS 54A@iefly, each

peptide sequence wé placed in a simulation box with periodic boundary and containing 2,000

TIP3P water moleculesij) equilibrated with 10,000 steps of steepest gradient degigrtipated

to 300 K in an NVT ensemble for 250 ps using 1 fs time stepgjigrequilibrated to 1 atm via a

500-ps NPT simulation with 2 fs time steps. The production runs were then conducted in the NPT
ensemble by applying the Nebloover thermostat (300 K) and the Parrindlahman barostat (1

atm), respetively;* the motion equations were integrated using the-fempalgorithm with steps

of 2 fs; the LINCS algorithm was utilized to constrain the covalent bonds; the Lejuraed and

short range electrostati c -off maluesofd@Gmiamdri.&mwer e ¢
the particlemesh Ewald method was utilized for the leramge electrostatic interactighié®® the

lists of bonded and nelmonded interactions (cutff of 1.2 nm) were updated every 2 fs and 6 fs.

The structure of VSMG was prepared using Protein Prep Wizard (PPW, Schrodinger, New York,
NY)>*by adding missing atoms and explicit hydrogens, removing salt ions and small ligands, and
optimizing the hydrogeionding network. Two ionization states of V&/ one at pH 6.0 and

one at 7.4i were obtained and subjected to structural minimization usR@AKA>® The

structure were then analyzed in SiteMap to identify putative peptide binding sites orRG/SV

namely the sites with high-&ore (> 0.8) and 3core (> 0.9)The candidate peptide ligands were
dockedin silico against VSVG at pH 6.0 and one at 7.4 using the docking software HADDOCK

(High Ambiguity Driven ProteisProtein Docking) v.2.2%5"The VS\-G residues present within

the selected binding sites and the residug&X é [n¥n t he pepti des were de
al | surrounding residues wer & paptae domplexeawith i pas s
cU RMSD < 7.5 | wer éBSAzcoietant the tod complexedmere cividd

via200nsMD si mul ati ons to esti magl.e the free energ
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4.2.7.Amination and peptide conjugation of Porog™ 50 OH resin

A volume of 10 mL ofPoro& 50 OH resirwas initially dried using a stream of nitrogen,
washed in DMF, and resuspended in 50 mL of a solution of CDI at 100 mg/mL in DMF. Samples
were kept under stirring and at room temperature. After 5 hours, the resin was copiously washed
with DMF and dried wth a stream of nitrogen. The resin was then mixed with 100 mL of 5% v/v
ethylenediamine in DMF, and incubated at 45°C under shaking at 100 rpm. After 12 hours, the
resin was washed with DMF, followed by DCM, dried with nitrogen, and stored at 4°C. Titg dens
of primary amine groups on modified Poros 50 resin beads was determined by Kaisé? assay:
briefly, 10 mg of resin was mixed with 1 mL of DMF, 0.1 mL of K&NHxO/ pyridine, and 0.1
mL of ninhydrin, placed in boiling water for 5 min, and cooled down to room temperature; the
supernatant was diluted 1-@6ld in DMF and the UV absorbance of the solution measured at 425
nm using a UV1800 spectrophotometer (Shimadgyoto, Japan); ethanolamine was used to
build a calibration curve. The selected peptide sequences were synthesized on aminated Poros resin
following the procedure outlined iBectiond.2.5 using an Alstra automated peptide synthesizer

(Biotage, Uppsala, Sweden).

4.2.8.Purification of LV from HEK293 cell culture supernatant using peptide-Poros resins.

The peptidePoros resins prepared as describedSiection 4.2.7 and the control
CaptureSeleé Lenti VSVG andPoro€ 50 HE Heparin affinity resinarere flonspacked in 1
mL Tricorn 5/50 columns (Cytiva, Marlborough, MA) and installed on an AK®Vant FPLC
system (Cytiva, Marlborough, MA). The resin packing quality was evaluated by measuring the
peak symmetry of the conductivity signal generated by a pulse injection of aqueous 1 M NaCl
(target value: 1 1.2). The resins were equilibrated with C¥s of equilibration buffer{able
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4.1). The clarified HEK293 CCF (LV titer ~ 0.52-10° TU/mL; HCP titer ~ 0.3 mg/mLnote:the

ranges encompass the variability of B¢tivity acrossdifferent production batches) was loaded

on the resins at the residence time (RT) of either 1 or 3.5 minutes. Following load, the resins were
washed with 20 CVs of wash buffer, and the bound LVs were eluted with 9 CVs of elution buffer
(Table 4.1). Following elution, the resins were regenerated using 10 CVs of 0.1 M glycine

containing 2 M NacCl at pH 2.0.

Table 4.1. Composition of chromatographic buffers utilized for the purification of LVs using
peptidefunctionalized Poros resins.

Equilibration buffer Wash buffer Elution buffer

20 mM phosphate 20 mM citrate buffer
75 mM NaCl at pH 6.5 0.51.0 M MgCk at pH
with or without 50 mM Arginine 6.0

50 mM Tris buffer 50 mM Tris buffer

20 mM phosphate buffer
75 mM NaCl at pH 6.5

50 mM Tris buffer

130 mM NaCl at pH 7.4

50 mM HEPES buffer
100 mM NaCl atpH 7.4

50 mM PIPES buffer
100 mM NaCl atpH 7.4

130 mM NaClatpH 7.4

50 mMHEPES buffer
100 mM NaClatpH 7.4

50 mM PIPES buffer
100 mM NaCl atpH 7.4

0.65 M NaCl at pH 7.4

50 mM HEPES buffer
0.65 M NaCl at pH 7.4

50 mM PIPES buffer
0.65 M NaCl at pH 7.4

4.2.9.Measurements of dynamic binding capacity.

GKEAAFAA-, FEKISNAE-, FEKISAAE-, and FEKISTAE, SRAFVGDADRD-, and
SFVRIGLSDPorosresins prepared as describedectiord.2.7 and the controCaptureSeleét
Lenti VSVG andPoro€ 50 HE Heparin affinity resingrere flonspacked in 1 mL Tricorn 5/50
columns (Cytiva, Marlborough, MA) and installed on an AKTA Avant FPLC system (Cytiva,
Marlborough, MA). Following equilibration with 10 CVs of 50 mM PIPES buffer with 100 mM
NacCl buffer at pH 7.4, the resins were cootusly loaded with clarifielEK293 CCF LV titer
~0.5- 2:10° TU/mL; HCP titer ~ 0.3 mg/mlLat the RT of either 1 or 2 minutes until the LV titer
in the effluent reached 780% of the corresponding feedstock titer. The effluent was apportioned

in 3-mL fractions, which were analyzed as describe8entios 4.2.11.2and4.2.11.3to measure
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the titerof lentiviral genomes and transducing partiatestained therein. The dynamic binding
capacity at 10% of breakthrough (DB#%;) wascalculatecas described in prior wo® ¢4 the void
volume of thesystem was measured via acetone pulse injection and utilized to adjust the value of

DBCio%

4.2.10.Stability of the peptide-Poros resins.

GKEAAFAA-, FEKISNAE, FEKISAAE-, and FEKISTAE, SRAFVGDADRD-, and
SFVRIGLSDPoros resins prepared as describe8eution 2.7and the controCaptureSeleét
Lenti VSVG andPoro€ 50 HE Heparin affinity resinaere flonpacked in 1 mL Tricorn 5/50
columns (Cytiva, Marlborough, MA), and installed on an AKTA Avant FPLC system (Cytiva,
Marlborough, MA). Following equilibration with 10 CVs of 50 mM PIPES buffer with 100 mM
NaCl buffer at pH 7.4, the resins were leddvith 30 CVs of clarifiedHEK293 CCF LV titer ~
0.5-2-1C° TU/mL; HCP titer ~ 0.3 mg/mlLat the RT of 1 minAfter waslhing the resins witl20
CVs of binding bufferthe bound LVs were elutesith 4 CVs of 50 mM PIPES buffer with 650
mM NacCl buffer at pH 7.4 at the RT of 1 min. Following elution, the resins were regenerated with
10 CVs of 0.1 M glycine containing 2 M NaCl at pH 2.0 and subjected to cleampigce (CIP)
with either15 CVs of 0.5 M NaOH at the RT of 1 min followed by a static incubation for 30
minutes. Both regeneration and CIP steps were conducted at thelRiiimfAn additional cycle
of LV purification from the clarified HEK293 CCF with intermediate CIP was repeated. The
chromatographic fractions were analyzed as describ&eatiors 4.2.11.1-4.2.11.3 to measure

LV yield and purity.
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4.2.11.Analytical characterization of chromatographic fractions

4.2.11.1p24ELISA and HEK293 HCP ELISA.
The titer of p24 protein and HEK293 HCPs in the chromatographic samples was measured via
ELISA using kits respectively by Abcam (Cambridge, MA) and Cygnus (Southport, NC)

foll owing the manufacturerods instructions.

4.2.11.2 RT-gPCR.

The chromatographic samples were initially treated with TurboDNAse followed by RNA isolation
using a Purelink Viral RNA/DNA Kit (ThermoFisher Scientific, Waltham, MA). The samples
were then combined with TagMan fast virus, custom TagMan probe, and thergtisted in
Table 4.2, and analyzed using a CFX Duet R&ahe qPCR System (Bio Rad, Hercules, Ca).

Plasmid pLenti6.3/VE&SW/EmGFP was used as a standard.

Table 4.2. Primers and probe sequences for LV quantification by qPCR.

Primer DNA sequence
Forward primer CCCAGTTCCGCCCATTCTC
Reverse primer GCCTCGGCCTCTGCATAAATAAA
Probe ATGGCTGACTAATTTTT

4.2.12.DNA quantification.
Total amount of double stranded DNA (dsDNA) was measured using -Quant
PicoGreeit dsDNA Assay Kits (ThermoFisherScientific, Waltham, MA)following the

manufacturerdéds protocol

4.2.13.Fluorescence flow cytometry (FFC).
HT1080 cells were seeded in a-@éll plate at the density of 7,000 cells/well in high
glucose DMEM media supplemented w@lutaMAXE , pyruvate, and 10% v/v FBS. Plates were

centrifuged at 90§ for 5 minutes and placed in an incubator at 37°C and 5% Che
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chromatographic fractions containing LV particles were serially diluted (10X) in DMEM media
supplemented with 8 ug/mL of polybrene (without FBS or antibiotics). After 4 hours, the spent
cell culture medium in the 9@ell plates was replaced with 0.1 mL diluted samples and
incubated for 12 hours. The samples were then replaced with fresh DMEM media supplemented
with 10% v/v FBS. After 72 hours, the cells were detached from the plate via incubation with 150
uL of a mixture composed of TryplEE Express Enzyme:DPBS (75:25 v:v) for 15 min at 37°C.
The fraction of cells expressing GFP (GFWas quantified using a CytoFldlow cytometer
(Beckman Coulter, Brea, CA) and the number of transduction units per mL (TU/mL) was
calculated usingquation 1:
Equation 1
¢ NI yaR dzoi;;riw%'n—:é%?@a
WhereinNuT1080iS the number of cells incubated with the diluted AAV samyle,the volume

of the diluted AAV sample, andF is the dilution factor. Each sample was analyzed in triplicate.

4.3.Results

4.3.1.Selection of chromatographic bufferdor library screening

Lentivirus particles arehighly sensitive to thephysicochemical properties of the aqueous
environment and their transduction activity can be irreversibly damaged by small variations of
pH % salt concentratioff temperaturé® and osmotic pressuféin the context of bioprocessing,

this limits the latitude of chromatographic buffexstable for LV purification® Particularly
stringent is the limitation on elution pH, whielibeing confined to the range of 6 t&? 8 cannot
leveraged as in the affinity purification of antibodfeand AAVS®. Accordingly, following

published work8¢672 we explored different formulations of binding and elution buffers that are
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compatible with LV, initially focusing on citratephosphate and histidinebased solutions with
different ionic strength and pH. Preliminary stability studies conducted by incubafifig/AL

LV particles in the various buffers for 30 minutésgyure $4.1) indicated(i) no significant loss of
infectious titer in citrate and phosphate buffers with 75 mM NaCl at pH 6.0 an(d)7s@gnificant
reduction in infectivity (> 40%) in 20 mM histidine buffer with 75 mM NaCl at pH 6.0. To
formulate the elution buffer, we opted for increasing ionic strength, using sodium chloride and
magnesium chloride, in lieu of decreasing pH. Magnesiuloride in sodium citrate buffer did

not affect LV activity at pH 6.0 at concentrations ranging from 100 to 500 Rilie $4.1).

Based on theseesults, we elected 20 mM phosphate buffer with 75 mM NaCl at pH 6.5 and 20
mM citrate buffer with 500 mMMgCl. at pH 6.0 respectively as equilibration and elution buffers

for library screening.

4.3.2.1dentification of LV -targeting candidate peptide ligands

The LV vectors utilized irex vivoapplications including all FDAapproved therapeutics
ABECMA, CARVYKTI, BREYANZI, SKYSONA and ZYNTEGLG'®1 have been designed by
pseudotyping? This approach consists meplacingthe wildtype envelope glycoprotein gp120,
whi ch underl i es t he HI V v i MTwslg§ with rhetgrdlogoos o f
glycoproteins. Most LV pseudotypingto date employsthe vesicular stomatitis virus G
glycoprotein (VSVG),”* 7 which endovs the vector particles with high stability and the ability to
transduce a wide variety of cell types by targeting a ubiquitous cell membrane phosphdlipidy.
8 Other proteinsutilized for LV pseudotypingi namely the feline endogenous virus (RD114)
envelope glycoprotein, the Maesles virus hemagglutinin and fusion glycoproteins, the Gibbon ape

leukemia virus envelope protein, the Rabies virus glycoprotein, and the Moloney murine leukenia
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virus 4070Aenvelope protein (amphotropié}®% have not provided comparablefficacy.
Accordingly, VS\V\G-pseudotyped LVs are expected to be utilized in the desigx ofvocell

therapies in the foreseeable futtire.

Under this premise, we elected two model targets for ligand selection, namely the single
VSV-G protein andnatureVSV-G-pseudotyped.V particles.The VS\-G protein comprises 3
domains, namely the ectodomaiRVEV-G), which is displayed on the viral surface, the
transmembrane domain, which anchors the protein in lipid layer of theewivalope, and the
cytoplastic domaif®8 While in principle only theEVSV-G can betargeted bysurface
immobilizedligands, no information is available on the role of either the transmembrane domain
or the intercalation of the fulength VS\AG (F-VSV-G) in the lipid layer on the tertiary structure
of the ectodomain. Accordingly, to avoid biasing the ligand selection towards a tawapthat
is not representativef the product we adopted botfFVSV-G and FLtVvSV-G for library

screening?83

Theselectionof candidate peptide ligandgsinitially performed by screening a solid phase
peptide library using a device for ligand development introduced and demonstrated by our team in
prior work#"858 Our technology relies on orthogonal fluorescence labeling to ensure the selection
of ligands that possess strong and selective binding, but can also release the target when exposed
to mild elution conditions. To this end, we designed a microfluidic beadingandsorting
device installed in a fluorescence microscope, which we routinely utilize to implement a protocol
for peptide ligand discovery-{gure 4.1): (i) the solidphase peptide library, produced as a-one
beadone peptide library on hydrophilic and translucent porous particles, is incubated with the
target labeled with a green fluorescence dye and a multiplicity of impuritesein, the whole

HEK?293 cel proteomeé collectively labeled with a red fluorescent dyete:to mimic industrial
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LV harvess, the screening mix was formulated with an HCP titerGo8 mg/ni. and either an LV

titer of ~10° TU/mL or a VS\.G titer (FVSV-G orFt'VSV-G) of 0.2 mg/mL); herein,Alexafluor

488 and Alexafluor 594 were adopted as the green and red dye, respectively, owing to their low
propensity to alter the structure and behavior of the labeled prdtgii following incubation,

the library beads are thoroughly washed and individually fed to the microfluidic device, where
they are imaged and the image metrics are analyzed in real(iiine;bead that displayhigh
greenonly fluorescence, denoting selective and strong target affiaityithheld in the imaging
chamber, while all other beads are eject@d;the bead ighenexposed to a flow of selected
elution bufferi herein, 20 mM citratduffer with 0.5M MgCl. pH 6.07 and imaged agairy)

the beads that display a strong loss of green fluorescence, denoting the ability to release the product
under elution conditions defined by the operator, are selected, while all other beads are discarded.
The stepqi)-(v) are automated by a custom Matlab code, which enables conducting the librar
screening at a rate of 350 beads per hour. Fin@ilythe sequences carried by the selected beads
are identified via Edman Degradatidthe list of the peptides identified agaiRg6V-G, F-VSV-

G, and full LV particles is reported Trable $4.1, while the sequence homology plots are reported

in Figure 4.11. The identified sequences are ostensibly amphiphilic, each containing at least one
aromatic (Phe or Trp) and multiple aliphatic (Ala, lle) amino acids. Rather striking in the
abundance of Glu, whichppears at least once in 72% of the identified sequences and twice in
30% of the sequences. The presence of Glu was unexpected due to the negative charge of the LV
surface®® rooted in the phospholipid bilayer forming the envelope, which has made anion
exchange chromatography the primary method of separafivat the same time, the hydrophilic

and anionic character of the candidate ligands reduces the risk of binding HCPs, which requires

peptides rich in cationic and hydrophobic amino agd%%
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Figure 4.1. Identification of candidate L\Abinding peptide sequencdg#) A screening mix was

initially formulated containing refluorescently labeled HEK293 HCPs at the titer of 0.3 mg/mL

and either greefluorescently labeled LVs at the titer of 210U/mL or greerfluorescently

labeled VSVG proteins fVSV-G and™-VSV-G) at the titer of 0.2 mg/mLB)a |l i quot s of 1
of 8mer peptideChemMatrixlibrary beads equilibrated in 20 mM PBS with 75 mM NaCl at pH

6.5 were incubated with 250 €L of sc@¢ening
beads were washed and individually fed to a microfluid bead sorting device connected to a
fluorescent microscope, wherdiD) each bead that displays high green fluorescence emission and
greento-red signal ratio was retained, whole all other beads were discdE)esljery retained

bead was washed with 20 mM citrate buffer with 0.5 M Mg 6.0 for 5 nnutes and imaged

again;(F) beads that did not show loss of green fluorescence emission were discarded, whereas

(G) beads that lost fluorescence signal were collected-imédi6plates;(H) after washing with 0.1

M glycine pH 2.5, water and 30% acetonitrile in water (v/v), the collected beads were individually
analyzed by Edman degradation BRSQ33A protein sequencer (Shimadzu, Kyoto, Japan) to

identify the peptide sequences carried therepufwally, (1) the sequences identified by screening

the libray against full LV particlesfVSV-G ectodomain, and-VSV-G FL were grouped in

homology plots via Weblogo.

4.3.3.Evaluation of candidate peptide ligands in dynamic conditions

Most of the chromatographic resins on the market feature a pore diameter ranging between
20 and 100 nm. While giaiblefor the purification of proteiibased biologics, these adsorbents are
not ideal for large viral vectors like LVs and baculovirus, whose diameter can reach 100 nm.
Accordingly, the bioseparation community envisions that chromatographic substrates with larg
pore diameters, such as membranes and monoliths, will become mainstream in the downstream

processing of viral vectors®% While we fully anticipate the future development of custom
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made membrandsnctionalized with selected peptides, in this work we resolved to evaluate the
selected peptides using established chromatographic adsorbents to avoid uncertainties related to
peptide surface density and display. Notably, FBré® OH resin features pores with diameter of

up to 1000 nm and is therefore well suited for the purification of LV particles.

We first modified the Pords 50 OH beads by converting its hydroxyl groups to primary
amino groups, reaching a functional density of 172 umol per g of f@giaré $S4.2), which were
utilized for the conjugation of the sequences identified via library screehaige(S4.1). The
resulting peptidd®oros resins were evaluated for LV binding and elution in dynamic conditions
by loading a clarified HEK293 CCF (LV titer10'° vp/mL, corresponding to ~8aru/mL, and
HCP titer ~ 0.3 mg/mLnote: some variability m the titer of total and transducing LV particles
was observed across different production batches) at the residence time (RT) of 3.5 min
recommended for PorBs resins and using the binding and elution buffers select&eation
4.3.1(namely, 20 mM phosphate with 75 mM NacCl at pH 6.5 and 20 mM citrate buffer with 0.5

M MgCI: at pH 6.0, respectively).

The values of LV yield and purity listed rable $4.2 point at SIEINSSE, GEFENINW,
EWKAAFIW, SKSAAEHE, GKEAAFAA, SNEIEIAN, and FEKISNAE as promising ligand
candidates: specifically, these sequences affaaddkto-70-fold reduction of HEK293 HCPs and
up to 0% reduction otell DNA; and values of L\genomeyield ranging betwee&0% and 50%

Given the vulnerability of LV particles to changes in buffer composition, conductivity, and pH
that often cause a substantial loss of infectivitye resolved to quantify the transduction activity

of the purified LVs @ HT1080 human fibrosarcoma cells as an additional metric to guide the
choice of candidate ligands. The values of LV recovery afforded by the selected sequences,

collated inTable 4.3 along with other purification parameters, demonstrate that FEKISNAE and

106



GKEAAFAA perform comparably to control affinity adsorbentsré& 50 HE Heparin and
CaptureSeleé& Lenti VSVG affinity resins, providing yields of transducing LV particles between
38% and 41%. These values, however, are viewed as rather low when framed in the context of

achieving affordable manufacturing of LVs

Seeking to improve the values of LV yield, we first investigated the effect of residence
time of the loading step. The amount of clarified HEK293 CCF loaded on the calumansely,
30 mL, calculated based on a reference value of loa®dfo* vp per mL of resiffand the LV
titer of ~13° vp/mL in the feedstock when loaded at the flow rate e0.3mL/min (RT of 3.5
min), results in a total loading time @f75 hrs Combined with the duration of the harvest and
clarification steps, chromatographic washing and elution steps, and incubation of purified LVs
with HT1080 cells, this brings the total process timatiout3 hrs. Comparing this time to the
half-life of VSV-G pseudotyped LVs at room temperaturestimated at 35ours® i suggests
that the values of recoveoy transducing L\8 may be negatively impacted the long processing
time. To obviate tisinconvenience, we conducted additional testing of select peptides by reducing
the residence timef all chromatographic stefiom 3.5 to 1 minwhich shorteredthe processing
time from 3 hours toabout50 minutes. Specifically, we focused on the sequences GEFENINW
and SNEIEIAN, selected based on the recovery of LV particles and genomes, as well as
FEKISNAE, EWKAAFIW, SKSAAEHE, GKEAAFAA, selected based on the recovery of
transducing LV particles. The results collated able 4.3 showthat reducing the load residence
time proved beneficial tthe perfomance of all resins: in particular, the yield of FEKISNAE,
GEFENINW, and GKEAAFAA increased 1t8-3-fold, while their HCP clearance grew from a
LRV of 1.4-1.6 to 1.82.7; notably, the product yield and purity afforded Bporo= 50 HE

Heparinalso doubled, indicating that the ne#da shorter loading time is not tied to a particula
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chemical composition of the ligands. It is also worth noticing that the performance of the{peptide
based adsorbents is comparable to that of the control affinity resins, in terms of recovered viral
particles and genomes as well as purity. At the same vuitle the values of yield well below

50%, furthemprocesoptimization is necessary improve the economics of LV production.

Table 4.3. Values of LV yield measured via p24 ELISA (1, viral particles), qPCR (2, viral
genomes), and transduction assay in HT1080 cells (3, transducing units), together with clearance
of HEK293 HCPs obtained by purifying LVs from a HEK293 CCCF (LV titer La@/mL,
corresponding to ~£0TU/mL; HCP titer ~ 0.3 mg/mL) using peptidRoros resins and control
Poro€ 50 HE Heparin and CaptureSelgctLenti VSVG affinity resins. The purification
processes comprised a loading step in 20 mM phosphate buffer with 75 mMt&C6.5, at the

RT of either 1 or 3.5 minutes; elution was conducted in 20 mM citrate buffer with 0.5 M lsiigCl

pH 6.0.

RT: 3.5 min RT: 1 min
Yield Yield
Ligand Viral ) . HCP Viral . . HCP
. Viral Transducing . Viral Transducing

Partllcles Genomes$ Units3 LRV Partllcles Genomes Units3 LRV
EWKAAFIW 12% 40% 22% 0.84 5% 51% 15% 1.33
FEKISNAE 16% 44% 22% 1.62 9% 69% 38% 1.82
GEFENINW 14% 51% 4% 1.73 6% 13% 12% 271
GKEAAFAA 15% 34% 17% 1.44 10% 63% 41% 1.87
SIEINSSE 4% 42% 6% 1.69 2% 84% 8% 2.49
SKSAAEHE 8% 32% 25% 1.24 5% 59% 29% 1.75
SNEIEIAN 23% 28% 4% 1.84 12% 65% 12% 2.25
Heparin 19% 20% 18% 1.44 13% 52% 39% 1.79

CaptureSeleét 0 o 0 ;

Lenti VSVG* 6% 38% 43% 1.94 A

“4tested according to product instructions: RT of 2 min; equilibration and washing buffer: 50 mM HEPES buffer with
150 mM NaCl at pH 7.5; elution buffer: 50 mM HEPES buffer with 150 mM NaCl and 0.8 M arginine at pH 7.5;
stripping solution: 50 MM sodiumptphrat e at pH 12. 0. A: values not measur e

4.3.4.0ptimizing LV purification by adjusting the composition of the chromatographic
buffers

The growth of LV yield and purity obtained simply by reducing the residence time of the
loading step suggests that further adjustment of the chromatographic process is in order.
Accordingly, we undertook the optimization of the composition, concentradiwh,pH of the

chromatographic buffers to improve the performance of FEKISNAEEFENINW, and
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GKEAAFAA-Poros resins. To that end, we initially explored the addition of arginine to the wash
buffer and MgCl to the elution buffer, and subsequently evaluated buffers with different basal
composition and conductivity, while maintain a constant RT of 1 minute for the loading step.

As shown inTable 4 .4, the addition 50 mM arginine to the wash buffer (20 mM phosphate
buffer with 75 mM NacCl at pH 6.5) increasslightly the HCP LRV obtained witREKISNAE-
Poros resin from 18to 2.01(corresponding to 402fold reduction and a residual HCP titer<of
3¢ g/ meuggestinga potentialstrategy foimprove HCP clearance. Howeveincreasing the
MgCl> concentration from 0.5 M to 1 M in the base elution buffer (20 mM citrate buffer at pH 6.0)
reduced.V recovery andvas therefore abandoned

We therefore resolved to exploradditional buffer systems with different basal
compositions Based on studies conducted by Pitaretsal®® and Bandeiraet al®, we first
adopted Tris to formulate new equilibration, wash, and elution buffers. Notably, the new wash
buffer (50 mM Trisbuffer with130 mM NaCl at pHB.0) increased the HCP LRV by FEKISNAE
Poros resin to 2.39 (corresponding to a-#1@ reduction and a residual HCP titerloRe g / mL )
and that of GKEAAFAAPoros resin to B5 (112-fold reduction;2.6e€ g/ mL) . Addi t i oneé
new elution buffer§0 mM Tris andl M NaCl at pH8.0) increased the yield of transducing LV
particles afforded by FEKISNAEand GKEAAFAA-Poros respectively t85% and 38%. Under
the same conditions, GEFENINYRbros resin provided excellent purify, but unsatisfactory yields;
this poor performance, combined with the presence in this peptide of asparagine (N) and
tryptophan (W) residues that are prone to degradatibrefly, deamidation to aspartic ati@nd

oxidatior?®i led us to abandoning this candidate ligand.
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Table 4.4. Values of LV recovery measured via p24 ELISA (total particles), gPCR (total viral
genomes), and transduction assay in HT1080 cells (transducing particles), together with clearance
of HEK293 HCPs and DNA obtained by purifying LVs from a HEKZ2GF (LV titer ~10°

vp/mL, correspondingp ~1¢ TU/mL; HCP titer ~ 0.3 mg/mLYsingFEKISNAE, GEFENINW

, and GKEAAFAA-Poros resins. All purification processes comprised a loading step conducted at
the RT of 1 minute. The values of yield were measuretramsduction activity on HT1080 cells.

. Buffers . HCP
Ligand Binding Wash Elution Yield LRV
20 mM citrate
75%”&%2%‘;5"2&;65 05MMgCh,pH 8% 181
20 mM phosphate » PRD 6.0
75 mMﬁl\éaCI, pH Z(ic%meonggﬁte 20 mM citrate
FEKISNAE ) - 0.5 M MgCh,pH  13% 2.01
50 mMarginine, pH
6.0
6.5
50 mM Tris 50 mM Tris 50 mM Tris
130 mM NaCl, pH 130 mM NacCl, pH 38%  2.39
1 M NaCl, pH 8.0
8.0 8.0
20 mM citrate
1 M MgCl, pH 1% 2.39
27(% ml\l\//ll ?\Ih;élphzﬂe 20 mM phosphate 6.0
g P 75 mM NaCl, pH 6.5 20 mM citrate
GEFENINW ' 0.5M MgChk,pH 1% 2.37
6.0
50 mM Tris 50 mM Tris 50 mM Tris
130 mM NacCl, pH 130 mM NacCl, pH <1% 1.92
1 M NaCl, pH 8.0
8.0 8.0
20 mM phosphate Za&meﬁsa%:ate 20 mM citrate
75 mM NaCl, pH Iy 0.5M MgCh,pH 28%  1.83
6.5 50 mM arginine, pH 6.0
GKEAAFAA ’ 6.5 ’
50 mM Tris 50 mM Tris 50 mM Tris
130 mM NaCl, pH 130 mM NacCl, pH 35%  2.05
8.0 8.0 1 M NaCl, pH 8.0

We then proceeded ®valuateHEPES and PIPES buffers. Thtbilization effect that
these buffers have demonstrated on LV padi@l¥' and the ability ofheparan sulfate and
Chondroitin Sulfate¢o bind LV particles (whether or not VS8 pseudotypedj?1°suggest that
sulfonic acid groups interact favorably with LV particlégccordingly, we evaluated a new set
of wash and elution buffeiis 50 mM HEPES/PIPES buffer at pH 7.4 added wi®0 mM and
0.65M NacCl, respectively starting with GKEAAFAA as the top performing ligand. The result

summarized ifFigure 4.2 show an appreciable improvement in btit@yield of transducing LV
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particlesand HCP clearance, which reachedpectively a value of 51% and an LRV of 2.26.(
182-fold reduction; residual titer1.66 g / mL ) u shasedbuffeds. A&&dingly, four more
candidate sequencesamely FEKISNAE, and the candidate ligands SKSAAEHE, EWKAAFIW,
EHFEHWSE, selected frofmable S4.2 based on their sequence similarity with GKEAAFAA and
FEKISNAET were reevaluated using the PIRB&ed buffers. The resulting chromatograms are

in Figure $4.3, while the corresponding values of LV yield and purity are collatédalie 4.5.
Collectively, these results strongly support the adoption of piperazineethanestitfasede
buffers, and, more broadly, showcase the impact of chromatographic processing on the
transduction activity of the purified LV particles: while no reduction walsah observed upon
incubation of LV particles in either HEPES and PIPES buffers, chromatographic processing
caused an appreciable loss of infectivite.( purified LV particles exhibited almost half of the
transduction activity of their prehromatograpy counterparts when tested on HT1080 cells at the
same viral genomto-cell ratio). This suggests the need to adopt different chromatographic
substrates, such as membranes and mondlitiisich will be explored in future work whose

wider porosity reducethe mechanical stress on LV particles and their residence time in process.
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Figure 4.2. Values of LV recovery measured via p24 ELISA (total particles), gPCR (total viral
genomes), and transduction assay in HT1080 cells (transdpeirtigles), and clearance of
HEK293 HCPs (orange histogram) obtained by purifying LVs from a HEK293 CCF (LV titer
~10Y vp/mL, corresponding to ~8a@U/mL; HCP titer ~ 0.3 mg/mLyising GKEAAFAA-Poros

resins; the loading step was operated at the RT of 1 minute. The values of yield were measured via
p24 ELISA (green histogram), gPCR (blue histogram), and transduction activity on HT1080 cells
(teal histogram).

Table 4.5. LV purification using an optimized chromatographic protod@allues of LV recovery
measured via p24 ELISA (total particlesind RT-gPCR (total viral genomés)logarithmic
removal value of HEK293 host cell proteins (HCP LRV), and residual datitZed DNA
obtained via chromatographic purification of LV particlesm aHEK293 CCF (LV titer ~1¢&°
vp/mL, corresponding to ~8a@U/mL; HCP titer ~ 0.3 mg/mLysing peptidePoros resinsThe
equilibration and washing steps were conducted using 50 iREIbuffer with 200 mM NacCl

at pH 7.4 (RT: 1 min); elution was conducted using 50 mM PIPES buffer with 0.65 M NaCl at pH
7.4 (RT: 1 min).

Lcand o Yield HCP Residual
g V|_ral Viral LRV dsDNA
Particlest Genomes
SKSAAEHE 52% 54% 1.81 23%
EWKAAFIW 17% 33% 2.08 46%
GKEAAFAA 48% 74% 2.07 33%
EHFEHWSE 13% 27% 2.32 11%
FEKISNAE 63% 55% 2.39 45%
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4.3.5.1n silico discovery and experimental evaluation of VSMa-binding peptides

The results presentad the previous sectiondemonstrate that the peptide sequences
identified by screening the peptide library against MS¥onsistently outperformed the sequences
selected againtll LV particles. Thispoints at the rationalesign of sequences that target ligand
able sites on VS\G as a promising route to the discovery of peptide ligands for LV purification.
In this context, particularly helpful are the published crystal structure of the complex formed by
VSV-G and the cystaerich domains of the lowlensity lipoprotein receptor (LDR CR2 and
CR3), a cell surface receptor that plays a key role in LV cell éfftiyotably, the team that
resolved and analyzed the structure of this complex identified two cationic residues e@,VSV
His8 and Lys47, that target anionic residues Asp69 and Asp 73 on CR2 and Asp108 and Aspl12
on CR3, and provide a major contribution to tid_-R binding energy. Additionally, the LDR
CR2 and CR3 domains feature a compact tertiary structure, rigidly held by 3 disulfide bonds,
which resembles that of scaffoldse( knottins,avimers, and bicyclic peptidg&>*!%utilized to
discover small protein affinity ligands. Finalljhet analysis of pairwise interactions between the
active residues ohDL-R CR2 and CRareported inFigure S4.4 andTable $4.3, indicate that
the VS\-G binding site consists of a continuous segment of residRedevantly to this work,
these data suggest thH@gt small peptide mimetics of LDIR CR2 and CR3 can be designad
silico to target the same GBinding site of VSVG; and(ii) the topperforming ligands identified
via library screeningg SKSAAEHE, GKEAAFAA, and FEKISNAHE all of which contain at leas
one glutamic acid residue, may indeed target the-EDCR-binding site of VSVG.

Accordingly,we designed aim silico ensemble of candidate ligands, whose sequence and
structure mimic theLDL-R CR2 and CR3 domains: specificallfhe four disulfide-cyclic

sequences €yclo[GSRQFVADSDRDI]GGSG, GCcyclo[GSRSFVGDSDRDJEESG, G
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cyclo[GSRAFVADADRD]GGSG, Ccyclo[GSRAFVGDAD]GGSG and the five linear
sequences SRQFVCGDSDRDBGSG, SRSFVCDSDRIBSG, SRAFVGDADRDGSG,
AFVGDADRD-GSG, and SFVRIGLSESSG The sequence homology and the small values of
rootmeansquare deviation (RMSD) of the atomic positions of the designed pepsdewir
cognateCR2 and CR3 domains provide confidence in the iBmimetic behavior of the
proposed sequence3he eight designed peptides, along WBIKSAAEHE, GKEAAFAA,
FEKI SNAE, and t he AAEandEEKISTFAE were dockadrt silico Rgaikst S
the crystal structures of VS (PDB IDs: 50Y9 and 50YL) in different aqueous environments
that represent the various buffers utilized during the purification process, namely ionic strength
and pH of 150 mM and 7.4 to represent the binding bufferQanil andpH 7.4 or 1 M and pH

6.0 representing two alternative elution buffararfiely,50 mM PIPES buffer with 0.65 M NaCl

at pH 7.4; 20 mM citrate with 0.5 M Mg£;IpH 6.0) Peptide docking was focused on theative
binding sitesdentified on the solverdaccessible surfacef the proteinas Al i gandabl e o,
whosephysicochemical and topological characteristics maketitobind a biomolecular ligand

with true affinity.1%” The other key constraint imposed during docking is for@®G tripeptide
appended on the-@rminal end not to interact with the target \\&®V this forces theGSG
tripeptide to orient outward from the binding pose, thus mimicking the orientational constraint
imposed to the peptides by their conjugation orstitéace of the chromatographic resin. In prior
studies, this constraint has been delivered superior accuracy in estimating the target binding
energy’’3846.646.108 The resultant VSVG:peptide complexes, selected based on their cluster size
and initial scoring using »Scoré®, were subjected to 25@s MD simulations in explicisolvent

conditions that represent the binding and elution buffers to obtain reliable values of binding free
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ener gy. Sdleqi€al complexes are shownFigure 4.3 and the corresponding values of

dissociation constant @< siico) are listed inrable 4.6.

Figure 4.3. Complexes formed by VS& with peptidegA) C-cyclo[GSRQFVADSDRD]CGSG

(red), (B) C-cyclo|[GSRSFVGDSDRD]&GSG (magenta)(C) FEKISAAE-GSG (green),(D)
FEKISNAE-GSG (blue){E) GKEAAFAA-GSG (teal)(F) SRQFVCDSDRDBGSG (yellow),(G)
SRTFVCDSDRDGSG (orange), an@H) SVFRIGLSD GSG (mustard). The VS% and LDL-R

are presented as grey and wheat cartoons, respectively; the interacting amino acidsG®ansV
LDL-R are in dark blue and red, respectively. The putative binding sites identified via druggability
study of thesolventaccessible surface of VS8 are presented as wheat, light blue, light green,
and light brown surfaces.
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Table 4.6. Values of dissociation constanti siico) of the complexes formed by LBDR-mimetic
peptides designed in silico and the peptides identified via library screening wittG&Nained

via molecular docking and dynamissmulations in explicit solvent conditions that mimic the
binding (onic strength of 150 mM and pH of 7.4) and elution (A: 0.7 M and pH 7.4; B: 1 M and
pH 6.0) buffers.

! CR2/3vs.peptide . Site 1 (LDL-R binding site.) o Site 2 .
igand RMSD (A) Binding  Elution A  ElutionB  Binding  Elution A Elution B
M) (M) (M) (M) M) M)
C'CVC'O[GSR(SSF(\;/ADSDRD]G 237A 1051 6.57.10°  4.64.10° 50510 6.50.1°  9.66.10°
C'CVC'O[GSR(;SSF(\;’GDSDRD]C 2.56 A 1.00-1°  6.68:10°  4.77.10° 605107 6.82.1F  1.07.10%
C'CVC'O[GSRég\éADADRD]O 2.47 A 1.38.10 14710 10510 2.13.10° 1.40.10*  2.10-1¢%
C'CVC'O[GSGRSAEVGDAD]G 2.42 A 1.08-1° 1.68-10° 1.07.10" 500-107 1.65-10°  2.40-10%
SRQFVCGDSDRBGSG 1.95 A 1.0510F 15810 1.16.10* 500107 1.41.10° 2.29.1¢%
SRSFVCDSDRBGSG 1.87 A 1.03.16° 560-10°F  4.0816° 50510 57116  8.00-10°
SRAFVGDADRD-GSG 1.81 A 1.36.1F 85310 7.3510° 6.75.10' 87510 1.11.10°
AFVGDADRD-GSG 1.76 A 1.01.10 14010 1.01.10* 1.06:10 1.41.10° 2.02.10%
SFVRIGLSDGSG 1.58 A 1.12.1F 83310 5.30.10° 550.10' 85310  1.05-1C°
FEKISNAE 1.93.1F 37810 1.99.10* 1.07-10° 4.41.10° 6.36.10%
FEKISAAE 2.7410°  1.84.10°  2.31.10 1.38.10° 1.91.10° 2.73.1¢%
FEKISTAE A 1.4110F 52510 1.23.10 9.0510° 5.29.10° 9.15.10%
GKEAAFAA 3.70.10° 1.46.10° 3.83.10 1.6510° 1.50-10°  2.14.10%
SKSAAEHE 1.79-1F 59510 1.52.10* 9.70.10' 4.75.10°  7.55.10%
LDL-R CR2 (50YL) 14110° 675106  9.82.10°
LDL-R CR2 (50Y9) o 6.92.1° 5.01.10°  3.73.10° S
A: peptides GKEAAFAA, SKSAAEHE, and FEKI SNAE and itsR derivat
mimetics.

§: this site is not targeted by the CR2 @3 domains of LDIR.

The results of molecular docking support the design criteria ohthmetic sequencesi)
all peptides, with the sole exception of SKSAAEHE, formed complexes whose binding pairwise
interactions recapitulate those of M8V-G:LDL-R complexes(ii) the binding strength of the
VSV-G:peptide complex in thieinding environmenis moderately lower (5.8 8.7 kcal/mol; K
~5-1077 5-10° M) than that otheir VSV-G:LDL -R CR2 and CR3 precursd&3i 9.7kcal/mol;
Kp~5-1087 107 M); and(iii) all peptides exce@RTFVCDSDRD exhibited comparable affinity
for a second binding site (described by the green surfaEgume 4.3). The ability of peptide
ligands to target multiple binding sites on the target surface tnith affinity suggests the
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formation of a multisite interaction network between the virus and the pejftidietionalized
surface. This mechanism has bedserved in prior studies on tde novadiscovery of peptide
ligands for AAV purificatiot'® to be conducive to high capacity and selective binding as well as
efficient product recovery under mild elution conditions. The LV coat displays approxir@ately
VSV-G proteins*!suggesting that VS\G areplaced at 12.5 31.3 A from each othefassuming

the LV radius to be 4050 nm) additionally, based otie peptide density on the resind@€ mo |
per gram) and the r e¥qg) thépsptidepaecedisplayed al8Aifrom a c e
each otherThis suggests thformation of8 i 10 VSV-G:peptide interactions per bound LV
particle. The cooperation of multiple affinity interactions results in a strong adikktyinding

that promotes efficient and selective LV capt@edemonstrated by the values of binding capacity
and product puritpresentedbelow (Sectior4.3.6).

Furthermoreas shown imable 4.6, thedissociation constanKp) of the VSV-G:peptide
complexesindergoes 840-to-750fold increaseas the ionic strength of the environment increases
from 150 mM to 1.3 M (representing the 50 mM PIPES elution buffer containing 0.65 M MgClI
and al,550t0-1,900fold increaseasthe pH decreases from 7.4 to 6.0 (representing the 20 mM
citrate elution buffer)This suggests #t the adsorbed viruses can be effectively released under
conditions that safeguard their transduction actiasyconfirmed by the values of product yield
(vide infraandSection4.3.4). The analysis of the molecular simulation trajectories indicates that
the VS\-G:peptide dissociation istrongly influencedy the loss ofi) Coulombic interactions
between the anionic residues in the peptide ligands and their cationic counterparts on-tg VSV

chiefly Lys47, Arg342, and Arg354vhichcontribute~341 41% of the binding energy at pH 7.4

The second major contributor to the free energy of binding, the network of hydrogen bonds

and polar interactions chiefly those formed with GIn10, Ser179, Asn180, Serl83, ThEE)
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and Glu353, which contribute 3139% of the binding enerdyis also obliterated by the addition
of MgCl. i a known chaotrop& which destabilizes the electrostatic and hydrogen bonding
interactionst*2113 The increase of ionic strength and the decrease of pH also causes a contraction
of the VSMG solvent accessible pockets: albeit small, this rearrangement significantlgstuc
structural complementaritpf the putative pocketto the peptide ligands argromotestheir
dislodging from the coat proteiniBhe energy of both VS¥5:LDL-R CR2 and CR3 complexes is
alsoreducedwhenthe simulation environment ®vitched to elution conditions. However, their
residual strengtlat the reference elution conditiofgp G ~7.2-8.2 kcal/mol) is higher than what
observed among the VS8:peptide complexes, suggesting that prodelation from protein
ligands is more challenginghis could explain why stronger denaturing conditionsrageiired

for lentivirus elution from antibodpased ligandé.g, 0.8 M argininds recommendetbr elution
from CaptureSeleé& Lenti VSVG affinity resir).

Based on the predicted values of W&Vaffinity at pH 7.4 and loss of binding upon
application of elution conditions, peptidé€scyclo[GSRAFVGDAD]C SRQFVCGDSDRD
SRAFVGDADRD, andSFVRIGLS were conjugated on Poros resins and evaluated by purifying
LVs from a clarified HEK293 cell culture harvest using the optimized PIP&s®d buffer system.
The results summarized Table 4.7 confirm the criteria adopted in tle silico peptide design:
the cyclic peptide afforded the highest value of HCP clearancearsgish this studyi.€., residual
HCP titer~0.34¢ g / ootresponding to a 8#Abld reduction), but returned a rather unsatisfactory
amount of productConversely, theSRAFVGDADRD and SFVRIGLY afforded a yield of
transducing LV particles comparable to those obtained with FEKISNAEGHRERAAFAA, while
still providing > 1006fold reduction of HCPsand were therefore selected for further

characterization.
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Table 4.7. LV purification using LDL-R-mimetic peptides designed in silicdalues of yield (1:

LV genomes measured via qPCR; 2: transducing LV particles measured via flow cytometry),
logarithmic removal value of HEK293 host cell proteins (HCP LRV), and residual dsuhlel

DNA obtained via chromatographic purification of LV peles in bindandelute mode from a
HEK293 CCCF LV titer ~10'° vp/mL, corresponding to ~8aU/mL; HCP titer ~ 0.3 mg/m)L

using LDL-R-mimetic peptidePoros resinsThe equilibration and v&hing steps were conducted
using 50 mM PIPES buffer with 100 mM NaCl at pH 7.4 (RT: 1 min); elution was conducted using
50 mM PIPES buffer with 0.65 M NaCl at pH 7.4 (RT: 1 min).

Yield
Ligand Viral Transducing ~ HCP
Viral LRV
Genome$ )
Particles?
C-cyclo[GSRAFVGDAD]G 16% 12% 2.94
GSG
SRQFVCGDSDRBGSG 18% 15% 2.42
SRAFVGDADRD-GSG 60% 45% 2.20
SFVRIGLSDGSG 55% 38% 2.02

These results support the developmeintsilicoorin vitro i of VSV-G-targeting peptides
as affinity ligands for the purification of lentivirus from recombinant feedstocks. Owing to their
moderate affinity and ability to form multiple interactions leading to strong axidien product
capture, VSVG-targeting eptides can match antibodiyased ligands in terms of binding capacity
and selectivity, while outperforming them in product yield under-acematuring conditions.
Additionally, the adoption of chemicaligableamino acids in constructing the resiaund library
or thein silico ensemble of.DL-R mimetics, and the lack of tertiary structure characteristic of
short peptides are conducive to the selection of ligands that are likely more robust than protein
binders. The latter aspect is particuladievant in biopharmaceutical manufacturing, as it impacts
the number of uses that an affinity resin can withstand, which represents a key determinant of

operational costs of a procésand ultimately the price of the drug to patients.
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4.3.6.Dynamic binding capacity and alkaline stability of peptidePoros resins

Based on the results ihables 44 and 4.7, adsorbents FEKISNAE GKEAAFAA-,
SRAFVGDADRD-, and SFVRIGLSEPoros resins were adopted to evaluate the dynamic binding
capacity (DBGow%) and stability of peptide ligands for lentivirus purification. Unlike the
conventional literature, where the values of QBfare measured by loading solutions of pure
virus and are therefore not representative of realistic process streams, we opted to conduct our
breakthrough experiments by loading a clarified bioreactor haceesaining LV particles at a
titer of ~1% TU/mL. The measurements were conducted at two values of residence time, namely
2 and 1 min: the former is the one recommended for CaptureSelamiti VSVG affinity resin
and was adopted in this work for comparability; the latter was selected in this study to reduce the
process time of LV particles and achieve a higher yield of transducing particles. The results
reported inFigure 4.4 and the corresponding values of DB& summarized inTable 4.8
demonstrate that all peptidmsed adsorbents possess a high binding capacity, on par with the
values of commercial affinity resins. Specifically, GKEAAFA?oros resins featured remarkable
DBCio%Vvalues ofL.91:10° at the RT of 1 min; FEKISNABPoros SRAFVGDADRD-Poros,and
SFVRIGLSDPoros resins showed slightly lower, yet still appreciable, values ofidB@lues
of 1.4310° 6.2410°, and 8.031L0° vg/mL. For reference, the DB, of CaptureSeleé&t Lenti
VSVG resin is9.7310° vp/mL at the RT of 2 minyhile that of Poro& 50 HE Heparin affinity
resin is 1.0-1®TU/mL at the RT of 0.5 minThe ability of peptiddunctionalized adsorbents to
capture a comparable amount of LV patrticles while reducing the process time of 50% may stem
from the Afl exi bled biorecognition mechanism
studies, which retrned several higprobability binding posefr each sequencé&igure 4.3), the

interactions with VSWG formed by peptide ligands appear to be less orientdependent than
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those formed by proteins. This may promote the rapid formation of-gitdtbinding of LV
particlesby the peptiddunctionalized surfacé manifested in the form of faster adsorption
kineticsi which translates equal binding capacity at lower residence time or higher capacity at

a longer residence time.

We noted that the ratio of LV titer in the effluent (C) did not reach the corresponding value
in the load (@) at plateau. Seguet al.also reported a Chplateau ~ 0.8 when measuring the LV
binding capacity of heparifunctionalized resin& To assess the role of LV loss in the tubing on
the plateau value of the LV titer, we loaded HEK293 CCF on the FPLC system without a column
and conducted a transduction assay of the effluent fractions as soon as they were dispensed on
fraction collector. A anticipsed, the analysis of the effluents showed-40% loss in LV
transduction activity, which can be ascribed to shearidesl temperature, @dsorption orthe

inner walls of the chromatographic equipmemité: our FPLC system is constructed with inert

tubes).
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Figure 4.4. Breakthrough curves obtained by loading a HEK293 CIOF titer ~10'° vp/mL,
corresponding to ~fOrU/mL; HCP titer ~ 0.3 mg/m).on (A) FEKISNAE-, (B) GKEAAFAA -

Poros resins at the residence time of either 1 or 2 min. The LV titer in the effluent was measured
via real timeRT-qPCR (vg/mL) and transduction assay (TU/mL).
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Table 4.8. Values of dynamic LV binding capacity (DBés) of peptidePoros resins loaded with
HEK293 CCCHLYV titer ~10'°vp/mL, corresponding to ~8aU/mL; HCP titer ~ 0.3 mg/m]Lat

the residence time of either 1 or 2 min. The LV titer in the effluent was measured via real time
gPCR (vg/mL) and transduction assay (TU/mL).

) RT DBCio%
Ligand .
(min)  (vg/mL)  (TU/mML)
1 7.03 16 1.43 10
FEKISNAE
2 5.84 16 1.69 10
1 1.91 10° 4.04 16
GKEAAFAA
2 2.69106° 5.2410
SRAFVGDADRD 1 6.24 16 1.76 10
SFVRIGLSD 1 8.03 16 2.09 16
CaptureSeleét Lenti
VSVG 2 9.7310° vp/mL
Heparin 0.5 1.0-1G TU/mL

Together with binding capacity, another critical parameter in downstsggrocessing is
the resin stability to cleaninig-place (CIP). The caustic treatments with concentrated aqueous
sodium hydroxide (0.1 0.5 M)!#116 established in antibody manufacturing are now being
transferred to the production of viral vectors fiorvivo andex vivogene therapy. Commercial
resins POROB CaptureSele& AAVX and AVIPure® affinity resins for AAV purification are
designed to withstand multiple cycles of reuse with intermediate cleaningprssghoric acid
but poor stability t®.17 0.5 M NaOH’ While remarkable, these ligands have not yet reached
the chemical stability of lategfeneration Protein A for mAb purification, whose decades of
engineering has made it capable of withstanding many cycles of cleaning with 0.5 M*ANatSH
Affinity technology for LV purification is still in its infancy, and the newly introduced ligands
have not yet accessed the molecular engineering pathway leading to high chemical stability;
accordingly, the recommended CIP conditions for FBré&® HE Heparin and CaptureSelect

Lenti VSVG resins are limited M NaCl and 25nM NaOH respectively%3*
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The lability of proteirbased ligands has been often linked to the deamidation of
asparagine/glutamine (N/Q) residues, as observed in native Prot&lamid the loss of tertiary
structure caused by the exposure to highly@ehversely, 3 of the 4 selected peptideamely,
GKEAAFAA, SRAFVGDADRD, and SFVRIGLSD do not contain either N or Q and they only
f eat ur e a-heBcal stroaturkamvhigh can be rapidly recovered upon incubation in neutral
pH. On the other handsEKISNAE is anticipated to convert to FEKISDAE when subjected to
alkaline cleaning, due to the deamidation of N to aspartic acid (D). When exposed to a flow of 50
mM NaOH, FEKISNAEPoros resin lost in fact ~50% of its binding capacity and, following a
staic contact with 0.1 M NaOH for 30 minutes, could not show any measurable binding of LV
particles. Therefore, alkalirgablevariants FEKISAAE and FEKIBAE were designeah silico
to possess VS binding and elution activity comparable to that of their cognate sequieatue (

4.6). Accordingly, adsorbents FEKISAAEand FEKIS AE-Poros resins were subjectedtém
consecutive cycles of LV purification from the HEK293 CCF with intermediate CIP with 0.5 M
NaOH. Adsorbent GKEAAFAAPoros resin, which exhibitetie¢ highest value of product yield
and DBGow was subjected t60 consecutive cycles of LV purification with intermediate caustic
cleaning. The lifetime study corroborates the criteria adopted in peptide design demonstrating that
GKEAAFAA maintained its binding capacity and selectivity, consistently adsorbinjreaenL,

and affording an average yield of ~60% of transducing LV particles and-a00&0ld reduction

of HEK293 HCPsKigure 4.5A). Similarly, SRAFVGDADRD and SFVRIGLSD maintained their

LV binding capacity (20° TU/mL) and yield (:88%) as well as impurity clearanedter CIP with

0.5 M NaOH and 30 minutes contact tinfénally, FEKISAAE demonstrated a purification
performance on par with its cognate FEKISNAE, while possessing a significantly higher stability:

throughout thel5 subsequent purification cycles, thesorbentmaintained itscapacity (>10°
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TU/mL) and afforded a product yield consistently abB0&otogether with &200-fold reduction
of HCPs Figures 45B). On the other hand, FEKISTABoros resins displayed significant
reduction of LV bound to column within increase on number of CIP cycles. Acidity of hydroxy

group on threonine side chain may lead to negative charge decreasing binding capacity of peptide

ligand???
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Figure 4.5. Caustic stabilitystudy of(A) GKEAAFAA -, (B) FEKISAAE-Poros resinsonducted
as consecutive cycles of LV purification from the HEK293 CCCF with intermediate CIP with 0.5
M NaOH (15 CVs at the RT of 1 min followed by 30 minutes of static contact time).
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4.4.Conclusions

Lentiviral vectors are rapidly becoming an essential tool for producing lifesaving cell
therapies. Their manufacturing technology, however, is in its infancy and can afford limited
product volumes, thus limiting the application of these therapies to bggmab of patients living
in advanced economies. While access to healthcare relies on many factors, introducing
biomanufacturing technologies that are productive and robust as well as affordable and scalable is
critical towards bringing advanced theragi@$ruition to a broader patient population worldwide.
In this spirit, our team introduced the first ensemble of peptide ligands for the purification ef VSV
G-pseudo typed LVs via affinity chromatography. By integrating criteria of affinity, selectivity,
and stability of the peptide sequences under differentdefered conditions, our discovery
strategy delivers ligands with a unique combination of high binding capacity, clearance of
impurities, yield of transducing vectors, and lifetime. To demonstinégeapproach, we applied
these criteria towards the experimental as well asrtralico discovery of VSVG-targeting
peptides. Among the sequences identified via library screening, GKEAAFAA affords a binding
capacity of 5-19TU per mL of resin, a 630% yield of transducing LV particleand a reduction
of HCPs above 20fbld, while also demonstrating stability to caustic cleaning. Similarly, among
the sequences designiedsilico, alkalinestableSRAFVGDADRD and SFVRIGLSD showeal
binding capacity 0+6.2410° TU/mL, 38-45% yield, and>200-fold HCP clearance As short
peptides, these ligands can be affordably produced at scale: recent studies indicate that, when
manufactured at the 10kg scale or above, the costnoér8peptiles can be as little as $60 per
gram'?? Given that ~25 grams of the proposed peptides are required to functionalize a liter of
resin, the cosbf-goods ofthe peptiddunctionalized resinsvould rangebetween $7.89K per

liter, thus providing a competitive alternative to affinity resins that rely on protein ligands. To
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further explore the potential of this technology, future work will focus on the evaluation of these
peptide ligands for the purification of VS8-pseudotyped LVs loaded with different genetic
payloads as well as their use on alternative chromatographstraes such as monoliths and
membranes. The latter hold great value to further reduce the residence time during loading, thus

minimizing process time and increasing the likelihood of recovering LVs with higher transduction

activity.
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4.6.Supplementary Information
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Figure $4.1. Relative infectivity of LV samples in chromatographic bufférg. particles were
incubated at the initial titer &.010° TU/mL in citrate, phosphate and histidinebased buffers

with different added salts (NaCl or Mg@Git different concentrations) and pH 80 minutes a5

°C. The relative infectious titers are calculated as the ratio of the transduction activity in HT1080
cells of the LV samples relative to that of LV particles in DMEM medium.
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Figure $4.2. Calibration curve for the determination of the surface density of primary amine

groups on modified Poros resin. The data points were obtained by anagaegus solutions of
ethanolamine at different concentrasaa Kaiser (ninhydrin) test.
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Figure $4.3. LV purification from a clarified HEK293 cell culture harves@hromatograms
obtained by purifying LV particles in birgind-elute mode from &EK293 GCCF (LV titer~10%°
vp/mL, corresponding to ~2@’U/mL, HCP titer ~ 0.3 mg/mlusing peptidebased adsorbents)
EHFEHWSE(B) EWKAAFIW, (C) FEKISNAE, (D) GKEAAFAA -, and(E) SKSAAEHE-Poros
resins. The equilibration and washing steps were conducted using 50 mM PIPE Sviblft€0
mM NacCl at pH 7.4 (RT: Inin); elution was conducted using in 50 mM PIPES bu#fién 0.65
M NaCl at pH 7.4 (RT: 1 min).
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Figure $4.4. Complexes formed by VS& with the(A) CR2 and(B) CR3 domains of LDIR
(PDB IDs: 50YL andbQY9, respectively The VS\AG and LDL:-R are presented as light blue
and wheat cartoons, respectively; the interacting amino acids orG/&W LDL-R are in dark

blue and red, respectively.
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Table $4.1. Sequences and biophysical properties-ofed peptides selected via library screening
against mature LV particleS§ySV-G, and™VSV-G. The sequences were identified via Edman
degradation of the selected library bealdse values of isoelectric point (pl) and Grand Average
Hydropathy index (GRAVY) were calculated based on the amino acid sequences and assuming an
amidated @erminus to represent the conjugation of the peptide to the chromatographic resin.

LV particles EVSV-G FLVSV-G
Sequence Ip GRAVY Sequence Ip GRAVY Sequence Ip GRAVY
NEAIAWSA 6.99 0.15 HFGNHAHS 11.05 -1.21 GKEAAFAA 10.13 0.28
SANWAIEW 6.99 -0.19 FEKISNAE 7.05 -0.76 GNSNAAHF 11.35 -0.63
FFFWKEWE 7.05 -0.54 SWFHWNGW 11.15 -0.98 FFENAFAH 11.30 1.01
EKNKEKAN 10.35 -2.99 GWAANWGF 11.23 0.04 SHIKNSAN 12.05 -1.18
WFIEESG 4.29 0.34 FGKSAAAA  12.20 0.61 ANFGAHSK 12.10 -0.68
AINNHEWE 5.31 -1.48 SNEIEIAN 4.29 -0.50 KKWAIGSK 12.70 -0.94
ENSNHSAW 7.90 -1.80 HENISNSW 7.90 -1.46 EWKAAFIW 10.13 1.21
FEFSEWAW  4.29 -0.28 SIEINSSE 4.29 -0.49 NWEFWSHN 7.90 -1.69
NEKWHEAF 7.88 -1.74 NNWHEWHI 8.00 -1.78 NIFHFNSN 11.25 -0.55
EHFEHWSE 5.22 -1.98 AFIHEAWS 7.90 0.31 SKSAAEHE 7.88 -1.51
IWEFKNHE 7.88 -1.40 GNSEKAAW 10.13 -1.18 SKSAAEHE 7.88 -1.51
WEIAKHSF 10.13 -0.40 HNAWFAAA  11.40 0.30 NESHINIS 7.90 -0.79
LKIWEWEI 7.05 0.01 FFFAENWE  4.29 -0.15 NWFWSFNE 6.99 -0.94
SHFENNIW 7.90 -1.01 SNSEWANI 6.99 -0.84 SKAAAFSH 12.34 -0.06
WFWHAAIF 10.89 1.09 FWSAFINE 6.99 0.40 WIIAWNHE 7.90 -0.15
WLSAAFFH 10.92 1.01 NEISSSWF 6.99 -0.38 SHFAWASE 7.90 -0.35
ESFWFNNE 4.29 -1.26 FSSAAIWN  11.40 0.61 ASWSENNI 6.99 -0.84
WHISHAAN 11.01 -0.44 HAWENNFG 7.90 -1.30 IKEIKENN 9.86 -1.60
AFWWGHHF 10.88 -0.15 NNWEAWEN 4.29 -2.19
FNNNHEWF 7.90 -1.56 FNEFNKAN 10.13 -1.31
WEIWHFEE 4.59 -1.03 WKIEENNE 4.63 -2.23
GENNINSN 6.99 -1.78 HWEENWAE 4.59 -2.15
FIHHIWFS 10.91 0.81
FWIAIEAI 6.99 1.94
WESIIFAA 6.99 1.28
NKIWANS 12.51 -0.23
NAAFIWNH 10.89 -0.03
NKGHSNEE 7.88 -2.79
SESIIAWW 6.99 0.49
KAHEHIFW 10.13 -0.70
WSSISEGG  6.99 -0.39
GHFENINW 7.90 -0.96
GASFFISW  11.45 1.13
GSWGGHHW 11.10 -1.28
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Table $4.2. Evaluation of the candidate peptide sequences via LV purification in Yialues of

LV yield (viral particles measured via p24 ELISA and viral genomes measured via qPCR),
logarithmic removal value of HEK293 host cell proteins (HCP LRV), and residual dsuhlel

DNA obtained via chromatographic purification of LV particles indeandelute mode from a
clarified HEK293cell culture harvest (LV titer: ~#&vp/mL, corresponding to ~$aU/mL; HCP

titer: ~0.3 mg/mL) using the peptides identifiegl screening the -Bher peptideChemMatrix
library against either (1) mature LV partsl (2FVSV-G, or (3)'"VSV-G targetsand conjugated

on aminated Poros resinghe equilibration and washing steps were conducted using 20 mM
phosphate with 75 mM NaCl at pH 6.5 (RT: 3.5 min); elution was conducted using 20 mM citrate
buffer with 0.5 M MgC# at pH 6.0.

LV particle LV genome
Seguence yield yield HCP  Residual
q (p24 ntapcr) LRV dSDNA
ELisa)  (RT-GPCR)

GEFENINW 14% 51% 1.62 47%
EHFEHWSE 13% 25% 1.88 29%
EWKAAFIW? 12% 40% 0.84 28%
LKIWEWEI® 7% 26% 0.58 55%
IWEFKNHE! 7% 27% 1.31 21%
WFWHAAIF? 3% 32% 2.08 65%
NKGHSHEE 2% 25% 0.79 8%
SWFHWNGW 1% 40% 0.52 52%
KAHEHIFW? 1% 26% 0.56 27%
WSSISEGG 1% 31% 2.31 74%
GSWGGHHW 1% 19% 1.51 55%
SESIAWW! 1% 22% 1.81 42%
ESFWFNNE < 1% 9% 1.98 48%
FWIAIEAI® <1% 10% 1.81 26%
GASFFISW <1% 2% 1.59 27%
NAAFIWNH? <1% 11% 2.07 9%
WFIIEESG <1% 11% 1.83 41%
WESIIFAAL <1% 6% 1.79 49%
WHISHAAN? <1% 9% 1.52 54%
SNEIEIAN? 23% 28% 1.84 40%
FEKISNAE? 16% 44% 1.61 72%
FGKSAAAA?Z 10% 17% 0.54 12%
SIEINSSE 4% 42% 1.69 68%
HAWENNFG? 3% 14% 1.12 47%
AFIHEAWS? 2% 9% 1.42 46%
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Table $4.2 (continued)

FWSAFINE <1% 6% 1.98 25%
NNWHEWHI? <1% 4% 1.48 57%
GKEAAFAA3 15% 34% 1.44 55%
SKSAAEHE 8% 32% 1.24 65%
SHIKNSAN? 8% 29% 0.78 17%
GNSNAAHP 6% 32% 0.71 7%
KKWAIGSK? 2% 7% 0.94 47%
SHFAWASPE 1% 5% 0.91 57%
IKEIKENN? <1% 6% 1.71 64%
NWFWSFNE <1% 4% 2.05 28%
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Table $4.3. Pairwise interactions between the active residues on@%¥d the targeted residues
onLDL-R CR2 (PDB ID: 50YL) and CR®QY9) domains

LDL-R  AGbD LDL-R  AGbD
CR3  (kcalimol) VSVC CR2  (kcalimol) VSV©
GLN9O  -0.101 MET184 ASP178
ASPO1  -0.202  LYSA47 GLY40  -0.66  SERL79
LYS99  -0.101  ASN9 ASN180
SER102  -0.808  LYS11 SER179
PRO4L  -0.33
TYR209 ASN180
ARG354 SER48
ARG103  -0.707
GLU355 SER179
ILES2 LEU42  -11  ILE182
ARG354 ASN180
ILE347 Lvs47
THR352  PRO63  -0.44  ALASL
GLN104  -0.909  LYS47 GLN64 022  GLN1O
ILE331 GLN10
ALA51 ASN9
ILE182 PHE65  -0.88  ARG354
THR350 ALAS1
GLN10 His8
PHE105 -1.010 SER48 LYS47
ILE347 GLN10
LYs47 ARG354
TRP66  -1.1
ARG354 ALA51
VAL106  -0.303
SER179 SER48
ILE182 HiS8
SER183 GLN10
CYS107  -0.909 ARG67  -0.22
HIS8 ARG354
ASNO ARG354
THR352 THR352
Cvyses  -0.99
ARG354 GLU353
ARG342 ILE347
ASP108 -1.010 ALA51 ILE331
GLN53 ILE347
MET184 ARG354
TYR209 ASP69 -1.1 TYR209
TYR209 HIS8
SER109  -0.606 SER183 THR352
HIS8 LYS47
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Table $4.3 (continued).

ASP110

ARG111

ASP112

GLU119

CYS122

PRO123

Total

-1.010

-0.202

-0.808

-0.202

-0.404

-0.505

-9.8

GLU353
LYS11
VAL344
HIS8
GLN10
THR352
ILE182
ARG354
ALA51
ILE347
ARG354
THR352
ARG354
HIS8
THR352
GLU353
GLN10
LYS11
SER183
LYS47
GLU353

GLY70

GLN71

VAL72

ASP73

ASP75
GLU8O

CYS83

PRO84

Total

-0.77

-11

-0.55

-0.88

-0.11
-0.33

-0.88

-0.44

-12.1

ILE347
TYR209
SER183
MET184
THR352
ASP185

LYS47
TYR209

ILE182

HIS8
SER183
MET184

ILE182
SER183
MET184

ILE182

LYS47
ASN180
THR352
THR351
GLU353
THR352
THR351
ARG342
GLU353
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CHAPTER 5: Downstream processdevelopmentfor lentivirus purification from
recombinant fluids
By Eduardo Barbieri, Gina N. Mollica, Shrirarjun Shas¥yxuan Wu,Sobhana A. Sripadayill
Smith, Arianna MinzoniElena WuestenhageAnnika Aldinger, Heiner Graalfs, Oliver Rammo,

Michael M. Schulte, Michael A. Daniele, and Stefano Menegatti

Abstract

Unique biological properties of lentiviruses (LVs), short Hiddf times, and sensitive to
temperature, salt, and pH changes require fast and robust downstream processes for successful
development of life saving therapeutics. Therefore, we further cearszt peptides as affinity
ligands for purification of LVs by investigating different chromatography resins and membranes
for peptide attachment and proposing a lab scale downstream process from clarification to sterile
filtration of LVs. Regarding chrontagraphy resin typehe robustness of peptide GKEAAFAA

was confirmed by synthesis in 5 different resins displaying recoveries ranging from 49% to 65%
and binding capacity up to 5X@° TU/mL of resin at 1 minute resident time. However, when
peptides FEKISNAE and GKEAAFAA were conjugated on membranes values of recovery
reduced to 39% or less and approximatedlreduction in binding capacity. Finally, we proposed

a lab scale process cposed of clarification by centrifugation and microfiltration, affinstgp

with GKEAAFAA-Poros, polishing bgpplyingCaptoCore70@esin LV concentratiomndbuffer
exchange by tangential flow filtration, and 0.2 um sterile filtration. Process global yield was 44%

with more than 99.99% removal of host cell proteins.
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5.1.Introduction.

Limited access of patients to life saving gene and cell therapies are usually attributed to
high manufacturing costs required for production and purification of viral velcynsteglo, one
of the most expensive drugs in the USA approved by the FDA in 2022, costs 2.8 million per
treatment More robust and effective downstream technologies could help reduce costs and
improve product safety. However, the unique characteristics of viral vectors, size, stability, capsid
and genetic material diversity, require novel, robust, andeftesttive prification technologies
to foment therapeutic treatment accessibility.

Lentiviruses are retroviruses typically applied in CAR T cell therapy for ex vivo
modi fication of patientsd T cells for cancer
been reported for treatment of neovascularratgted macular degeneration by subretinal
injection®® Independently of application, LVs need to be purified from HEK293 cell culture fluids
(CCFs) to remove different impurities, host cell DNA (hcDNA) and proteins (HCPs), vesicles, as
well as remaining plasmids and cell culture medium components. Effeotiuestteam processes
ensure product safety for patients, preservation of viral activity, and therapeutic preparation before
formulations.

Typical downstream processes are composed of clarification by centrifugation or filtration,
a capture/affinity step followed by polishing chromatography and tangential flow filtration for
concentration and buffer exchange. Specifically for lentivirus, C&E treated with benzonase
for digestion of nucleic acids and cell and debris removal by depth filtration, tangential filtration
and/or centrifugationMore than 90% of LV recovery has been reported using a polystyrene based
depth filter® Anion exchange chromatography (AEX) has been reported in the literature as the

commonly used capture st&p! Bandeiraet al.described the use of diethylethanolamine (DEAE)

143



monoliths with 80% LV recovery but no data on HCP rem8vai. another experiment,
regenerated cellulose nanofibers functionalized with quaternary amine resulted in 63% LV
recovery by transduction assayag reduction in HCP but no reduction on host cell DNA.
Similarly, DEAE hydroxylated methacrylic polymer beads (pore diameter of 100 nm) were tested
for LV purification resulting in 46% recovery, and on average 99.18% and 99.97% for total DNA
and HCP removal, respectively, after AEX, tangential flow filtratiand a polishing step using
size exclusion chromatograpHiy.Due to large size of LV in comparison with contaminants, size
exclusion chromatography is the typitgbe ofchromatography applied as a polishing step with
recovery values reported from 68 to 88948.

Affinity chromatography is a preferable method for capture due to higher specificity to the
target in the presence of contaminants and simplified elution condititimvever, there are
limited available affinity ligands for LV purification. Heparin has been used as pseudo affinity
ligands with LV recovery of 61% by transduction assay, 86.8% in DNA removal, -408 1
transduction units (TU)/mL of resin for binding capacity at 0.5 minutes resident’tidmsvever,
heparin is obtained from animals leading to contamination concerns and lack of stability to
cleaning in place conditions (CIP) e.g. sodium hydroxide or phosphoric acid aqueous $bfation.
More recently, Peixotet al.and ThermoFisher found single domain (VHH) antibody fragments
for affinity purification of vesicular stomatitis virus G protein (V&) LV particlesl3 They
reported recoveries values ranging from5486, 99% and 80% for HCP and dsDNA removal,
respectively, and binding capacity up ta@'! viral particles/mL resin at 2 minutes resident time.
However, the authors do not report ligand stability to NaOH concentration higher than 25 mM or

lifetime cycle studies for the resin.
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In seeking improvements and contributions to LV purification, we further investigated our
previous published work on peptide ligands by engineering Na@ble peptides, conducting
lifetime studies, exploring different substrates for peptide coupling and use of CaptoCore700 as a

polishing step.

5.2.Materials and methods

5.2.1.Materials

Plasmids pALDLentiEGFRK, pALD-RewK, pALD-VSV-G-K, and pALD-GagPolK
were purchased from Aldevron (Fargo, ND). dCA#264_GFP was a gift from Feng Zhang
(Addgene plasmid #61422; http://n2t.net/addgene:61422; RRID:Addgene_ @B ZPAnsIT-
VirusGENE Transfection Reagent for LV production was purchased from Mirus (Madison, WI).
Viral production cells derived from HEK 293F, EMAX production medium, LVMAX
transfection kit, TrypLEE express enzyme, fetal bovine serum (FBS), PurddikkPure Plasmid
Maxiprep Kit, Syto 13 dye, TagM&n Fast Virus 1Step Multiplex Master Mix, TagMadh
custom made probe and primers, Purelink Viral RNA/DNA Kit, Turbo DNAse, PGR6GOH
Hydroxyl Activated Resin, and high glucose DMEM supplemented with GlubéiAand
pyruvate, were obtained from ThermoFisher Scientific (Waltham, MA). Trifluoroacetic acid
(TFA), Fmoc/tBuprotected amino acids, piperidine, diisopropylethylamine (DIPEAY)dthyl-
2-pyrrolidone (NMP), and hexafluorophosphate azabenzotriazole tetrdnoetmium (HATU)
were purchased from Chelimpex (Wood Dale, Illinois). 975 and TF25 cell culture flasks, 96
well culture plates, DNAse/RNAse free water, -Pperazinediethanesulfonic acid (PIPES)
sesquisodium salt, BalanCD HEK293 medium, isopropamalaanpicillin were purchased from

VWR (Radnor, PA). HT1080 cell line was purchased from American Type Culture Collection
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(AATC) ( Ma n a s Dimsthylforvhamide (DMFE),NIhloromethane (DCM), sodium
hydroxide, sodium chloride, sodium bicarbonate, 0.45 um surfactant free cellulose acetate (SFCA)
vacuum filters, yeast extract, peptone and granulated agar were obtameligher Chemical
(Hampton, NH). HIV1 p24 ELISA Kit was purchased from Abcam (Waltham, MA). HEK293
HCP ELISA kit was acquired from Cygnus (Southpoint, NC). TOYOPEARL aibaf-,
TOYOPEARL AFRAMIno-650M were obtained from Tosoh bioscience (Tokyo, Japargxy=p
activated Eshmuno resins were kindly donated by Merck (Darmstadt, Germany). Prepacked
HiTrap Capto Core 700 columns and Peak Expression medium were purchased from Cytiva
(Marlborough, MA). Transfection reagent PElpro was purchased from Polypluscfillkir
France). Nalgene 0.2 um syringe filters made of polyethersulfone (PES), Amiconultra centrifugal
filters (100 kDa), ethan&,2-dithiol, and benzonase were acquired from MilliporeSigma

(Burlington, MA).

5.2.2.Peptide functionalization of resins

POROS and Eshmuno resins were functionalized accordmgtted described i@hapter
4. TOYOPEARL amine/50F and TOYOPEARL AAmMIino-650M were used without any
modification. Sequences GKEAAFAA, GKEAAFAS, GKEAAFAA-GSG, FEKISNAE were
synthesized on resins using an Initiator+ AlBtraautomated peptide synthesizer (Biotage,
Uppsala, Sweden). Each amino acid (aa) coupling step was performed 2 times using 5 equivalents
(eq.) at 0.5 M in DMF, 5 eq. of 0.5 M HATU in DMF and 12 eq. of 0.5 M DIPEA in NMP at 70°C
for 20 minutes. After each coupling, Fmoc protecting group was removed using 20% v/v piperidine
in DMF for 30 min at room temperature. Final deprotection of amino side chains was conducted

using a cleavage cocktail containing TFA, thioanisole, anisoleBAd(90/5/3/2) (v/v) for 2 hrs.
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Cleavage cocktail was removed by washing resin with DMF, DCM, and dried with a stream of

N2. Resins were stored at 4 °C until further use.

5.2.3.LV production and harvesting

Viral production cells (ThermoFisher Scientific, Waltham, MA) were cultured in BalanCD
or LV-MAX medium at 8% C@and 37 °C until 3.5.5-10° cells/mL for at least 4 passages before
transfection. For PElpro, the day before transfection, cells were diluted -t0°1¢glls/mL,
followed by concentration adjustment to -A@ cells/mL just before transfection. In separated
vials PElpro and plasmids were diluted in DMEM media, combined, mixed, incubated for 15
minutes at room temperature before being added to the cells. Fdtalk\system, LVs were
produced following the manufacu r e r 6 s’ ForrMirds transfdction reagent, the plasmids
were diluted in complex forming solution, added transfection reagent, mixed, incubated for 10
minutes at room temperature, and added to HEK293F cell suspensioriét dells/mL. For all
three systems, after 48 hours, cell culture suspensions were treated with 50 U/mL of benzonase
and 2 mM Mgd for 30 minutes in the incubator. Cells were removed by centrifugation at 1,300
xg for 15 minutes followed by supernatant filtration using a 0.45 um surfactant fieksel

acetate vacuum filter. If not immediately used, samples were sto/@dl %E.

5.2.4.Binding studies of LV in competitive conditions using peptiddunctionalized resins.

Resins were packed in Tricorn 5/50 column under flow and 0.1 M NacCl to a final column
volume of 1 mL. Columns were equilibrated with 50 mM PIPES 100 mM NaCl pH 7.4 for 10 CV,
followed by loading of clarified LV material, washing with 20 CV (same buffermmsition as

equilibration buffer) and elution with 50 mM PIPES 650 mM NacCl (3 CV) and 1 M NaCl (6 CV)
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pH 7.4. In some cases, elution was conducted with 50 mM PIPES 1 Mo N®)CV). Column
CIP was conducted with 0.5 M NaOH for 15 CV and 30 minutes incubation time followed by

washing with equilibration buffer. All steps were conducted at 1 mL/min (RT: 1 min).

5.2.5.Confocal Imagining of GKEAAFAA -Poros after loading of fluorescent tagged LV
particles.

Lentivirus were purified by sucrose gradient following method described by Jiang et al.
(2015)*8 LV pellet obtained after centrifugation was resuspended in 0.5 mL of 50 mM PIPES 100
mM NaCl pH 7.4 overnight at 4 °C before labeling with 2 pL of 5 mM Syto 13 in DMSO. Excess
dye was removed using Pierce Dye Removal Columns (ThermoFishwer, Ma). Flublesekeal
LV particles were loaded on GKEAAFARoros following same procedure described in section
5.2.4. After, loading beads from top and end of the column were collected and imaged using a

Leica Stellaris Confocal Microscope (Wetzlar, Germany).

5.2.6. Polishing, buffer exchange and sterile filtration steps

CaptoCore700 prepacked resin in 1 mL column was equilibrated with 10 CV of 50 mM
PIPES 100 mM NacCl pH 7.4 at 1 minute resident time followed by loading of 20 CV at 2 minutes
resident time of LV sample obtained from GKEAAFAZOROS elution fraction. Packedsin
was cleaned with 1 M NaOH in 30% (v/v) isopropanol in water for 15 CV, 30 minutes contact,
and up flow. Following CaptoCore700, samples were initially concentrated usAmiaan 100
kDa filter by centrifugation at 3,500xg for 30 minutes. Followed.Byimesbuffer exchange in

50 mM PIPES 10% sucrose, 20 mM Mg@hd pH 7.4 using same device. Finally, samples were
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manually filtered using Alalgene PES 0.2 um syringe filters and immediately analyzed or stored

at-80 °C.

5.2.7.Analytical procedures for LV assessment

5.2.7.1.Transduction assay

HT1080 cells were cultured in DMEM supplemented with 10% FBS at 5% CO2 and 37 °C
until 80-90% confluence. Cells were detached from flask using trypsin, counted using a
hemocytometer and trypan blue for cell viability and plated in-av@6plate at 7,00@ells/mL.
Plates were centrifugated at 900xg for 5 minutes and kept in an incubator until transduction assay.
After 4 hours, LV samples were 10x serial diluted in DMEM medium without FBS and
supplemented with 8 pg/mL of polybrene and added to the celts.n€kt day, medium was
replaced for fresh DMEM with FBS and cells were incubated for more 2.5 days. % of cells
expressing GFP was quantified by CytoFLEX flow Cytomer (Beckman, Brea, CA) and
transduction units (TU) per mL calculated using equation 01. @hltions that yielded %GFP+
cells between 1% to 25% were considered for LV transduction concentration.

nOnO’L?’)

VY &0 G QD Q& obi DT
i 0ET QO Qb .

T N Ea0a®z000 0 OODE ¢ |
Equation 01. Transductions units (TU) per mL were determined based on the number of cells at
the time of transduction, number of HT1080 cells expressing GFP, total volume sample per well

and dilution factor.

5.2.7.2.HEK293 HCP ELISA and p24 ELISA
Total p24 protein and HEK293 HCPs ware determined by PicoGreen assay (ThermoFisher,
Waltham, MA), HIV ELISA (Abcam, Waltham, MA) and HEK293 HCP ELISA (Cygnus,

Sout hpoint, NC) , respectivel vy, according to
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5.3.Results

5.3.1.LV production

Lentiviruses aretypically produced by plasmid transfectioof HEK293F cells in
suspension. Different works reported production of LVs in adherent or suspensiof? cells.
However, HEK293cell culturein suspensiors usually preferable due to easier scalability, higher
titer, and no need of supplementation with FBS. Cell culture medium composition has been
reported to affect product titer and host cell protein concentration and gPafid/e initially
tested three different commercially available cell culture media, Peak Expression (Cytiva, MA),
BalanCD HEK293 (Irvine Scientific, CA), and LMax (ThermoFisher, MA). Titers by
transduction assay and HCP concentration are shoWwigime 5.1. For smaller GOl composed
of just GFP (~ 4.5 kb) no significant difference was observed among three different media in terms
of transduction units; however, HCP concentrations in Peak Expression amdx.¥hedia were
1.6 and 2.1 times higher, respectivaly comparison with BalanCD. Cells were adapted for at
least for 4 passages before virus production and all three conditions showed cell viability equal to
98% at time of transfectioMhese results gicaesthat differences in HCP can be related to cell
culture medium compositiofs.

We also investigated the effect of changgeme of interestOl) on lentivirus production
by increasing size from 4.5 kb to 9.5 Keiqure 5.1B). Similar toGOI composed of just GFP,
BalanCD vyielded higher titer and lower HCP concentration in comparison with Peak Expression
and L\-Max. Moreover, functional titer was 2.1 log lower when GOI composed of dCas9 and
GFP versus just GFP. Kumar et al. (2001) inves#id the effect of GOI size on lentivirus titers

and found similar results as reported by*ughe authors described two hypothesis for titer

150



reduction: (i) bigger GOI leads to a more challenging encapsidation during virus particle assembly

(i) limitations on transport of proviral RNA from the cell nucleus to cytoplasm.

(A) GOI GFP (B) GOI GFP + dCas9
6 0x108 N T T T 250 T T 250
3.3x10°
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Figure 5.1. LV titers by transduction assays and host cell protein (HCP) concentrations determined
by ELISA after production of lentivirus testing three difference cell culture media, Peak

Expression, BalanCD, and EMax and transfer plasmi{@) pALD-LentiEGFRK or (B) dCASS
VP64-GFP.

Transfectionthecommonly used method for viral productjiagamediate by a transfection
reagent to form complexes with DNA material and facilitate introduction of plasmids into
eukaryotic cells. Different transfection reagents have described in the literature, including-calcium
phosphat&, cationic polymers, such as polyethyleneimine (PE#nd lipids?® We tested three
different transfection reagents, TransIT (Mirus, WI), PElpro (PolyPlus, France) afdaxV
(ThermoFisher, MA). Results are summarizedrigure 5.2. TransIT and LVMax presented
higher titers in comparison to PElpro. Even though the exact composition of transfection reagents
is proprietary, it is reported that the PElpro is based only on cationic polymer and the others a
mixture of cationic polymerwith cationic lipids or just lipids. The highest LV titer was obtained
using TransIT and tat plasmid concentration of 1.6 pg/mL, a 36% reduction in comparison with

LV -Max.
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Figure 5.2. Comparison of three different transfection reagents, TransIT, PElpro, aMakV
transfection for production of lentivirus with transfer plasm#lLD-LentiEGFRK and packing
plasmids pALDRewvK, pALD-VSV-G-K, and pALDGagPoiK. HEK293F cell density was
equal to 4106 cells/mL for TransI'Bnd LV-Max and 2.5106 cells/mL for PElpro, viability higher
than 98% and cultured in BalanCD media. Plasmid:transfecéagent ratio (m/v) and total
plasmid concentration per mL of cell culture (A) 1:3, 1 ug/mL; (B) 1:1.85, 1.6 pg/mL; (C) 1:3, 3
pg/mL, (D) 1:3, 1.6 pg/mL, (E) 1:3, 2.5 ug/mL, (F) 1:1, 2.5 pyg/mL, (G) 1:2.5, 2.5 pg/mL.

5.3.2.Effect of gene on interest size (GOI) on LV purification

We decided to investigate if changing GOl size has any effect on the peptide GKEAAFAA
purification performance. Although ssSRNA size limit is still debated in the liter&@6)]s up to
10 kb in size are considerdte limit in terms of process feasibility and sufficient production of
transduction unit$’ Therefore, we conducted purification of lentivirus particles packed with GOI
composed of dCas9 and GFP genes (~ 9.5 kb) in HEK293F CCF. As discussed inssgdtjon

increase in GOl size leaded to reduction in virus titer requiring higher loading volume into column
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(Figure 55) in comparison with particles with just GFP. Overall, the process yielded a
concentration factor of 4-fold increase of virus in the elution when compared with loading, 1.79
log reduction in HCP removal, and 40% virus recoveryusTipeptide GKEAAFAA shows

compatibility and usability for purification of LV particles packing ssRNA different from GFP.

~ 2500 -

Absorbance

0 50 100 150
Column volume (CV)

Figure 5.5. AKTA chromatogram of LV purification from HEK293T CCF fluid loaded into a 1
mL column functionalized with GKEAAFAAPoros. Equilibration and washing steps were
conducted with 50 mM PIPES 100 mM NacCl pH 7.4, and elution 50 mM PIPES 0.65 M NaCl pH
7.4. Absobance signal was monitored at 280 nm wavelength.

5.3.3.Effect of spacer on peptide GKEAAFAA

Arm spacers between chromatography support, e.g., resin bead, membranes, monoliths,
and ligands have been reported to affect binding capacity of lysozyme in cation exchange
adsorbenté and antibody host cell protein removal and recovery in agarose resin functionalized
with peptide ligand HWRGW\W® Therefore, we evaluated the effect of adding spacers GSG or
G between peptide GKEAAFAA and POROS resin bead. All three resins were loaded vitf 1.5

TU of LV in CCF and no virusvasdetected in flonthrough or washing steps. No significant

153



differences in terms of recovery were found among GKEAAFAA with or without spiabte
5.1) probably due to short length of spacers (< 1.3 nm) in comparison with LV size (~ 100 nm in

diameter).

Table 5.1. Values of LV recovery after LV loading and elution by transduction assay.

Affinity resin Recovery (%)
GKEAAFAA-Poros 52
GKEAAFAA-G-Poros 53
GKEAAFAA-GSGPoros 52

5.3.4.Comparison of different resin substrates for attachment of peptide GKEAAFAA
Chromatography resins are made with different polymers,gipeadistributions and bead
size. Studies report slightly differences in binding capacity of antibodies when different resins are
functionalized with same affinity ligand Protein®A3! Therefore, we studied 5 difference resins,
made of polystyrene (PS), poly(methacrylate) (PMMA) or poly(vinylether) (PVE), pore size
ranging from 5610000 nm, and bead diameter from 50 to 75 um. Lower {dBalues were
found for Eshmuno resins in comparison with POROS and ToyoPedle(5.2). In terms of
selectivty, except for ToyoPearl750, all resins presented more than 99% reductioroimt of
HCPs. At least one resin type made of PS, PMMA, or PVE showed recovery higher or equal to
60%. These results reveal that peptide GKEAAFAA performance is not highly affected by resin
characteristicproving thatpurification performance is due to GKEAAFAA and LV affinity and

notinteractions with chromatographic beads.
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Table 5.2. Properties and performance of chromatography resins investigated for synthesis of
peptide GKEAAFAA. Resins were packed in 1 mL column, equilibration and washing conducted
with 50 mM PIPES 100 mM NaCl pH 7.4, and elution 50 mM PIPES 1 M NaClminute
residentime.

Pore Recovery
0,
Resin Polymer Bead size DBC10% diameter by HCP
(TU/mL of .
(um) . (nm) transduction LRV
resin)
assay (%)
Poros Poly(styrene) 50 4.510° 50-1000 65% 2.04
'6|'(5)E)/0Pearl Poly(methacrylate) 65  4.310° 100 60% 2.07
'7|'§2)/0Pearl Poly(methacrylate) 75 5.0-10° >100 48% 1.89
Eshmuno Poly(vinylethen) 50 2.2.10° Not given 49% 2.09
500-50 yviny
Eshmuno Poly(vinylether) 50 1.910° Not given 61% 2.01
80050

5.3.5.Membranes as an alternative substrate to chromatography resins for LV purification

Chromatography resins are typically composed of pores to increase total sudace
leading to higher binding capacity; however, the presence of pores leads to diffusion limitations
and inaccessibility to large virus, including lentivirus during purificatfoif. We confirmed
restriction of LV particles to only the surface of the beads by loading fluorescent labeled LVs on
GKEAAFAA-Poros and visualizing green fluorescesignal limited tobead Sl-Figure S5.1).
Membranes are an alternative to resins by overcoming diffusion limitations in which molecules
flow by convection with fibers at higher flow rates and lower pressure drops when compared to
resins®® However gecifically for viruses, reported affinity chromatography membranes are
limited to pseudo affinitysulfated cellulose membranes used to purify influenza A with 68%
recovery®

In collaboration with Merck (Germany) we tested 4 different membranes, called Natrix,
functionalized with peptides FEKISNAE or GKEAAFAA. Dynamic binding capacity at-Ga@8

0.5-minutes resident time, recovery and HCP clearance are showabies 5.3 and 54,
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respectively. Longer resident time increased binding capacity for all tested membranes, but overall
DBCio%Vvalues were 41og lower when compared 8BKEAAFAA functionalized on Brosresin.

Even though we hypothesized that LVs cannot enter pores, combined area of bead surfaces may
be higher than surface area of membranes leading to differences in binding capacity. In terms of
LV recovery determined by transduction assay, resins aigmedormance membranes for both
ligands FEKISNAE and GKEAAFAA with best receryvalue 0f39% for GKEAAFAA-Natrix

B versus 65% for GKEAAFAAPoros Lower LV recovery in Natrix membranes may be
associated with presence of poly(acrylate) based microgel within the fibers affecting product

recovery. Interms of selectivity, HCP log reduction was similar in membraneoesvatésin.

Table 5.3. Values of dynamic binding capacity at 10% breakthrough (3®Con membranes
functionalized with peptides FEKISNAE and GKEAAFAA.

Membrane Resident timémin) DBCio%(TU/mL of
resin)8
FEKISNAE-Natrix A %255 ggg 182
FEKISNAE-Natrix B %255 1%? 188
GKEAAFAA i Natrix A %255 igg 182
te]
GKEAAFAA i Natrix B 02 gy

Table 5.4. Values of LV recovery and HCP log reduction for Natrix membranes functionalized

with peptides GKEAAFAA and FEKISNAE. Experiments were conducted using 50 mM PIPES
100 mM NacCl pH 7.4 as equilibration and washing buffer, same buffer but 1 M NaCl as elution,
and 0.1 M glycine, 2 M NaCl pH 2.0 as stripping buffer. LV clarified material was loaded at 3
membrane volume (MV)/min followed by washing for 50 MV at same rate and elution, stripping
and equilibration steps conducted with 50 MV at 10 MV/mL.

Membrane Recovery (%) HCP log reduction
FEKISNAE-Natrix A 31 2.06
FEKISNAE-Natrix B 28 1.83

GKEAAFAA T Natrix A 26 2.14
GKEAAFAA 1 Natrix B 29 2.08
GKEAAFAA T Natrix BT run 2 39 2.21
GKEAAFAA T Natrix BT run 3 22 2.04
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5.3.6.A lab scale process for L\purification

Based on all the acknowledge acquired by working with LV, we proposed a lab scale
process for LV purification including clarification, affinity and polishing chromatography,
tangential flow filtration for concentration and buffer exchange and finallyestétriation (Figure
5.6). Initially, LV CCFs were treated with benzonase to remove any residual plasmids and
HEK293 host cell DNA (hcDNA). Cells were removed by centrifugation followed by supernatant
filtration using a 0.45 pum vacuum filters. Just a 28értreduction was observdyy transduction
assayafter filtration. Affinity chromatography was performed using GKEAAFR®RArosand
sodium chloride and magnesium chloride for elution with a recovery yield of 68%, 2.07 log
reduction in HCP concentration andL¥ concentration factor of 2.53 otal number of LV
particles to infectious particles (TP/IP) ratio is used as a parameter to assess virus quality. After
purification using GKEAAFAAPoros, é8-fold reduction in TP/IRatio corroborates with peptide
seletivity towards envelopedvirus instead of just capsid protein p2Bollowing affinity
chromatography, CaptoCore700 was applied as a polishing step by size exclusion chromatography
combined with ion exchange and hydrophobic interactions. Purified material from affinity step
was loaded on CaptoCore700 and collected inltve through with further HCP removal of 1.18
log and 95% recovery. Samples were concentrated and buffer exchanged to 50 mM PIPES 10%
sucrose and 20 mM MgCI2 using Amicon 100 kDa centriftiiats followed by sterile filtration
using a PES membrane 0.2 um. Process global yield was 35% and 4.11 log reduction in HCP

concentration (> 99.99%).
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Figure 5.6. Lab scale process overview for purification of lentivirus from HEK293F cell culture
fluid (CCF). Clarification is composed of centrifugation to remove cells followed by
microfiltration to remove cell debris. Clarified CCF is loaded on a peptide fundtiedalesin
followed by polishing on a CaptoCore700 resin. Purified LV is further concentrated, and buffer
exchanged using centrifugal filters before final sterile filtration.

Table 5.5. Values of recovery, host cell protein removal, concentration factor e total particles (TP)
to infectious particles (IP) ratio

Concentration

Downstream step Recovery HCP LRV factor TP*/IP** ratio
Filtration 98% N/A N/A 144.65
GKEAAFAA-Poros 68% 2.07 2.53 45.74
CaptoCore 700 98% 1.18 0.95 59.16

TFF 100 kDa 70% 0.86 5.16 30.30

0.2 um sterile filtration  75% N/A N/A 41.67

*Determined by p24 ELISA ** Determined by transduction assay

5.4.Conclusions

Downstream processes of therapeutics are crucial steps in the biopharmaceutical industry
to ensure product safety for patients. Lentivirus still lacks unit operation options for purification
from HEK293F cell culture fluid. We demonstrated universalisnpegtide GKEAAFAA for
purification of LV particles packing different GOIs, GFP or dCas9 combined with GFP gene.
Afinitty purification resulted in 40% virus recovery an®d4old increase in virus concentration.
In terms of effect of chromatography resin Satlifferent resins tested composed of poly(styrene),
poly(methacrylate) or poly(vinylether) presented recoveries ranging from 48 to 65% and HCP log

reduction higher than 1.8t terms of membraneseptide functionalizedh Natrix yielded low

158



LV recoveries, but similar selectivity when compared with resins. Thus, more experiments should
be conducted for further optimization of membranes for LV purification by exploring other elution
conditions, e.g. magnesium chloride, and conjugation of pepttesnembrane fibers without
microgel coating. Finally, GKEAAFAAPoros was successfully integrated in a lab scale
downstream workflow for LV purificationThe proposedrocess can be easily scale up by
replacing initial centrifugation for depth filtration arkde use offlat membrans during TFF

process for sample concentration and budfathange

159



5.5.References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

De Luca, M. & Cossu, G. Cost and availability of novel cell and gene ther&diE0
Rep24, (2023).

Kansteiner, F. UPDATED: Bluebird biobs $2.
backing. Will its US launch take flighterce Pharmg2022).

McCarron, A., Donnelley, M., Mcintyre, C. & Parsons, D. Challenges «foating
lentivirus production and processingBiotechnoR40, 23 30 (2016).

Campochiaro, P. Aet al.Lentiviral Vector Gene Transfer of Endostatin/Angiostatin for
Macular Degeneration (GEM) Studyium Gene The28, 99 111 (2016).

Balaggan, K. S. & Ali, R. R. Ocular gene delivery using lentiviral vectéene Thed9,
145153 (2012).

Arsenijevic, Y., Berger, A., Udry, F. & Kostic, C. Lentiviral Vectors for Ocular Gene
Therapy.Pharmaceuticd4, (2022).

Tona, R. M.et al. Process intensification for lentiviral vector manufacturing using
tangential flow depth filtratiorMol Ther Methods Clin De®9, P93107(2023)

Bandeira, Vet al. Downstream processing of lentiviral vectors: Releasing bottlenecks.
Hum Gene Ther Metho@S, 255 263 (2012).

Moreira, A. S.et al. Enhancing the purification of Lentiviral vectors for clinical
applicationsSep Purif Techn@74, 118598 (2021).

Soldi, M. et al. LaboratoryScale Lentiviral Vector Production and Purification for
Enhanced Ex Vivo and In Vivo Genetic Engineeribpl Ther Methods Clin De%9,

4117 425 (2020).

Ruscic, J., Perry, C., Mukhopadhyay, T., Takeuchi, Y. & Bracewell, D. G. Lentiviral
Vector Purification Using Nanofiber lelBxchange Chromatographyol Ther Methods
Clin Dev15, 52162 (2019).

Gottschalk, U. Overview of Downstream Processing in the Biomanufacturing Industry.
Comprehensive Biotechnolo8y669 682 (2011).

Segura, M. D. L. M., Kamen, A., Trudel, P. & Garnier, A. A novel purification strategy
for retrovirus gene therapy vectors using heparin affinity chromatogr8pdtechnol
Bioeng90, 391404 (2005).

Van der Meer, JY., Kellenbach, E. & Van den Bos, L. J. From Farm to Pharma: An
Overview of Industrial Heparin Manufacturing Methololecules22, 1i 13 (2017).

Food and Drug Administratiouidance for Industry Heparin for Drug and Medical
Device Use: Monitoring Crude Heparin for Qualif2013).

Konermann, Set al. Genomescale transcriptional activation by an engineered CRISPR
Cas9 complexiNature517, 583 588 (2015).

Gibco.LV-MAX ™ Lentiviral Production SystemUser Guide
https://assets.thermofisher.com/FFS
Assets/LSG/manuals/MAN0017000_LV_MAX_ViralProductionSystem_UG.pdf (2021).
Jiang, W.et al. An optimized method for highter lentivirus preparations without
ultracentrifugationSci Repb, 13875 (2015).

MartinezMolina, E., ChocarréNrona, C., MartineMoreno, D., Marchal, J. A. &
Boulaiz, H. Largescale production of lentiviral vectors: Current perspectives and
challengesPharmaceutic4d 2, 1i 20 (2020).

160



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kornecki, M.et al.Host cell proteins in biologics manufacturing: The good, the bad, and
the ugly.Antibodiess, (2017).

Gronemeyer, P., Ditz, R. & Strube, J. DoE based integration approach of upstream and
downstream processing regarding HCP and ATPE as harvest opaBaticieem Eng J

113 158 166 (2016).

Dietmair, S.et al. A multi-omics analysis of recombinant protein production in Hek293
cells.PLoS One, (2012).

Kumar, M., Keller, B., Makalou, N. & Sutton, R. E. Systematic Determination of the
Packaging Limit of Lentiviral Vectorddum Gene Thet2, 1893 1905 (2001).

Brown, L. Y., Dong, W. & Kantor, B. An Improved Protocol for the Production of
Lentiviral Vectors.STAR Protod, (2020).

Tang, Y., Garson, K., Li, L. & Vanderhyden, B. C. Optimization of lentiviral vector
production using polyethylenimirediated transfectio®ncol Lett9, 55 62 (2015).
Pirona, A. C., Oktriani, R., Boettcher, M. & Hoheisel, J. D. Process for an efficient
lentiviral cell transductionBiol Methods Proto®, 1i 8 (2021).

Kalidasan, Vet al. A guide in lentiviral vector production for hatd-transfect cells,

using cardiaalerived ekit expressing cells as a model syst&uoi. Repll, 19265 (2021).
DePhillips, P., Lagerlund, I., Farenmark, J. & Lenhoff, A. M. Effect of Spacer Arm
Length on Protein Retention on a Strong Cation Exchange AdsofrettCheni’6,

5816 5822 (2004).

Islam, T., Naik, A. D., Hashimoto, Y., Menegatti, S. & Carbonell, R. G. Optimization of
Sequence, Display, and Mode of Operation of-Bj&ding Peptide Ligands to Develop
Robust, HighCapacity Affinity Adsorbents That Afford High IgG Product Qualityt. J

Mol Sci20, (2019).

Sun, Y. N.et al. Comparison of Protein A affinity resins for twaolumn continuous
capture processes: Process performance and resin charactdriSticsmatogr AL654
462454 (2021).

Swinnen, K.et al. Performance comparison of protein A affinity resins for the purification
of monoclonal antibodied. Chromatogr B848 97 107 (2007).

Minh, A. Do & Kamen, A. A. Critical assessment of purification and analytical
technologies for enveloped viral vector and vaccine processing and their current
limitations in resolving ceexpressed extracellular vesicl®accine, (2021).

Shi, R., Jia, S., Liu, H. & Nie, H. Clinical grade lentiviral vector purification and quality
control requirementsl. Sep. Scié5, 2093 2101 (2022).

Mi, X., Fuks, P., Wang, S. ching, Winters, M. A. & Carta, G. Protein Adsorption orr Core
shell Particles: Comparison of CapfaCore 400 and 700 ResinkChromatogr AL651,
462314 (2021).

Boi, C., Malavasi, A., Carbonell, R. G. & Gilleskie, G. A direct comparison between
membrane adsorber and packed column chromatography perform&tn@matogr A
1612 460629 (2020).

Fortuna, A. R., Taft, F., Villain, L., Wolff, M. W. & Reichl, U. Continuous purification of
influenza A virus particles using pseudffinity membrane chromatography/Biotechnol
342 139148 (2021).

161



5.6. Supplementary information

25 um

Figure S5.1 Confocal images of Poros beads albadingpurified LV particles labeled with Syto
13 fluorescent dye.
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CHAPTER 6: Conclusion and Future Work

6.1. Summary

Peptide diversity has alreatlgenproven in different applications in biotechnology. Based
on countless possibilities for the use of peptides, dissertation contributes this vision by
creating systesior covalent attachment adsorptiorof antimicrobial peptides argdkevelopment
of novel affinity ligands for purification of lentivirses.Moreover, wecreatedan encapsulation
system for improvement of bacteriophage stability to low pH and high temperatures.

Among the different procedures, poly(acrylav@sed microgels showetie ability to
controlled loading and release of peptides bacitracin and polymyxin B in artificial. Skineat
systemwassuccessfully incorporate on nonwovens materials that are used for manufacturing of
different materials, including personal protective equipment, face maskisgaugepads, for
example.Functionalized nonwovens showed better compatibility than commercial copper based
antimicrobial nonwovens.

For bacteriophage Felix, we developed a continuous encapsulation procedure using guar
gum and mucin. Encapsulated bacteriophages displayed enhanced stability to low pH and
temperature. In terms of morphology, particles displayed spherical shape with AE300
diameter. These findings contributethe field ofantimicrobial therapeutics to fight antimicrobial
resistant pathogens.

Finally, we discovered a group of peptides as affinity scaffolds for lentivirus (LV)
purification by in silico and experimental techniques. Unique properties of peptides and
differences in binding strength facilitate the development of affinity resins @&littion of

lentivirus using moderate sodium chloride concentrations and neutral preserving LV transduction
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activity. Therefore, novel affinity peptides have the potential to improve current LV downstream

processes, reducing costs and helping patients.

6.2. Future Work

Polymyxin B and bacitracin peptides have short -hi@f times in the human body,
therefore, peptide loaded microgels should be tested in terms of antibacterial activity over the
period of 3weeksand verify if mcrogels may also act as a stabilizer ag®tdreover,in vivo
experimentscould contribute toansweringquestions if microgels improve performance of
antibacterial peptides more realistic scenarios,g.,skin infections, andurther assessment of
polymericformulationsbiocompatibility.Finally, microgels could beestedor loading and release
of other cationic therapeutics expand impact and applications of developed sy&iteitzsly,
bacteriophage encapsulation project would also benefitifianvo studiesto confirm stability to
stomach pH, ability to be released in the intestine and treat Salmonella infections, especially the
ones caused byalmonella Typhimurium

For the lentivirus projecsignificantprogress was made lgiscovering peptides stable to
sodium hydroxide cleaning. Howevél purification process would benefit from higher binding
capacities and recowewnalues. Higher binding capacity coute achieved by optimization of
ligand density optimization of resident time, exploring different types of membranes, resins or
monoliths.Moreover, longer arm spacean also affect binding capacitin particular for LV
recovery, lbiffer compositionand salt typesiave an influence on product elutiand stability.
Therefore, further buffer optimizatishould beconductedspecially investigating divalent salts,
such as magnesium chloride and magnesium sulféiteately, diversity of peptidecan also lead

to the discovenypf otheramino acids sequences with improyeformance.
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