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ABSTRACT

Recent advanee in upstream therapeutic monoclonal antibo¢inAb)
production have posed significant challengethedownstream purificatin platform
Protein Aaffinity chromatography has been identified as a potemttadesdottleneck
due to limitations in throughput, scal@, and cost. Affinity precipitation is a promising
non-chromatographiclternative because tombines the selegity of an affinity
ligand with theoperational benefitef conventional precipitatiorAfter binding to a
target protein in solution, phase transition is induced through crosslinking with
multivalent affinity ligands (primary effect; multimeric proteinlpnor using stimuki
responsive affinity ligands (secondary effect; monomer or multimer). Primary effect
affinity precipitation is not widely used due to low precipitation yields, but there are
several examples of mAb purification using protein A ligandsjugated to a
responsive domain of synthetic or natural origin.

Our group has demonstrated the feasibility of using a recombinant antibody
binding domain(Z-domain)genetically fused to a temperature responsiastinlike
polypeptide (ELPpiopolymer Z-ELP) for mAb capture and precipitatioHowever,
the high temperature and salt concentrations and the heating/cooling steps required for
reversible ZELP phase transition impacted antibody stability and operational
efficiency. We proposed a twpart soldion: Increase the affinity ligand multivalency
and dimension by scaffolding-EZLP to a nanoparticle using ss$pecific conjugation.

We hypothesizedhat this would enable primary effect mAlanoparticle crosslinking,

while also improving ELP precipitatioby enlarging the scale of aggregate formation.

XV



The first objective was to engineer and characterize the functionalization of Z
ELP to a seHassembled, thermostable E2 nanocagEl(P-E2), derived fronBacillus
stearothermophilusising Staphylococcal &@ase A bioconjugation. We demonstrated
a significant decrease in ELP transition temperature and an increase in aggregate size
upon antibody binding at isothermal solution conditions. We concluded this was due to
multivalent antibodyZ-ELP-E2 interactionghat nucleated into a crosslinked network.
The second objective was to develop an affinity precipitation process capable of
purifying industrial monoclonal antibodies at ambient temperature with minimal added
salt. We discovered that the nanopartickgsidly aggregatedipon mixing with mAb
cell culture harvests due to multivalent crosslinking into large, insoluble pariédtes
optimization of key process steps, the affinity precipitation mAb yield and impurity
clearance was found tee comparable tBrotein A chromatography performance.

Thethird objectiveof the researctvas to establish a platform that can be applied
to any target mAb or Jcontaining protein with minimal optimization of process
parameters. ELP-E2 affinity precipitation was evaluad using four industrial mAbs
(mAbs Ai D) and one Ffusion protein (EA) with different molecular properties. For
all molecules, a molar binding ratio of 3:1 Z:mAb was sufficient to precipitate > 95%
mADb in solution at ambient temperature and without ddsiét. After centrifugation,
the pelleted mAmanoparticle complex remained insoluble, and was capable of being
washedap H O 5 and eluted at pH < 4 with > 90¢9
target proteins were purified using optimal process conditions and > 94% vyield and >
97% monomer content were obtained. mAtDApurification resulted in a reduction of

99.9% host ell protein (HCP) and > 99.99% DNA from the cell culture harvests.
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However, ZELP-E2 regeneration yields of < 90 % limited the potential for reuse in
subsequent purification cycles.

We suspected the regeneration yield may be improved by increasing tiomliga
density of ZELP on the E2 nanocage. Low conjugation efficiency was observed for the
Sortase A functionalized nanopatrticles due to the reversible nature of enzymatic Sortase
A ligation. A 5fold molar excess -ELP reactant was required to drive thaateon to
a maximum conversion of ~50%. In our foumésearchobjective, we report an
improved conjugation system using the split SpyTag/SpyCatcher isopeptide bond
formation between SpyTag2 and ZELP-SpyCatcher fusion proteins. E2 ligation
efficienciesexceeding 90% enabled the production of nanocages at any taEgdt Z
density for tunable aggregation and mAb binding properties. 100% ligattoloPg-
Spy-E2 nanocages were capable of selective precipitation using 0.1 M ammonium
sulfate at 23C and improed the nanocage regeneration recovery to > 90%.

The fifth researchobjective was to apply mAhanoparticle crosslinking to
guantify mAb concentration in cell culture harvests. Existing mAb titer assays typically
require expensive equipment or are limibgdow-throughput or complicated protocols.

We developed aapid and costeffective alternative assay by measuring crosslinking
dependent turbidity after mixing 100% ligatiorREL Pgo-Spy-E2 nanoparticles with a

mADb cell culture sample. A simple logarithnriegression was found to fit R 0.99)

the turbidity data for mAb concentrations between-1000 pg/mL. The optimized
assay procedure was validated using two industrial mAb cell culture harvests and a
bridging study with Octet RED96e biolayer interfertny confirmed accurate and

reproducibleresults.
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Our final objective and aim of future work is to generalize the nanoparticle
crosslinking strategy for the turbidityased detection or purification of any target
protein (monomer or multimer) using furantialized nanobodfLP affinity ligands.
Nanobodies are small, sing®main antibody fragments that can be engineered to bind
to target proteins with high specificity. In addition, multiple nanobodies with orthogonal
binding motifs on the same target canitbentified through common screening methods.
We hypothesized that the conjugation of two or more orthogonal binding nanobodies
may induce crosslinking with monomeric proteins. We established proof of concept
monomeric proteimanoparticle crosslinking drturbidity-based quantification using a
model green fluorescent protein (GFP) and two orthogonal GFP nan&hédy

SpyCatcher functionalized SpyT&§ nanoparticles.
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Chapter 1
INTRODUCTION

1.1 Therapeutic Monoclonal Antibody Production

Monoclonal antibodie$mAbs) are proteinsthat consist of an antigen binding
region (Fay) and a constant regiofic) with 2 heavy and light chains connected by
disulfide bond& mAbs can function through many different mechanispiacluding
antagonistic bindingot a ligand,modulatng cellular signaling pathwayandimmune
system activatioh Because of this versatilitypAbs are aapidly expanding class of
biopharmaceutical therapeutics that target a wide range of diseases including
rheumatoid arthritis, lymphoma, and multipleesokis. In 2014, the global revenue of
the 47 approvedantibody drugs totaled almost $70 billioand current projections
expect thathe sales will exceed $120 billitry 202@. To meet the increasing demand,
recent advancements in upstregrocessesand scaleup have yielded antibody
concentrationsver 10 g/L within bioreactors as large2@5000 L°.

This improved upstream cell culture productivity has placed an increased burden
on downstream processfgspecially the primarsnAb capture step, ProteiA affinity
chromatography The potein Aligand derived from a gene iBtaphylococcuaureus
binds tothe heavy chains in the Fegion ofhumanimmunoglobulin G (IgGhat a 2:1
stoichiometric rati® For decades, Protein Aas been widely recognized the gold

standardn platform mAb purificatiordue to its high selectivity and yi€ldHowever,



affinity chromatography has been identified as a potential downstream processing
bottleneck due tourrent limitations on throughput asdaleup'®. In additon, the cost

of protein A resin has significantly increased over the last 10 Yaaran estimated
$18,000/L in 2017, and is more thanfbld more expensive than other chromatography
resing?. These factors hawgenerated increased interestlie invesigation of higher

throughput and more cesffectivenon-chromatgraphic technologié3

1.2 Protein Purification with Affinity Precipitation

Precipitation isa commonbioseparatiormethodused in the purification of
proteins This techniquénvolves the phastransition otarget molecules from soluble
to insolubleusing salts such as ammonium sulfate, polymers such as polyethylene
glycol, or organic solvents such as ethdhdh some antibody purification processes,
precipitation is employed after cell aute harvest to reduce the impurity load on the
clarification step and other downstream unit operatfomfowever, precipitation lacks
target specificity, so it cannot function as a suitable alternative to Protein A
chromatography. A similaechnique ca#ld affinity precipitations ideal because it can
combine the high selectivity of an affinity ligandith the operational benefits of
conventional precipitatiort®. A typical affinity precipitation procesivolves the
binding of an affinityligandto a taget protein an environmental trigger to precipitate
the complexaseparation of insolublendsolublesolutioncomponentsand an elution

step to dissociate the complex and recover the purified prétigiaré 1.1).

1.2.1 Primary Effect Affinity Ligand Crossl inking
The two design strategies for affinity precipitation phase transition utilize

multivalent affinity ligand crosslinking (primary effect) or stimu#isponsive affinity



ligands (secondary effeéf) Primary effect affinity precipitation involves thénding

of polyligands to multimeric target proteins that can crosslink into large aggregates and
precipitate out of solution above a critical molecular weéfghthis is beneficial
operationally, as the liganarotein binding event can initiate a phasasraon without

an external stimulus, but salts, such as ammonium sulfate, are commonly added to
increase yield$. A bis-NAD affinity ligand binding to a dimeric alcohol dehydrogenase
has been shown to form linear crosslinks, but poor precipitation yedos obtained

due to the formation of smaller oligomers or monomeric bindifigigure 1.2A).

Higher recovery was obtained through-Ni8D ligand crosslinking with a tetrameric
lactate dehydrogenase, because the higher valency facilitated the formatitangsr
crosslinked networ (Figure 1.2B). Higher order multivalent affinity ligand&igure

1.2C) can also be used to enhance network formation, but these ligands are restricted
by steric constraints and complicated synth@s@&- and trivalent hgtens have been
demonstrated to crosslink with antibodies into oligomeric aggregabes the primary

effect strategy remains limited by low precipitation yields, slow dissolution kinetics,
and the requirement of an additional separation step afteoreltdi remove the

dissociated affinity ligarid.

1.2.2 Secondary Effect Stimuliresponsive Affinity Ligands

In contrast to primary effect, secondary effect affinity ligands are bifunctional,
containing an affinity domain conjugated to a stinmeponsive domaffi After target
protein binding, an environmental stimulus is applied, such as a change in pH,
temperature, or salt concentration, to induce phase transition gmckaipitate the
complex® (Figure 1.3. mAb purification with secondary effect affinitighnds has

been demonstrated using synthetic polymetein A conjugates such as a pH



responsiveEudragit S100?® or temperature responsipely(N-isopropylacrylamidéey,
but these methods may require tedious and expensive chemical synthesis and
conjugaton steps. Natural biopolymrotein A or protein G conjugates have also been

investigated for mAb purification using temperature responsive eldstin

polypeptides (ELP§2°.

1.3 Antibody Affinity Precipitation with Z-Elastin-Like Polypeptides

Elastinlike polypeptides are biopolymers with unique properties that make them
an ideal candidate for use in affinity precipitati&@iLPs are composed of a pentameric
amino acid repeatequence o¥al-Pro-Gly-X-Gly, where X is a guest residue that can
be any amino ad except proline and can be easily expressed recombinantly in
Escherichia cofi®. ELPs are soluble at room temperature in aqueous buffats,
undergo areversible phase transitiatepen@nt on ELP concentration and the ionic
strength andemperature ofhe solution relative to a critical point called the transition
temperature ()%L. The T can be tuned by ELP concentrati@,P chain length, or
substitution of a more hydrophilic or hydrophobic guest restdi@smotropic salts
such as ammonium sulfasre commonly used for ELP precipitation because they
significantly lower theT3. This salt additiondads to the formation of insoluble
aggregates that can beparated from other solution compondmntsentrifugation or
filtration (Figure 1.4). After pelleting the precipitated ELRhe salt is diluted out and
the temperatures loweredto below the T, allowing the ELP to olubilize back into
solutionin a process termed inverse transition cycling (Ff.C)

A gene encoding a protein of interest canjddeed with an ELP sequence
resulting in the expression of an Efision proteinthat maintains similar aggregation

behaviof®. We have previously generated an BuBion with a small (7 kDa) synthetic



domain called the lomain derived fronthe B domainin Protein A°. The smaller
molecular weight Z-domairELP fusion (Z-ELP) resulted in highelE. coli soluble
expressionthan a Protein ALP fusion We demonstrated thatELP canbind to mAbs

with high affinity, andthat the mAbZ-ELP complex was precigited after increasing

the salt concentration and temperature of the softititipon resuspending in a low pH
buffer at a lower temperature and salt concentration, the mAb was dissociated from the
Z-domain and recovered after anotheEIZP phase transitio(Figure 1.5. However,

the requirement of several heating/cooling and liquid handling steps is operationally
burdensome, especially at manufacturing Salén addition, the use of high
temperature and salt concentrations, especially at low pH, may ireanl increase in

mAb aggregatiot?“® or an increase in the qwecipitation of other cell culture
impurities!. For these reasons, Elfased affinity precipitation has not been widely

adopted as an alternative to chromatography.

1.4 Z-ELP-Nanoparticle Scdfold for Multivalent Crosslinking

To improve upon the existing technologyZ-ELP affinity ligand thatreduces
thesalt concentrationecessaryor aggregatiorat ambient temperatumould be ideal
for mADb process stability and operational efficientlye salt concentration required for
ELP transition at room temperature can be minimized by increasing ELRIehgth
or by substituting a moraydrophobicamino acid guest residue in the ELP sequ&nce
However,these methods are constrained becausedoigible expression i. coliis
limited to 250 repeatdand ELPs with highly hydrophobic guest residues are more
difficult to re-solubilize resulting in a yield loss of the target protéinwe proposd an
alternativetwo-partstrategyWe suspected that ELP-basedaffinity precipitationmay

beenhancedby increasing the valency and molecular weight of the affinity scaffold via



nanoparticle functionalization. We hypothesized that multivalent interactions between
two Z-domains from different nanoparticlbsding to one IgG molecule would fara
network of crosslinked aggregat&sgure 1.6). In addition, the enlarged dimension and
high local concentration of scaffolded ELP may lower the salt concentration required
for phase transition compared to equahaantrations of free ELP in solution. This
strategy would combine the benefits of primary effect crosslinking with secondary

effect stimuli responsive behavior.

1.5 EZ2 NanocageFunctionalization using Sortase A Ligation

Proteinbased, nanometer scale scaffaddeh as multenzyme complexes or
viral capsids are ideal nanopatrticles because thepsstéimble from small subunits and
permit the functionalization of specific regions on their suffac®ne scaffold of
interest is the E2 nanocage of the pyruvateydelgenase enzyme complex from
Bacillus stearothermophilus. Sixty identical E2 monomers-assémble into a
thermostable (> 80°C) 25nm dodecahedron structure with three exposderiinal
loops at each of the twenty vertiteAssembly of a modified2 core subunit has been
demonstrated after recombinant expressioB.inoli*’. E26s | arge surf ac:
flexible structure provides an ideal scaffold for functionalization. However, genetic
fusions or modifications to exterior-términus of the Elhonomer resulted in inclusion
bodies and required a series of denaturing and refolding steps to retain proper
assembl§f.

In vitro conjugation methods after protein isolation are often performed when
genetic fusion is not possiife Chemical conjugatiois one common technique used
to functionalize proteins, but drawbacks include a loss of activity and a lack of control

of specificity and orientatioc. Furthermore, clicichemistry has been studied for site



specific functionalization, but this technigueolves the incorporation of an unnatural
amino acid that may lower soluble expression productivity

Sortase A ligation is an enzymatic bioconjugation method derived from
Staphylococcal Sortase A, a bacterial transpeptidase that covalently attatéies poo
the bacterial cell wall by catalyzing the condensation reaction betweeteran{Dal
LPXTG motif and an Nerminal polyglycine tag, resulting in the formation of an amide
bond in a sitespecific mannéf. Sortase A is ideal for conjugating biomuides
because the enzyme is active at npld (7-9) and temperature (25°C) and can be
expressed recombinantly ifE. colP®. We recently demonstrated s#pecific
conjugation of LPET@agged fusion proteins to GGE2 nanocages without impacting
E2 asserly®*and investigated this platform asmodular scaffold for biomolecular

sensing’.



1.6 Dissertation Objectives

We investigated the engineering, development, and application of an enhanced
affinity precipitation process usingEZLP functionalized E2 nanagticle crosslinking
as an alternative capture step for the purification of mAbs. The specific objectives of

this dissertatiomare

1. Engineer and characterize the functionalization-&L2 affinity ligands to
E2 nanoparticles using Sortase A ligation aechdnstrate antibody binding
induced crosslinkingGhapter 2).

2. Develop a higkyielding affinity precipitation process with an industrial
mAb through optimization of process variables and compare purification
performance to Protein A chromatograp@hépter 3).

3. Apply the optimized affinity precipitation process to the purificatiofivaf
industrial molecules withlifferent properties anestablisha platformthat
may be applied tany Fc-containing protein with minimal optimization of
process parametef€hapter 4).

4. Improve the nanoparticle conjugation efficiency using SpyTag/SpyCatcher
isopeptide bond formation for increased-EEZP multivalency and
characterize the effects of ligand density on am@moparticle binding and
crosslinking propertiesGhapter 5).

5. Apply mAb-nanoparticle crosslinking properties to develop a rapid and
convenient method for the quantification of mAb titer in cell culture harvests
using a concentration dependent turbidity as€hapter 6).

6. Generalize the nanoparticle crosslinking sggt for the detection or
purification of any target protein (monomer or multimer) using

functionalized orthogonal nanobo®@L P affinity ligands Chapter 7).
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Figure 1.4  Eladin-like polypeptide aggregaticafter addition of 0.5 M ammonium
sulfate.
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Chapter 2

ANTIBODY BINDING INDUCED CROSSLINKING OF Z -DOMAIN -
ELASTIN -LIKE -POLYPEPTIDE FUNCTIONALIZED E2 NANOPARTICLES

Abstract

Affinity precipitation is an ideal alternative to chromatography for antibody
purification because it combines the high selectivity of an affinity ligand with the
operational benefits of precipitation. However, the widespread use of dikstin
polypeptide (ELP) capture scaffolds for antibody purification has been hindered by the
high salt concentrations and temperatures necessary for efficient ELP aggregation. In
Chapter 2 we employed a tandem approach to enhance ELP aggregation by enlarging
the dimension of the capturing scaffold and by creating-ttgggered scaffold
crosslinking. This was accomplished by covalently conjugating ilerdairELP (Z
ELP) capturingscaffold to a25-nm diameter E2 protein nanocage using Sortase A
ligation. We demonstrated the isothermal recovery of IgG in the virtual absence of salt
due to the significantly increased scaffold dimension and crosslinking fromwaldtit
IgG-E2 interations. Since IgG crosslinking is reversible at low pH, it may be feasible
to achieve a high yielding 1gG purification by isothermal phase separation using a

simple pH trigger.

Chapter2 is reproduced with permission from American Chemical Socgyrce
Swartz AR, Sun Q, Chen W. Ligamdduced crosslinking of ELP-

functionalized E2 protein nanoparticles for enhanced &ffirprecipitation of
antibodiesBiomacromolecule2017, 18(5):16541659.
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2.1 Introduction

Monoclonal antibodies (mAbs) represent a iadbp expanding class of
biopharmaceutical therapeuticand the global market is expected to exceed $120
billion by 202¢. This increasing demand has placed a significant burden on the
downstream purification platform. The initial capture step, Proteinaffinity
chromatography, has been especially impacted due to limitations in throughput, scale
up, and cost’. This potentialproductionbottleneck has generated increased interest in
nortchromatographic capture technologies.

As discussed in Chapter 1ffimity precipitation is an ideal alternative to
chromatography because it combines the high selectivity of an affinity ligand with the
operational benefits of precipitattoriThermally responsive synthetic polymers have
been implemented for antibody affiyiprecipitation, but the production of these
polymers requirstedious and expensive chemical synthesis $tepscontrast, elastin
like polypeptides (ELPs) are environmentally responsive biopolymers that can be easily
produced by recombinant hostsand a wide range of binding partners have been
genetically fused to ELP without impacting either the inverse phase transition property
or the affinity interactiotf*2,

We have previously fused a small (7 kDa) immunoglobulin G (igiGdling Z
domain deried from Protein A to ELP (ELP) for mAb purificatiod®. However, this
system was limited by the high salt concentrations and temperatures necessary to ensure
the formation of large, insoluble aggregates for efficient recovery by centrifugation. In
addition, exposure to these harsh solution conditions resulted in increased mAb
aggregation and loss of activity’. One way to achieve larger aggregate sizes without
requiring an increase salt or temperature is to enlarge the dimension and valency of

the capturing scaffold®'®. Our group has recently demonstrated the feasibility of
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attaching multiple proteins onto the E2 core of the pyruvate dehydrogenase complex
from Bacillus stearothermophilus, a geneticatigdifiable, thermostable 25 nm
diameter 6emer protein nanocage, bsortase A (SrtAymediated ligatioff. SrtA is

ideal for conjugating biomolecules because it is active at mild solution conditions,
utilizes small N (GGG and C {LPETG) terminal recognition motifs, and is easily
expressed in E. céli We hypothesize that ligating-ZLP onto E2 nanocages will
enable the precipitation of bound IgG at much lower salt concentrations and/or
temperatures because of the significantly increased dimension and crosslinking from

multi-valent IgGnanocage interéions Figure 2.1).
2.2 Materials and Methods

2.2.1 Materials

Escherichia coli strain BLR(DE3) containing pET24(a) vectors encoding-for Z
ELP[KV8F-40]-LPETG and ELP[KV8HO]-LPETG were constructed and described
previously>. E. coli strain BL21(DE3) containing a pEI(a) vector encoding for
GGGE2(158) and another BL21(DE3) strain containing a pMR5 vector encoding for
SrtA enzyme were constructed and described previ$ugjuman polyclonal IgGvas
purchased from SigmaAldrich (St. Louis, MO). Bacto tryptone and y@e&xtract were
purchased from BD Biosciences (Franklin Lakes, NJ). Glycerol, kanamycin, ampicillin,
isopropytb-D-thiogalactoside (IPTG), calcium chloride and sodium chloride were
purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide, potagsono
and dibasic phosphate, sodium phosphate dibasic, bovine serum albumin (BSA), L

arginine, tris base, and ammonium sulfate were purchased from -Bigmeh (St.
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Louis, MO). 100 kDa Vivaspin 20 columns were purchased from Sartorius Stedim

(Gottingen Germany).

2.2.2 Protein Expression and Purification

Z-ELP[KV8F-40]-LPETG and ELP[KV8HOQ]-LPETG were expressed in
BLR(DE3) E. coli cells grown in Terrific Broth medium (TB) with 50 pg/mL
kanamycin at 3%C and 250 rpm for 2 with leaky expression. SrtA waspmessed in
BL21(DE3) E. coli cells grown in LuriaBertani Medium (LB) with 50 pg/mL
kanamycin at 3%C and 250 rpm until an OD600 of 1.0, where the culture was induced
with 1 mM IPTG and subsequently incubated &C3for 4h. GGGE2 was expressed
in BL21(DE3) E. colicells grown in LB with 100 pg /mL ampicillin at 3€ and 250
rpm until an OD600 of 0.5, where the culture was induced with 0.2 mM IPTG and
subsequently incubated at°@0for 20 hours. After protein expression, all cultures were
harvested by cénfugation at 4,000g for 15 min at@ and resuspended in a tris buffer
(50 mM Tris, 150 mM sodium chloride, pH 8.0). Cells were lysed using a Fisher
Sonicator (Pittsburgh, PA) using 5 s pulse on and 10 s pulse off for 10 min over ice.
Soluble lysate waseparated by centrifugation at 15,@pfor 20 min at 4C. ELPs were
purified using 23 rounds of inverse transition cycling (ITC) as described previdusly
using 0.5 M ammonium sulfate for precipitation and were resuspended in the tris buffer.
Theconcentation of purified ELP was determined by measuring absorbance at 280 nm
on a Shimadzu UM800 spectrophotometer (Kyoto, Japan). The thermostable-GGG
E2 cage was purified by incubating at®@Ofor 10 min to precipitate contaminant
proteins. The soluble E2 waeparated by centrifugation at 15,8@0for 15 min.The
protein concentrati®wof purified GGGE2 and soluble SrtA lysate were measured by

Bradford protein assay purchased from -Biad (Hercules, CA) using BSA as a
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standard. Protein expression was aconéid by Coomassie stained, 10% acrylamide
SDSPAGE using a BieRad MintPROTEAN electophoresis system (Hercules, CA).
Protein purity was estimated using densitometry analysis of-IRGE gels using

Thermo Mylmage software (Waltham, MA).

2.2.3 Sortase A MediatedLigation

Ligation of ELRLPETG or ZELP-LPETG to the E2 cage was catalyzed by the
SrtA enzyme. Target ntar ratios of ELPLPETG, GGGE2 and SrtA were added to a
reaction buffer consisting of 50 mM tris, 150 mM sodium chloride, 6 mM calcium
chloride, pH 8) in a centrifuge tube. The reaction mixture was incubated°@t f8r 4
hr. The ligation product was purified using one roundT@&@ using 1 M ammonium
sulfate and was resuspended in phosphate buffered saline (PBS; 137 mM NacCl, 2.7 mM
KCIl, 10 mM NaHPQs, 2 mM KHPQ4, pH 7.4). The excess, unreacted ELP was
removed by 100 kDa diafiltration into PBS using Sartorius Vivaspin 20 spin columns.
Thepurified Z-ELP-E2 or ELRE2 nanocage was confirmed by Coomassie stained 10%
acrylamide SDSPAGE and ELP ligation desity was estimated using densitometry
analysis using Thermo Mylmage software (Waltham,)Mie ligation products were
characterized bthetransition temperature {JTevaluated using UV spectroscopy on a
ShimadzuUV-1800 spectrophotometer (Kyoto, Japay, dynamic light scattering
(DLS) using a Malvern Zetasizer Nano (Malvern, United Kingdom) with a 4 mW He
Ne gas laser at 632.8 nm and a °1g&attering angle and by transmission electron
microscopy (TEM) with a Zeiss Libra 120 Electron MicroseofOberkoben,
Germany) using % uranyl acetate staining on a carbon coated grid from Electron
Microscopy Sciences (Hatfield, PA). All statistical analyses were performed using

Minitab 17 (State College, PA).
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2.2.4 Transition Temperature Measurement

Equal concentrations éree ZELP and ligated ZLP were prepared af@ in
PBS with target ammonium sulfate concentrations (0, 0.1, 0.2, 0.3, 0.5 M) or with
human polyclonal IgG at a 5:1 Z:lgG molar ratio and were incubated eith&C air 4
20°C for 1-2 hours. After the incudiion time, samples were added to ame3l multicell
100 pL microcuvetteRhimadzy and the absorbance at 350 nm was measured every
0.5 degrees from either3D°C or 2065°C at a ramp rate of 0.5 degree per min with a
20 second equilibration before eackasurement. Three separate measurements were
performed for each condition and thewas calculated by evaluating the maximum
slope of the transition curve. Theahd absorbance profile analyzed by the provided
Tm Analysis SoftwareShimadz)was extracte from each measurement. T\sample
t-tests were employed to determine the statistical significance of the hypothesized

difference of Ts.

2.2.5 Dynamic Light Scattering Measurement

Three replicate DLS measurements were taken using a low volume cuvette
(ZENOO040,Malvern) for each sample consisting of 5 runs of 10 s using the settings
sample = protein (Rl = 1.45, Absorption = 0.001), and dispersant = water (Rl = 1.33).
The correlation function was analyzed by the Protein Analysis algorithm provided by
the Malvernsoftware. The hydrodynamic diameterd¥e), polydispersity index, and
volume distributions were extracted from each measurement. For the Kkinetic
experiments, equal concentrations of both freeLP and ZELP ligated to E2 cages
were prepared with a humaolyclonal IgG at a 5:1 Z:lgG molar ratio in PBS at@5
Samples containing free ELP (with neddmain) and ELP ligated to E2 cage were also

prepared with 1gG at a 5:1 ratio as a control. Inmediately after preparing each sample,
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the hydrodynamic radius wameasured at 26 and then measured again at
approximately 120 min intervals over the neX@0 min while keeping all samples at
25°C. For all other DLS experiments, samples were prepared in PBS with target
ammonium sulfate concentrations or with IgG &thZ:1gG molar ratio and incubated

at 23C for 1-2 h before each measurement.

2.2.6 Antibody Affinity Precipitation

IgG affinity precipitation yield was compared between freelP and ZELP
ligated to the E2 nanocage at different salt concentrations. [€Eigstal molar
concentrations of free-ELP and ELP, and ligated-ELP-E2 and ELPE2 cages were
mixed with human polyclonal IgG at a 5:1 molar ratio in PBS and incubate8Gf&3
two hours in microcentrifuge tubes. ELP and EHEP (no Z-domair) were used as
controls. Second, the complex was precipitated usiogeasingconcentrations of
ammonium sulfate (0.1, 0.25, and 0.5 M) and incubated ‘@ #8 10 minutes. The
solution was centrifuged for 10 min at 15,000g &2® pellet the precipitate. Third,
the supernatant was removed and the pellet was resuspended in elution buffer (0.5 M
arginine, pH 3.7) and incubated for one hour ¥.4A second precipitation was
performed using 1 M ammonium sulfate for eperimental condition® precipitate
the ELP. Ubon another centrifugation, the IgG was separated in the supernatant from
the ELP in the pellet. Bradford assay was used to quantify IgG recoveries using a
standard curve prepared with known IgG concentrations. All experimental savepes

run in triplicae.
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2.2.7 Turbidity Measurement

Turbidity was measured by absorbance at 350 nm using a Synergy H4
microplate reader purchased from Biotek (Winooski, VT). Samples were prepared with
eqgual concentrations of free and ligate&lZ° and were mixed with human polychin
IgG at a 5:1 molar ratio in PBS and incubated 4C2Z8r two hours in microcentrifuge
tubes. After the initial incubation, samples were adjusted td&/0asnmonium sulfate
and pelleted by centrifugation at 15,0)Bamples were resuspended back in BiB5
incubated for 1h and 3 days at°C with mixing. After incubation, samples were
precipitated with 0.5M ammonium sulfate and pelleted by centrifugation at 1§,000
Samples were resuspended in the elution buffer and incubatedGffd@315 min.
Turbidity was measured immediately after each sample was taken. All sangies

run in triplicate.
2.3 Results and Discussion

2.3.1 Z-ELP functionalization of E2 by sortase A ligation

To enable IgG binding, a newEALP-LPETG fusion protein was created by
adding the Z domia to the Nterminus of ELPLPETG?2 A wide range of conditions
were tested for expression, and the optimal productivity of >750 mg/L culture was
achieved using leaky expressiwithout IPTG addition at 37°CHighly purified protein
was obtained by twmundsof ITC as described previouSlyGGGE?2 nanocages were
expressed and partially purified by heating the cell lysates @ #@r 10 min as
described beforé (Figure 2.2A).

Sortase A ligation was performed mcubating thereactantsor 4 h in pH 8
buffer with 6 mM CaCp at 37C. The resultingproduct was purified using two ITC

cycles and filterd using a 100 kDa membrane tom@ve unreacted ELPas
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characterized by SDBAGE (Figure 2.2B). TEM and DLSwere utilized to confirm

the nanocage structuredasize using the 60% ligation product as an example. TEM
images of a single nanocaged mixture of nanocage$igure 2.2C) depict the
expected dodecahedron structure and size consistent with previous charactétization
From DLS analysisf three ligatiorproductsthe samples had a polydispersity <0.3 and
an average hydrodynamic diameter of 34.5 + 2.8 nm. Thes¢sragslitate thaZ-ELP-

E2 nanocages can be consistently produced using the indicated procedures.

2.3.2 Effect of Z-ELP-E2 ligation density on nanogarticle properties

We first investigated the impact of ELE2 conjugation density on phase
transition properties. The initial ligation experiments were performed using ELP:E2
ratios ranging from 1:5 to 5:1 and varying SrtA concentrations. The percentdge of
ELP ligated onto E2 varied from 25 ®0% as characterized by SEFAGE and
guantified by densitometryr{gure 2.3A-B). TheT: in the absence of any added salt
(exceptfor the salt in PBS buff¢mwas calculated by measuring the absorbance at 350
nm overa temperature gradient from-B0°C. Consistent with our expectation, higher
ELP-E2 ligation densities yielded lowersT{Figure 2.3C). The T was reduced by 2C
by increasing the ELP:E2 ligation density from 25 to 75%. The high ligation density E2
nanocg e s ( O 6 0%Yyer 20@ kbss than Tree -ELP at the same protein
concentration. To further investigate this observation, DLS measurements were
performed at the known baseline (0% precipitated), transition (50% precipitated), and
peak (100% precipitad) temperatures for a 60% ligation product and free Eid(e
2.3D-E). Both samples were the expected size at baseline temperature and exhibited a
bimodal distribution at the(TAt its peak temperature of 9, the ZELP-E2 nanocage

was over two orderof magnitude larger tharEZLP at 39C and still significantly larger
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than ZELP at its peak temperature of°61 These results support the conclusion that
the formation of larger aggregates is a direct result ofafyer sizeof the ZELP-E2
nanopartle scaffold. Moreover, a higher ELP grafting density onto E2 may also
increase the local hydrophobicity, resulting in coacervation at reduced temperatures.
It is well known that the {of ELP can be significantly lowered by salt addition.
Using the 60%igation ZELP-E2 product as an example, the transition property was
measured over a wide range of ammonium sulfate concentratamsrg 2.4A).
Although the difference in{Values decreased with increasing salt concentrations, the
significant improvemenin transition was preserved for theEZ P-E2 nanocages. The
global nature of the improvement is ideal for affinity precipitation as this allows more
flexibility in selecting salt and temperature conditions that maximize recovery. More
importantly, the nabcage transition region occurs wittdtemperature rangaf < 5°C,
as compared to over 45 for free ZELP (Figure 2.4B). This observation further
suggests the feasibility to achieve complete aggregatiorElfF’ZE2 over asmaller

temperature range, a atition essential for IgG recovery.

2.3.3 Enhanced precipitation by antibodyinducible crosslinking

To confirm the IgGbinding binding capability of ZLP-E2 nanocages and to
demonstrate the benefit of the lower dn 1gG recovery, the affinity precipitation
process was performed using equal concentrations of either ligated ofHige and a
model polyclonal human IgG at a 5:1 Z:lgG molar ratio. After incubating with IgG for
1 h at 23C, the complex was precipitated with varying concentrations of ammonium
sulfate at ambient temperature followed by elution with a low pH buffer. Control
samples consisting of IgG with ELF2 and free ELP (no-domain) were employed to

test for nomspecific binding. Independent of salt concentration, th&LP-E2
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nanocages signifantly improved the antibody yield&igure 2.5A). In comparison,
lgG recovery using free-ELP decreased precipitously below 0.5 M ammonium sulfate
to negligible recovery with 0.1 M salt. SEFSAGE analysislemonstratethat the initial
precipitation step as responsible for the IgG yield Idssthe supernatant

Interestingly, the Ig&anocage complex with 0.1 immonium sulfatevas
sufficient to precipitate and elute over 80% of the added IgG°&t 2dis result cannot
be explained simply by the imprové@nsition property as the nanocagesT3C®C in
the presence of 0.1 M salt without Ig&Ghas been shown that ELP domain dimerization
can be used to lower thevRlues by increasing the local aggregate®4iBecause one
IgG molecule can bind two Zothain®, a similar dimerization mechanism likely exists.
The addition of IgG can potentially act as a crosslinking agent, resulting in network
formation between individual-ELP-E2 nanopatrticles. This hypothesis was verified by
detecting an order of maguade increase in the particle size 6EEZP-E2 upon the
addition of 1gG, whileno change in particle size was observed for the controtEELP
nanoparticlesKigure 2.5B). Only a small increase in particle size was detected-for Z
ELP from 8 to 18 nm, congent with the formation of smaller localized dimers by 1gG
crosslinking. The addition of salt increased the aggregate size f&LZE2 by
approximately 2€old, corroborated by the small improvement in IgG recovery.
However, the presence of salt signifidg increased the aggregate size feEIZP,
resulting ingreater thari00-fold larger particles at 0.1 ammonium sulfateKigure
2.5C).

Consistent with the spontaneous crosslinking €LP-E2 nanoparticles by
lgG, complete transition was detected feEEZP-E2 even at 2, while theT; was

lowered by 56°C for Z-ELP (Figure 2.9D). To investigate whether this dramatic
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decrease i is dependent on the crosslinking density, we evaluated the transition
property of a second-ELP-E2 conjugate with a signdantly lower 35% ligation
efficiency. As expected, no visible aggregation was detected upon IgG addition and the
Tt was lowered by a modest@C with a similar effect observed foZ-ELP (Figure
2.9D). This result may be explained by the geometry of thedifassembly. ZELP is
conjugated to the exterior-términusof one of the three E2 subunits existing at each of
the 20 vertices of the E2 cage spaced ~5 nm?dpateach vertex, it has been suggested
that the three E2 monomers make hydrophobic ctstaith each other at a distance of

< 0.5 nnt®. A nanocage with 60% ligation density contains an average of two ligated Z
ELP per vertex. Such close proximity may offer an additional crosslinking benefit and
may explain whythe increase in aggregate stfea low ligation cage (35%) with one
Z-ELP per vertexwas similar tofree ZELP after 1gG additionFigure 2.6A). These
observations highlight the importance of localized network formation on the overall
transition property of ELP.

Conventional ELP ITGnvolves the reversible resolubilization at low salt and
temperature after precipitation, a properteZP maintains when bound to 1g@s
reflected by the turbidity measuremeriigure 2.6B). However, because of the
substantial crosslinking, 1I9gG boundELP-E2 precipitates remained insoluble even
after 3 days in PBS at°@. This irreversible phase transition enabled the repeated
washing in low salt buffers at low temperatures without affecting IgG recovery.
Complete resolubilization was only observed aékrting the bound IgG at pH 3.7
(Figure 2.6B), indicating the feasibility to achieve IgG purification by isothermal

switching of phase separation.
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2.4 Conclusion

In conclusionChapter 2presented a new framework to design enhanced IgG
capturing ELP scaffosl by improving aggregation through increased scaffold
dimension and Ig@riggered crosslinking. The ability to induce isothermal switching
of phase separation by IgG binding significantly minimized the requirement of salt and
eliminated the requirement afheating step. In addition, the muutlent IgGnanocage
crosslinking yielded stable precipitates allowing for washing and extended storage in
low salt buffers until elution at low pH. Because of the flexibility in tuning the transition
property of ELPjt may be possible to achieve complete isothermal separation of IgG

using this synthetic purification platform.
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FIGURES

Figure 2.1  Mechanism for affinity precipitation of IgG using Z-ELP-E2
nanoparticles Step 1:SrtA ligation of ZELP onto E2 6émer nanocag Step 2: Mult
valent binding between the nanoparticles and IgG resudpamtaneousrosslinking
into large,insoluble precipitate Step 3: Reversible dissociation and resolubilization of
both IgG and ZELP-E2 in a low pH buffer.
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Figure 2.2  Production of Z-ELP-E2 Nanocages.A) SDSPAGE of the SrtA
ligation reactants. Lane 1: 10 uM SrtA soluble lysate. Lane 2: 10 uM E2 purified by
70°C heating. Lane 3: 50 uM-ELP purified by two ITC cycleB) SDSPAGE of the
ligation reaction timecourse andnanocage puiication. Lane 1: Initial ligation
reactants. Lane 2: 30 min reactiomne 3: 1 lhreaction. Lane 4: 2.5 h reaction. Lane 5:

5 h reaction. Lane 6ITC cycle 1 Lane 7: ITC cycle 2. Lane 8: 100 kDa filtration
retentateC) TEM images of a single ZELP-E2 nanocage particland a mixture of
severalZ-ELP-E2 nanopatrticles
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Figure 2.3  Nanocage ligation and aggregation properties(A) SDSPAGE of
nanocage ligation productssingvarious reactant concenti@ts. Top band: ELHE2
subunit Bottom band: E2 subunit. (B)ependency of ELH¥E?2 ligation density on
ELP:E2 ratios. (CDependency of {Ton ELREZ2 ligation density normalized by E2
concentration (Green triangle: 25uM; Red square: 15 uM; Blue diamond: 5 uM). DLS
% volume distribution of (D) 25 uM free ELP or (E) @M ELP ligated on E2 cages at
60% ligation density in PBS at selected temperatures.
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Figure 2.4 Tt comparison betweenfree and ligated ELP. A) T; of the nanocage
(blue) and free ZLP (red) in PBS with added ammonium sulfate. Error bars represent
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10°C, ** = p-value < 0.01 difference in ®5°C). B) Normalized absbance curve for
nanocage (blue diamon}dand free ZELP (red squares) in PBS without ammonium
sulfate. Error barsepresent one standard deviation of three experiments.
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Figure 2.5 Characterization of antibody binding-induced crosslinking Error

bars represent 95% confidence intervals of three experiments. (A) Comparison of
antibody recovery after elution from nanocageu€dlor ZELP (red). Control bars
represent ELHE2 cages or ELPs with nodomain using 0.5 M ammonium sulfate for
precipitation. (B) DLS size measurements of ig@aage aggregation kinetics at’es

in PBS (ZELP-E2: blue diamond; ELfE2: red square; -ELP: green triangle; ELP:
purple circle) (C) DLSsize measurements in PBS aP@%f the initial mixture with

IgG, after a 1 h incubation with 1IgG and with increasing amounts of ammonium sulfate
in PBS (ZELP-E2: blue; ELPE2: red; ZELP: green; ELP: purpleYD) Comparison

of Tty between 25uM high ligation-ELP-E2 (65%), low ligation ZELP-E2 (35%), and

free ZELP before (red) and 2 h after (green) additioly@f in PBS at 28C. * indicates

Tt << 20°C.
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Figure 2.6  IgG-Nanoparticle crosslinking and eution. A) Comparison of
aggregate size by DL®r high ligation ZELP-E2 (65%), low ligation ZELP-E2
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B) Solution turbidity for affinity precipitation of IgG usinghted or fre Z-ELP. Error
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IgG additon. (2) 2 h incubation atZ3 (3) Adjusted to 0.5 M ammonium sulfate. (4)
Centrifuged and resuspended back into PBS and incubat&d far4l h. (5) Incubated
at £C for 3 days. (6) Precipitated again and resuspendeldtion buffer.
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Chapter 3

ONE-STEP AFFINITY CAPTURE AND PRECIPITATION FOR IMPROVED
PURIFICATION OF AN INDUSTRIAL MONOCLONAL ANTIBODY

Abstract

Affinity precipitation using environmentally responsiveddmainelastinlike
polypeptide (ZELP) fusion proteins has been shote be a promisingntibody capture
technique.Chapter 2 describedn enhanced affinity precipitation of antibesliby
conjugating ZELP to a 25nm diameter, selassembled E2 protein hanocageH[ZP-
E2). The enlarged scabd aggregate formation and lg@ggered crosslinking through
multi-valent binding significantly outperformed traditionalEZP-based methods. In
Chapter 3we sought to develop an affinity precipitation process capable of purifying
industrial monoclonal ribodies (mAbskht ambient temperature with minimal added
salt. We discovered the mAtanocage complespontaneouslgggregatedpon mixing
due to the enhanced multalent crosdinking. Through optimization of key process
parameter,s95%mAb elutionyield was obtainedvith >99.9% HCP and DNA impurity
clearance.Because of the operational flexibility afforded by this -gtep affinity
capture and precipitation process, thEIZP-E2 based approach has the potential to be

a viable alternative to platform nipdpurification.

Chapter3 is reproduced with permission from John Wiley and Sons. Source:
Swartz AR, Xu X, Traylor S, Li ZJ, Chen W. Onstep affinity capture and

precipitation for improved purification of an industrial monoclonal antibody using Z
ELP functionalized nanocageBiotechnolBioeng2018 115(2):423432.
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3.1 Introduction

Monoclonal antibodies (mAbs) represent a rapidly expanding class of
biopharmaceutical therapeutics that target a wide range of disdasz®14, the global
revenue of the 47pproved antibody drugs totaled almost $70 billion, and current
projections expect that sales will exceed $120 billion by 2006 meet the increasing
demand, recent advancements in upstream culture productivity andupchbe
yielded antibody titers @r 10 g/L within20,000L bioreactord This has placed a
significant burden on the downstream purification platform, especially the primary
capture step, protein A affinity chromatographfhe protein A ligand, derived from a
gene inStaphylococcus aursubinds to the Fregion of human immunoglobulin G
(IgG) and can be recombinantly expressed Hscherichia cofi. Protein A
chromatography has been widely recognized as the gold standard in platform mAb
purification due to its high selectivity and yi€ldHowever, current limitations on
throughput, scaleip, and cost have generated increased interest in alternative non
chromatographic antibody capture methods

As discussed in Chapter Iffiaity precipitation is one promising alternative,
because it combes the high selectivity of an affinity ligand, such as Protein A, with
the operational benefits of mipitatiorf. A typical affinity precipitation process
requires an initial binding step to a ligand, an environmental trigger to precipitate the
complex,a separation step to recover the precipitated complex, and an elution step to
remove the target from the ligand. Eladike polypeptides (ELPs) are stimuli
responsive biopolymers that undergo a reversible phase transition dependent on the
ionic strengthand/or temperature of the solution relative to a critical point called the
transition temperature (j#-1°. Abovethe T, a conformational change occurs, leading to

the formation of large, insoluble aggregates that can be separated from other solution
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components by centrifugation or filtration. After isolating the precipitated ELP, salt can
be diluted out and/or the temperature can be lowered belpowalldwing the
resolubilization of ELP in a process termed inverse transition cycling {4TC)

Our group las demonstrated the feasibility of employing a wide range of ELP
fusion proteins for varica affinity capture applicatioh$!®>. We have previously
generated an ELP fusion protein with a small (7 kDa) synthetic antibodyng Z
domain (ZELP) derived fron the B domain in Protein A, and demonstrated efficient
antibody binding and precipitatiéh Using this ZELP construct, antibody purification
was optimized using higthroughput methods and wavaluated with industrial
mAbs' 8. However, one major drévack of this approach was the requirement of
elevated salt and temperature for ELP precipitation, as mAbs are more sensitive to
aggregation or degradationnder these solution conditidfg’. Moreover, the
requirement of a heating step presents an additimperational burden, and excess heat
or salt may cause nespecific precipitation of unwanted impurities, decreasing
purification capacity. For these reasons, affinity precipitation using conventional ELP
based purification has not been widelyopittd & a viable antibody purification
alternative to chromatography.

We sought to improve upon the limitations of conventional ELP precipitation
by designing a new ELP scaffold that can efficiently capture antibodies at ambient
temperature 19-25°C) while minimzing the salt required for aggregation. To
accomplish this, we described a tandem approaCihapter 20 significantly enhance
ELP aggregation by increasing tiseaffold dimension and valeridy Z-ELP was
covalently conjugated to a selfsembled 25 nn60-mer E2 protein nanocage-&.P-

E2) from Bacillus stearothermophilusising postranslational Sortase A (SrtA)
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ligatior?*23, We demonstrated how the enlarged dimension significantly decreased the
ELP transition temperature and increased aggregate asigehow the multvalent
interactions between-ELP-E2 nanocages and a polyclonal human 1gG resulted in
spontaneous crosslinking into insoluble aggregdiesaggregated complex remained
precipitateceven at low salt and temperatuuegil both componeistwere resolubilized
after theantibodywas elutedrom the ZELP-E2 nanocagat low pH Webelieve that
these enhanced featura® idealfor the purification of industrial mAbs directly from
cell culture harvests at ambient temperature with a minimabatmaf added salt. In
addition, the stable precipitatenableadditional wash steps various buffersto
removehost cell protein and nucleic acid contaminants

To evaluate the nanocageods wutility as
Chapter 3 desitres the development and optimization af affinity precipitation
process usingn industrial therapeutic mAbom Chinese hamstervary (CHO) cell
culture The proposed baseline affinity precipitation procébgjure 3.1) was
established using higthroughput methods with purifiedhAb and nanocagestocks.
Binding, precipitation, and elution operational conditions were optimized to maximize
mADb yield and monomer content while performing all step83#iC. The ranocage
basedaffinity precipitationmethodwas applied to clarified cell culture harvestd the
mADb yield, monomer content, and impurity clearance (host cell protein and D&i&)

compared taypical Protein A performance attributes over multiple purification cycles.
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3.2 Materials and Methods

3.2.1 Materials

Escherichia colstrain BLR(DE3) containing pET24(a) vectors encoding for Z
ELP[KVsF-40]-LPETG and ELP[K\F-40]-LPETG, E. coli strain BL21(DE3)
containing a pET11(a) vector encoding for GG&158), and another BL21(DE3)
strain containing a pMR5 vect@ncoding for SrtA were consitted and described
previously. A purified and clarified cell culture mAb was provided by Bridtbjers
Squibb (BMS) (New York City, NY). Bacto tryptone and yeast extract were purchased
from BD Biosciences (Franklin Lakes, NXanamycin, ampicillin, bovine serum
albumin (BSA), isopropyb-D-thiogalactoside (IPTG), and 9&ell 200 pL conical
PCR plates were purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide,
sodium phosphateitric acid, acetic acid, tris basammonium sulfate, sodium chloride,
sodium sulfate, targinine, andoolysorbate80 (PS80) were purchased from Sigma
Aldrich (St. Louis, MO). 100 kDa Vivaspin 20 columns were purchased from Sartorius
Stedim (Gottingen, Germany). 0.8/0.2 um Supor Acrodsgcinge filters were
purchased from Pall (Port Washington, NY)-\8éll half area UVWtransparent plates
were purchased from Corning (Corning, NY). An Acquity UPLC BEH SEC Column
(200A, 1.7 um, 4.6 x 300 mm) was purchased from Waters (Milford, MA). Alksitzal

analyses were performed in Minitab 17 software.
3.2.2 Experimental Methods

3.2.2.1 Protein Expression and Purification
Z-ELP[KVgF-40]-LPETG, GGGE2, and SrtA were expressed and purified

from 250 mLE. coli cultures in 1 L Erlenmeyer flasksllowing previouslyindicated
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procedure®. Z-ELP purified by ITC, E2 partially purified by 70 heating, and SrtA
soluble lysate were added at a 3:1:1 reactant ratBLEZE2:SrtA) in 100 mL of
reaction buffer (50 mM tris, 150 mM sodium chloride, 6 mM calcium chloride,.pH 8
After 8 hours at 2%, the ZELP-E2 nanocage ligation reaction was purified by ITC
into phosphate buffered saline (PB&) mM sodium phosphate, 150 mM sodium
chloride, pH 7.2 100 kDa Sartorius Vivaspin 20 spin columns were used to remove
excess ZLP. Two more ITC cycles were used to further concentrate the puriied Z
ELP-E2 stock. The ligation reaction was characterizedClopmassie stained 10%
acrylamideSDSPAGE and ZELP ligation density was estimated using densitometry

analysisusing Thermdvlylmage software (Waltham, MA)

3.2.2.2 High-throughput Affinity Precipitation Optimization

High-throughput affinity precipitation experiments were performed using 200
uL 96-well conical PCR plates. All experiments were performed at ambient temperature
(23°C) using slutions consisting of purified mAb andELP-E2 nanocages or-ELP
stocks mixed at target concentrations in PBS pH 7.2. For initial precipitation
experiments, samples were pelleted leytdfugation at 1,50@ for 30 min. For a
comparison of mAb precipit@n using equatolar concentratioof ligated ZELP or
free ZELP, samples were adjusted to a target ammonium sulfate concentration prior to
centrifugation. After pelleting insoluble components, supernatants were removed using
a multichannel pipette ahtransferred to a UNtansparent halarea 9éwell plate. The
concentration of mAb and nanocage in the supernatant was analyzed by measuring the
UV absorption spectrum and applying a partial least squares regression (PLSR) model
(see analytical methodg$jor mAb elution experiments, the pellet was resuspended in a

target volume of low pH elution buffer using a mukiannel pipette and mixed on a
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shake plate for 360 min.The esuspension pH waseasured using a Thermo Orion

pH meter with a micro pH elecde purchased from Thermo Fisher Scientific
(Waltham, MA).Samples were adjusted to a target ammonium sulfate coatentr

and centrifuged at 1,509 for 30 min. Elution supernatants were transferred to a UV
transparent halhrea 96éwell plate andhe mAb concentration was estimated either by
the PLSR model for samples containing mixtures of mAb and nanocage or by
absorbance at 280 nm using the theoretical mAb extinction coefficient for samples
containing only mAbSamples were analyzed BPSPAGE usinga BioRad 420%
Tris-glycine TGX stairfree gel and imaged by a BioRad ChemiDoc XR3$he
monomer content of eluted mAb was determined by SEC. All experimental conditions

wereperformed in triplicate.

3.2.2.3 mAb Cell Culture Affinity Precipitation

Clarified mAb alture harvest was purified using the optimized nanocage
affinity precipitation procedurevith all steps performed at 23. Purified nanocage
stock was added to mAbD culture at a 3:1 molar ratio-BLR:mAb in centrifuge tubes
and mixed for 5 min. Samplagere centrifuged at 18009 for 5 min and the supernatant
was removed. The pellet was washed by series of 3 wash buffers consisting pHPBS
7.2, followed by auffer containing salt, an excipient, and 0.05% (w/v)8@Sat pH
9.0, and finally 25 mMsodum citrate pH 5.0. The pellet of each wash step was
suspended in solution by pipetting up and down and then centrifugé®abg for 5
min. The supernatant was removed before washing the pellet again with the subsequent
buffer. mAbs were eluted from timanocage by resuspending ioBd less volume 50
mM sodiumcitrate pH 3.5 and mixed for 15 min. The sample was adjusted to 0.25 M

ammonium sulfate and centrifuged 143000 g for 5 min. Elution supernatants were
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titrated to pH 5.5 using 2 M tripH 11, and assayed for mAb concentration, monomer
content, and impurity content. The pelleted nanocage was regenerated inds@liaivi

citrate pH 3.9 and recycled back into PBS using ITC. The nanocage was filtered
through a 0.8/0.2 um Supor syringe filter amssayed for concentration. The same
regenerated nanocage was used to repeat the affinity precipitation of a new mAb culture
sample for three consecutive cycles. The affinity precipitation steps were characterized
by SDSPAGE analysis with normalized sareplbading. Protein A chromatography

purification of mAb culture was performed by BMS.
3.2.3 Analytical Methods

3.2.3.1 PLSR Model of Two Component Absorption Spectra

The concentrationf pure mAb or nanocage was measured by determining the
absorbance at 280 nm in-9&ll half area U\ftransparent plates using a Tecan Infinite
M1000 plate reader (Mannedorf, Switzerland) and calculated using the respective
theoretical extinction coefficients. For samples consisting of a mixture of the two
components, a partial least squaregression (PLSR) model was develoffeth
estimate mAb and nanocage concentrations from the combined absorption spectra using
the SIMPLS algorithm in the MATLAB 9.1 software pack&y&he PLSR coefficients
were determined using a training data setémppropriate buffer and pH and the model
was optimized by tuning the absorption wavelength range and PLSR parameters using
a validation data seitthe same solution conditionr8.PLSR model was developed for

mixtures of pure mAb and nanocage and pure raid ZELP in target buffers.

49



3.2.3.2 Analytical Size Exclusion Chromatography

mAb monomercontentwas measured usingjze exclusion chromatography
(SEC). Samples were diluted to 1 mg/mL mAb, added to a low volume UPLC vial
(Waters), and placed intamperature aatrolled auto injector set at% in a Waters
Acquity UPLC systemA mobile phase o200 mM potassium phosphate, 150 mM
sodium chloride, pH 6,8vas used at a flow rate of 0.4 mL/min. Three injections of 10
puL were performed and the column effluent washitared at 280 nm. Peak areas were

analyzed by Empower Software (Waters).

3.2.3.3 Analytical Impurity Content

The CHO cell host cell protein (HCP) concentration was determined using an
ELISA kit from Cygnus TechnologiesThe CHO cell DNA concentration was
determired by an irfhouse quantitative PCR (QPCR) assay developed at BMS. Details
of these assays have been discussed previBuklyg reduction value (LRV) was

calculated by LRV %-log([final]/[initial]))

3.2.3.4 Dynamic Light Scattering Measurement

The mrticle size vas measured using dynamic light scattering (DLS) using a
Malvern Zetasizer Nano (Malvern, United Kingdom}h a 4 mW He Ne gas laser at
632.8 nm and a 17Scattering angleSamples were prepared ifo& volume cuvette
(ZENOO040, Malvern)The gatteringintensity was measureat 30 s intervals at 2%C
using a sample refractive index = 1.45, sample absorption = 0.001, and dispersant
refractive index = 1.33and thecorrelation function was analyzed by the Protein
Analysis algorithm provided by the Malverofsvare.For nanocage assemhbiyth PS

80, 1 mg/mL nanocage samplewere prepared in PBS in triplicate withS80
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concentrationsangingfrom 0.01i 2.00 % (w/v) mixedfor 1 hour at 23C, and run on

DLS.
3.3 Results and Discussion

3.3.1 High-throughput optimization of mAb binding and precipitation

Chapter 2 describes how IgG binding @atuce crosslinking of the-ELP-E2
scaffold into large aggregated particles due to avalkent IgGnanocage interactiofis
We suspected that theEAP-E2 nanocage may be ableachieve close to 100% mAb
recovery in the absence of added salt. Higloughput, small scale (8200 pL) affinity
precipitation experiments using 9&ll plates were performed to evaluate this
possibility. A wide range of salt concentrations anrdamainto mAb binding ratios
were tested using a purified industrial mAb produced from CHO cell culture. The Z
ELP-E2 nanocage was generated by conjugathig P to E2 nanoparticles using SrtA
ligation, resulting in a selissembled 6@ner scaffold with approxinmaly 30 ZELP
molecules displayed on the surfaéggre 3.2).

NanocagemAb mixtures wergreparedusingequal concentrations of ligated
(Z-ELP conjugated to E2) and freeELP ata Z-domain to mAb molar ratio ranging
from 1:1to 41. After binding, pregpitationwas performedising0 to 0.6 M ammonium
sulfateat 23C. Using the ZELP-E2 nanocages, salt concentration had a minimal effect
on the mAD precipitation yielde{gure 3.3A). Samples with no added salt exhibited
equivalent mAb precipitation yields dhose with high salt concentrations. In contrast,
the molar binding ratio of ELP-E2:mAb was far more significant on mAb recovery
(Figure 3.3A). A 3:1 Zdomain:mAb ratio was sufficient to precipitate >95% mAb

without the addition of salt and was selectes the optimal binding condition. In
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comparison, a 4:1 binding ratio of freeELP and 0.4 M ammonium sulfate was
required for similar mAb yieldsHigure 3.3B). These observations suggest that mAb
nanocage crosslinking confers the ability for efficiedtbmecovery an@liminateshe
requirement of salt for ELP aggregation.

The importance of crosslinking was further demonstrated by observing the
instantaneous formation of large visible aggregates, which settled out of solution shortly
after mixing the anocage with clarified mAb cell culture harvedsigure 3.4A-B). The
kinetics of mAb capture was measured over various time interivigsré 3.4C) and
more than 95% of mAb was pelleted by centrifugation after mixing for 10 min. Dynamic
light scattering wa used to monitor the increase in aggregate size of the nanocage or
free ZELP mixed with mAbs at a 3:1 molar ratio over tinkég(re 3.4D). A 10-fold
lower protein concentration was used in this case to avoid the formation of aggregates
larger tharb um as demonstrated previousdty The bound mAimanocage aggregate
diameter exceeded 500 nm within 1 min of mixing and continued to grow over 10 min
to more than 2.5 um, while the freeELP did not significantly increase in size. These
findings offer unprecezhted operational advantages for this-#88ed affinity
precipitation process, allowing for a estep capture and aggregation through mAb

induced crosslinking without the need of an environmental tridggigule 3.4B).

3.3.2 High-throughput optimization of mAb elution and nanocage recovery

After binding and precipitation, mAbs are dissociated from taeZiain at low
pH by the same mechanism mAbs are eluted fratepr A chromatography colunths
To study the effect of elution buffer pH on mADb yield, the m#drocage complex was
pelleted and resuspendedanequal volume of acetate or citrate buffer ranging from

pH 3.5 to 4.5. mAD elution yields of greater than 95% were achieved at both pH 3.5 and
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3.75 Figure 3.5A-B), while recovery dropped below 60% at pH \edw or higher,
signifying that mAb was not fully dissociated from thed@main and remained
crosslinked within the nanocage precipitates.

It has been reported that the Protein A chromatogragition pooltypically
exhibits a basic pldhift due to buffe mixing and proteisbuffer interaction®. Because
the protein A ligand is fixed withinhe chromatography resin, this pH change of the
eluatepool has little impact othe dissociatiof mAbs from the column. For affinity
precipitation, the pellet is sisolved directly in the elution buffer. Therefore, controlling
the elution pH upon resuspensias crucial to ensure high mAb yield. Furthermore, it
is desirable to concentrate the mAbs during elution. This can be easily accomplished
with affinity precipitation by eluting the mAb using a smaller volume of elution buffer
(defined as the volume concentration factor; VCF). However, at higher VCFs, the pH
drift may be more significant due to increased buffer and protein interactions.

This tradeoff between preih concentration and pH drift was investigated for
acetate and citrate elution buffers. The resuspension solution pH using acetate was
found to be more susceptible to a pH drift than citrate at pH values less thigiir (
3.6A). This is consistent witthe weaker buffering capacity of 50 mdtetate (pK=
4.76)compared t&0mM citrate (pka = 3.13, pke = 4.76)within the pH range tested.
The pH drift was even more prominent for more concentrated-nahlocage samples
in the acetate buffei<{gure 3.6B). For samples with 3 andfbld VCF, the final pH
values drifted above the critical value (~3.8) required to dissociate the mAb from the Z
domain and resulted in a significant yield I¢Sgyure 3.6B). For these reasons, citrate

buffer at pH 3.5 was selext as the optimal elution condition.
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To separate the dissociated mAb, ammonium sulfate was used to selectively
precipitate the nanocage, leaving the mAb in the supernatant. To investigate how this
can impact mAb yield and nanocage recovery, the effé¢Cét and salt concentration
was investigated. The mAb yields were mostly unaffected at low salt concentrations,
but with high VCF and salt, lower yields were obser¢Edjure 3.7A). Extensive
nanocage aggregation from excess salt may have caused some moaispecifically
precipitate out of solution. As expected, nanocage yield was highly dependent on both
protein and salt concentratiorfsidure 3.7B) and the yield loss was a direct result of
incomplete precipitation. Since the presence of the mAb hadnanali effect on
nanocage precipitationFigure 3.7C), the required salt concentration for 100%
nanocage precipitation could be easily mapped given the known ELP concentration. For
example, a cell culture with a 20 uM mADb titer (~3 g/L) would require 604ELP-

E2 for precipitation. After eluting with 3x volume concentration, the 180 uM nanocage

would require 0.1 M ammonium sulfate for precipitation.

3.3.3 Process stability of the mAb and nanocage

mADbs are known to become increasingly unstabesatlutionpH less than 4.0
and may formhigh molecular weight aggregatand/orinsoluble precipitates under
these conditiorfd. After Protein A elution, mAbs are typically titrated down to a pH
value less than 3.8 for a viral inactivation hold before neutralization iga¢k a pH
value greater 5 for improved stability. Therefore, to simulate platform purification, mAb
stability was evaluated after 1 h in pH 3.5 elution buffer before titragmip pH 5.5
using 2 M tris baseHigure 3.8A). The mAb in the current studyas stable at low pH

even with up to 0.3 M ammonium sulfate. The stability profile of a mAb affinity elution
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was compared to protein A elution and both samples had an equivalent monomer
content Figure 3.8B).

After isolating the eluted mAb in the supermdtathe nanocage must be
regenerated to remove trace levels of mAb and recycled for future use. It was found that
the nanocage became insoluble at pH < 3 and was not capable of being réegaled (
3.9A). This is likely due to E2 subunit degradation, &ee ELP is known to be
relatively stable at pH extrem®&s Fortunately, the nanocage remained soluble in pH 3
citrate buffer andhiswas selected as the regeneration condidter incubationat pH
3 for 1h, the nanocage was-seispended back in PBSing one ITC cycle and sterile
filtered using a 0.2 pm membrane. Successful regeneration was confirmed by detecting

no leftover mADb in the regenerated samplggre 3.11A Lane 1).

3.3.4 Removal of process impurities

The initial mAb purification experimentsdm CHO cell culture were performed
without any wash step, and the level of host cell protein (HCP) clearance was
comparabldo a platform protein A chromatography procdsgire 3.104). Since the
protein A column was usually washed with a series of thigéers optimized for
impurity clearance, we investigated whether a similar procedure can be adapted.
Repeated washing is particularly easy to execute because the precipitated mAb
nanocage complexemains insoluble until elutidh The second protein A \sh
contairs PS80, a detergent shown to improve impurity clearance by dissociating non
specific interactior’S. The only minor issue is that this detergent can potentially disrupt
the E2 nanocage assenf§lyDLS was used to monitor nanocage size in soistio

containing PS80, and the highest concentration that can be, 3s@8% (w/v) without
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inducing nanocage dissociation was adopted for subsequent experifiguits 8.9B-

C), and was showto increasdHCP clearancéoy over 106fold (Figure 3.104).

3.3.5 Optimized dfinity precipitation of mAb cell culture harvest

The optimized mAb affinity precipitation condition§gble 3.1) were applied
to the purification of mAb from clarified cell culture. A purified nanocage stock was
mixed with the culture media at thptonal 3:1 binding ratio and resulted in the single
step capture and precipitation, as noted by a significant increase in turbidiye(
3.12AB). After centrifugation, the mAimanocage complex was pelleted and the
supernatant was removed before waskitl the three protein A wash buffefsigure
3.12C-E). The final wash pellet was resuspended in 3x less volume of citrate buffer pH
3.5 (Figure 3.12F to elute the bound mAbs. Finally, the relehE2 nanocagewere
removed by inducing aggregation by a&tjng the ammonium sulfate concentration to
0.25 M. After centrifugation, the purified mAb was collected in the supernatant and the
aggregated nanocage was removed for regeneration. At laboratory scale, mAbs can be
purified from cell culture in less thdnh following these procedures. From SBAGE
analysis, cell culture impurities were removed in the initial superndtagure 3.11A
Lane 5), no mAb or nanocage was detected in the three waspese(3.11A Lanes
6-8), and the mAb was eluted with highrity (Figure 3.11A Lane 9).

mADb purification from harvested culture was compared between the optimized
affinity precipitation process and a platform protein A chromatography process. Three
affinity precipitation cycles were performed using the sangemrerated nanocage
(Figure 3.11B-C) and the average elution mAb yield of 94.7 + 6.2% and monomer
content of 97.1 + 6.2% were equivalent to protein A chromatography purification

(Table 3.2). The overall HCP and DNA clearance using affinity precipitatias
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comparable to cgxceeded that of protein A chromatography, resulting iicdd3dower

HCP content and an undetectable level of DNA. The three washes adapted from protein
A were effective in reducing the final HCP concentratiBigre 3.10B). In additin,

DNA clearance was improved with over 5.5 logs of clearance from cell culture
compared to 4.4 log reduction for protein A chromatographple 3.3). This enhanced
impurity reduction may be a result of less rspecific binding of impurities to the mAb
nanocage scaffold when compared to protein A resin. Lastly-FBSE confirmed
minimal leaching of nanocage in the mAb elution samplgure 3.11B Lanes 24),

but a more sensitive assay may be necessary to further quantify any trace amount of
nanocage reaining in the elution. However, because of its large size (50 nm, ~ 2 MDa),
any residual nanocage should be easily removed in subsequent downstream processing
steps.

Furthermore, the nanocage affinity precipitation HCP and DNA reduction was
about one logigher than previouglreported studies usingZLP'8, This result is likely
attributed to the ability to wash the mAanocage complex with different buffers
optimized for impurity clearance due to the crosslinking nature of the aggregates. This
is in shap contrast to the mAE-ELP complex, which was resolubilized without
sufficient salt, making it difficult to execute the proper washing steps. More importantly,
the regenerated nanocages can be reused for additional cycles while maintaining similar
mAD recovery efficiencies and HCP and DNA clearance.

After mAb elution, the nanocage was regenerated with citrate pH 3 buffer and
then concentrated 1f@ld into PBS by ITC for use in the next purification cycle. The
average nanocage regeneration yield of 84.B.9% over three cycles is not

economically viable compared to protein A resin capable of >100 regeneration cycles.
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One source of yield loss is likely the final concentration step after regeneration.
Operationally, it is very difficult to resuspend highbncentrated ZLP-E2 in a small
volume and protein losses to the container surfaces are more likely. A larger scale
operation would minimize the container surface area to volume ratio and allow for more
efficient resuspension. Moreover, longer ELP can seduo further enhance overall
recovery’. We expect that a nanocage recovery of 95% is feasible with further
optimization of the regeneration and recycling stéfmsvever,nanocage regeneration

is not likely to achieve the 16fycle lifetime commonlyused for protein A

chromatography resin mAb

3.4 Conclusion

Chapter 3 describes the development and optimizationoofestep affinity
capture and precipitation procedure for an industrial mAb usiB§ZE2 nanocages.
High-throughput screening was exploitedl optimize a high yielding purification
process with superior impurity clearance compared to protein A chromatography. A 3:1
Z-ELP:mAb molar binding ratio resulted in a >95% precipitation yield without the
addition of any salt aambient temperature. Theuftivalent nanocageAb binding
initiated the rapid formation of a crosslinked network of large, insoluble particles. The
pelleted complex was suspended in protein A wash buffers already optimized for
impurity clearance and remained insoluble until resusipa in asodiumcitrate pH 3.5
elution buffer Citrate buffer minimized pH drift even withfold concentrated samples
and maintained high mAb elution yields. The mAb was highly stable at low pH even
with added ammonium sulfate and was unaffected by sblective nanocage

precipitation after elution. The regenerated nanocages were used for three purification
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cycles, while maintaining the same mAb vyield of 95% with 3.7 logs of HCP clearance
and more than 5 logs of DNA clearance.

The results of this study idghlight the significant improvements over
conventional ELFbased precipitation methods for mAb purification. The -step
binding and precipitation allows for an immediate, seleatatureof mAbs directly
from a complex mixture of impurities and med@mponents without the need for salt
or temperature control. Over time, a visible phase separation occurs such that a settle
decant separation may be possible instead of centrifugation. Once precipitated, the
mAb-nanocage complex can be suspended with rddferent wash buffers or may be
stored as pellets for extended periods of time. After elution, a selective precipitation
step with a salt concentration as low as 0.1 M can be used to separate the nanocage from
the mADb. However, this precipitation step ynhe replaced by other separation
techniques such as filtration by exploiting the large size (50 nm, ~ 2 MDa) of the E2
nanocage.

Moreover, affinity precipitation using-ELP-E2 nanocages is ideally suited for
use in continuous pressing. Hammerschmidhd coworker® recently demonstrated
the economic and operational benefits of a continuous precipitation process consisting
of caprylic acid, polyethylene glycol, calcium chloride, and ethanol precipitation steps
compared to platform mAb purification. Berse of its efficient impurity clearance and
high yield, ZELP-E2 nanocages have the potential to replace several or all steps
proposed in the continuous precipitation process. To further demonstrate the general
utility of the nanocage affinity precipitaticsystem, we are in the process of evaluating
the purification of other industrial mAbs and Fc fusion proteins that are known to be

less stable in high salt or low pH.
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TABLES

Tareet [Am | Step
# Purpose Sample g Buffer pH | Sulf] | Time
Molecule :
(M) | (min)
1 Initial Mix Mix 3:1[Cage]:[mAb] | Culture Media | ~7 0.0 10
2 Supe Impurity Culture Media | ~7 0.0
Precipitation 5
3 Pellet Cage + mAb PBS 7.2 0.0
4 Supe Impurity Wash Buffers | 5-9 0.0
Washes1-3 3x5
5 Pellet Cage + mAb Wash Buffers | 5-9 0.0
6 Supe Purified mAb Citrate 3.5 | 0.25
Elution 15
7 Pellet Cage Citrate 3 0.0
8 Supe Trace impurity Citrate 3 0.5
Regeneration 5
9 Pellet Cage PBS 7.2 0.0
10 T Supe Soluble Cage PBS 7.2 0.0 -
olubility
11 Pellet Insoluble PBS 7.2 0.0

Table3.1 Optimized affinity precipitation process conditions.
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Elution Culture Elution Elution m'Ab SEC HCP DNA Cage
Cvele # mAb VCF mAb Yield Mon b Regen
YT | (mg/ml) ® | mg/mL) | (%) (%) (®pm) | (PPD) I y50q (0%)
Cycle 1 1.6 2.7 4.18 96.9 97.1 617 <10 88.2
Cycle 2 1.5 2.7 3.73 92.0 97.3 600 <10 82.5
Cycle 3 14 2.7 3.01 95.2 96.9 601 <10 81.6
Affinity Precipitation Elution Average 94.7 97.1 606 <10 84.1
Protein A Chromatography Elution 95.0 96.7 1730 172 n/a

Table 3.2 Analytical dharacterization of nanocage affinity precipitation of mAb
cell culture over three cycles. Average results compared to protein A chromatography
performance.

61



Host Cell Clarified Bulk Affinity Precipitation Protein A Chromatography

Impurity Cell Culture Elution LRV Elution LRV

HCP (ppm) | 3150000+ 710000 606+3 3.72+£0.10 1730+ 300 3.26+0.12

DNA (ppb) | 3990000+ 1040000 <10 > 5.60 172 £ 63 4.37+0.20

Table 3.3 Comparison of HCP and DNA impurity clearance between affinity
precipitation and protein Ahcomatography.
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Figure 3.1  Z-ELP affinity precipitation of mAbs from cell culture. 1) Mix
nanocage stock with clarified culture. 2) Spontaneous aggregation through multivalent
crosslinking 3) Wash pellet by suspending in target wash buffer pH > Sut#) tiy
suspending pellet in buffer pH < 4. 5) Add salt for selective precipitation of nanocage.
Collect purified mAb in supernatant. 6) Regenerate nanocage to recycle for future use.
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Figure 32 SDSPAGE analysis of protein expression and ZLP-E2 ligation.

A) Protein expression. Lane2t E2 soluble lysate and %0 pure. Lane 3l Z-ELP
soluble lysate and ITC pure. Lane 5: Sortase A soluble lysate. Lam&/6narkerB)
Ligation. Lane 1MW marker Lane 2: Initial reaction. Lane 3: Final reaction. Lane 4:
ITC hot spin supernatant. Lane 5: ITC 1 pure. Lane 6: 100 kDa filtrate. Lane 7: 100 kDa
final retentate. Lane 8: ITC 2 pure. Lane 9: ITC 3 pure.
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Figure 3.3  Effect of Z:mAb molar binding ratio and salt concentration on mAb
precipitation yield. Either ZELP-E2 (A) orfree ZELP (B) was mixed with 10 pM
mADb at target molar ratios in PBS at°€3and adjusted to 0 M (blue), 0.2 M (red), 0.4
M (green), or 0.6 M (purple) ammonium sulfate.
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Figure 3.4 mAb-nanocage aggregation kinetics. A) Rapid formation of large
aggregatesl: Mixing soluble nanocages with mAb cell culture. Time = 0 sec. 2:
Solution turbid immediately after pipetting up and down. Time = 10 seen/A)-
nanocagerosslinking mechanism. mAlinding to either 1: a single -domain on a
nanocage, 2: two-domains fronthe same nanocage; or 3: twaddmains from two
different nanocages for crosslinking. C) The mAb precipitation yigldhixing timein
96-well plateformat. D) DLS analysis of mAbhanocage (blue) and mAB-ELP (red)
aggregation after mixing.
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Figure 3.5  Effect of buffer pH on the mAb elution yield. A) The mAb elution
yield in 50 mMsodiumacetate (blue) osodiumcitrate (red) buffers. B) SDBAGE
analysis of eluted mAb. Lane 1: Initial mAb. Lané:Zodiumacetate pH 3-4.5. Lane
7-11: sodiumcitrate pH 3.%4.5.
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Figure 3.6  Effect of elution buffer and VCF on resuspension pHA) Measured
resuspensiopH for 50 mMsodiumacetate (blue triangles) buffer or 50 ngddium
citrate (red diamonds). Black line represents expecteadifitho pH drift.B) Measured
resuspensn pHfor 50 mM sodiumacetate (blue) or 50 migbdiumcitrate (red) at 1,

3, and 5xVCF. Numbers above bars represent the average mAb elution yield. Black
line represents expected p¥th no pH drift

68



40% A

mADb Elution Yield

0.4 0.6 0.8
Precipitation [Ammonium Sulfate] (M)

= 100% -
El()()/n B

40% -

Nanocage Precip.

~
= =
¥
n

0.1 0.25 0.4
Precipitation [Ammonium Sulfate] (M)

100
g8{C - A
= | e
[ A o
5 o0 o ®
C'% I .
e [P y = 0.9626x
020 1 ¢ R: = 0.9876
A C— , - .
0 20 40 60 80 100

Cage + mAb Mixture Yield (%)

Figure 3.7  Effects of volume concentration and salt conegration on mAb and
nanocage recoveryA) The mAb elution yield for 1x (blue), 3x (red), and 5x (green)
volume concentration at various ammonium sulfate concentrations. B) The nanocage
recovery yield for 1x (blue), 3x (red), and 5x (green) volume condenirat various
ammonium sulfate concentrationS) Relationship between nanocage precipitation
yield with and without the presence of mAb
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Figure 3.8  mAD elution stability. A) Monomer content for mAb in 50 migbdium
citrate with salt and with titration to pbl5 with 2 M tris pH 11. B) Stability profiles

for pure mAb in PBS (green), mAb eluted from nanocage at pH 3.5 vittld ¥olume
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Figure 3.11 SDSPAGE analysis of mAb affinity precipitation. A) Steps of the
purification process. Lane 1: Pure nanocage. Lane 2: Pure mAb. Lane 3: mAb cell
culture. Lane 4: Mixture of nanoga with mAb cell culture. Lane 5: Precipitation
supernatant. Lane-® Wash 13 supernatant. Lane 9: mAb elution supernatant. Lane

10: Regeneration supernatant. Lane 11: Regenerated nanocage. B) Three consecutive
cycles of mAb affinity precipitation. Lang mAb cell culture. Lane-2: Cycles 13

mADb Elution. Lane 5: Initial nanocage. Lane8:6Regenerated nanocages from cycles

1-3. C) Comparison of mAb quality of the protein A (PA) purified mAb stock and
affinity precipitation (AP) elution from the threaurification cycles. (Blue) HMW
aggregates, (Red) Monomers, (Green) LWM aggregates.
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Figure 3.12 mAb affinity precipitation with pictures. A) mAb culture. B) After
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Chapter 4

HIGH -EFFICIENCY AFFINITY PRECIPITATION OF INDUSTRIAL MABS
AND FC-FUSION PROTEINS FROM CELL CULTURE HARVESTS

Abstract

Chapter 3described a higlyielding, affinity precipitation process capable of
rapidly capturing mAbs from cell culture through spontangonsuilti-valent
crosslinking into large aggregates. To challenge the capabilities of this technology,
nanocage affinity precipitation was investigated using four industrial mAbs (mAbs A
D) and one Fc fusion protein (Fc A) with diverse molecular propeAiamlar binding
ratio of 3:1 Z:mAb was sufficient to precipitate > 95% mAb in solution for all molecules
evaluated at ambient temperature without added salt. The four mAbs and one Fc fusion
were purified from cell culture using optimal process conditions>a94% yield and >
97% monomer content were obtained. Affinity precipitation impurity clearance was
equivalent to expected Protein A chromatography performaicapter 4highlights
the benefits of nanoparticle crosslinking for enhanced affinity capiuglepresents a
robust platform that may be applied to any target mAb ecdftaining proteins with

minimal optimization of process parameters.

Chapter 4 is reproduced with permission from John Wiley and Sons. Source:
Swartz AR, Xu X, Traylor S, Li ZJChen W. High-efficiency affinity

precipitation of multiple industrial mAbs and -fesion proteins from cell culture
harvests using-£LP-E2 nanocage®iotechnolBioeng2018 1-9. (in press)
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4.1 Introduction

Advances in upstream production of therapeutic mdooal antibodies (mAbs)
have challenged current platform downstream purification technotodiestein A
affinity chromatography is commonly used as the primary antibody capture step because
of the high selectivity othe Protein Aligand to the Fcregion present on human
immunoglobulin G (Ig&. However, economic, throughput, and sagbelimitations
make Protein A affinity chromatography a potential bottleneck in the overall mAb
production process Affinity precipitation has been investigated as a moost
effective and scalable alternativebut the technique has not been widely implemented
in industry because of low mAb yields,-peecipitation of contaminants, and use of
harsh demicals or solution conditiofis

Affinity precipitation using a stimli-responsive, recombinant elaslike
polypeptide (ELP) genetically fused to an IgG binding domain called-then2ain (Z
ELP) has been shown to be a promising scaffold for selective IgG captdmvever,
the elevated salt and temperature requirecEloP precipitation resulted in increased
mAb aggregation and decreased operational efficie@hapter 2 described the
productionan enhanced antibody capture scaffold by covalently conjugatiigPZto
a 25 nm selassembled, 6éner E2 protein nanocag&-ELP-E2) using Sortase A
ligation'®. Multi-valentlgG binding triggered spontaneous crosslinking into large IgG
Z-ELP-E2 aggregateshat allowedfor easy precipitation andeparation, andhe
recovered Ig&Z-ELP-E2 complex remained insoluble until dissadein with a low pH
elution.

In Chapter 3, w performed higithroughput process optimization using a model
industrial mAb, and developed a simple, @tep antibody affinity capture and

precipitation platform for mAb purification from CHO cell culture ifls with
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equivalent yields and impurity clearance compared to Protein A chromatotfraphy
Upon mixing at a 3:1 Zlomain:mAb molar ratio, 85% mAb was precipitated within
minutes at ambient temperature without added salt due to extensive nanocage
crosslinkng. High mAb recovery was obtained after wisng at pH O 5 f ol
elution at pH < 4, and the purification process was repeated over several cycles using
the same regenerated nanocage with a similar process efficiency.

For a more robust examination of this technology as an alternative to Fxotein
chromatography, the general utility of the approach was further evaloaBdthpter 4
using four industrial mAbs and one Fc fusion protein with diverse attributes such as IgG
subclass, isoelectric point (pl), and culture harvest tit€eblé 4.1). Key process
conditions such as the molar binding raéiggregation timeand elution pH were tested
using purified mAb and nanocage stocks. A step kinetic model was applied to
examine the dependence of the solution pH on aggregation rates. Operatditadit®
were identified to maximize mADb yield and monomer content for each target molecule,
while minimizing operation timéelable 4.3). Finally, the mAb yield, monomer content,
and host cell protein (HCP) and DNA clearance from clarified Chinese haonsigr

(CHO) cell cultures were compared to typical Protein A chromatogtaphy
4.2 Materials and Methods

4.2.1 Materials

Escherichia colstrain BLR(DE3) containing pET24(a) vectors encoding for Z
ELP[KVsF-40]-LPETG, E. coli strain BL21(DE3) containing a pET11(a) cter
encoding for GG&2(158), and another BL21(DE3) strain containing a pMR5 vector

encoding for SrtA were constructed and described previBugtyrified and clarified
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cell culture mAb and Féusion samples were provided by BrisMers Squibb (BMS)

(New York City, NY). Bacto tryptone and yeast extract were purchased from BD
Biosciences (Franklin Lakes, NJ). Kanamycin, ampicillin, bovine serum albumen
(BSA), isopropyib-D-thiogalactoside (IPTG), and 9@ell 200uL conical PCR plates
were purchased frorkisher Scientific (Pittsburgh, PA). A human polyclongG,
sodium hydroxide, sodium phosphate, citric acid, tris base, ammonium sulfate, sodium
chloride, L-arginine, andpolysorbate80 (PS80) were purchased from Sigmddrich

(St. Louis, MO). 0.8/0.2 unsupor Acrodisc syringe filters were purchased from Pall
(Port Washington, NY). 100 kDa Sartorius Vivaspin 20 spin columns were purchased
from Sartorius (Gottingen, Germany).-@@ll half area UVtransparent plates were
purchased from Corning (Corning, N¥dn Acquity UPLC BEH SEC Column (200A,

1.7 pm, 4.6 x 300 mm) was purchased from Waters (Milford, MA).

4.2.2 Z-ELP-E2 Nanocage Production

Z-ELP[KVgF-40]-LPETG, a modified GG&2 from Bacillus
stearothermophilysand Sortase A fronstaphylococcus aureusere expresed in
Escherichia coliand ZELP was conjugated to E2 using previously indidate
procedure¥. Briefly, Z-ELP purified by inverse transition cycling (17%, E2 partially
purified by 70C heating, and Sortase A soluble lysate were mixed in a reactifar buf
for 8 hat 23C and the ligation product was purified by ITC into phosphate buffered
saline (PBS; 20 mM sodium phosphate, 150 mM sodium chloride, pH 7.2). 100 kDa
Sartorius Vivaspin 20 spin columns were used to remove exeB&® And two more
ITC cycles were used to further concentrate the purifiecdLB-E2 stock. ZELP

ligation density on E2 was determined by densitometry analysis of arP8IGE gel
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and ZELP concentration was measured using absorbance at 280 nm and an

experimentally determined extith@n coefficient.

4.2.3 High-throughput Affinity Precipitation Experiments

Previous wor Kk utilized Ca@ imMAb t e sicgama
investigation®. All experiments using mAb C were repeated using the indicated
procedures below. Higthroughput affinity pecipitation experiments were performed
using 200 pL 96éwell conical PCR plates at Z3 with previously purified mAbs and-Z
ELP-E2 nanocage stocks. For all centrifugation steps, the plate was spun at 1,500 g for
30 min at 28C. Supernatant samples wereledled using a mukthannel pipette and
transferred into a UMransparent 98vell plate for measurement of absorbance at 280
nm on a Tecan Infinite M1000 plate reader (Mannedorf, Switzerland). mAb
concentrations were determined using the theoretical atixtim coefficient for each
molecule. The supernatants were assumed to contain only mAb based on previous
results®. For binding ratio experiments, 20 uM mAb samples were mixed withOBO
UM Z-ELP-E2 (1:1 to 5:1 Zdomain:mAb molar ratio) in PBS for 1 h loeé
centrifugation for mMbs A-D. Fc A was mixed for 3 tbefore centrifugation. The
supernatant was collected and the mAb precipitation yield was calculated (Yigld = 1
[MADbsupd/[MADinitiar]) . FOr precipitation kinetisexperiments, 10 uM mAb was mixed
with 30 uM ZELP-E2 in PBS for various incubation times ranging from 2 min to 3 h
before centrifugation. The supernatant was collected and mAb precipitation yield was
calculated. For mAb elution experiments, 10 uM mAb was mixed with 30 pBILE-
E2 in PBS forl-3 h before centrifugation. The precipitation supernatant was removed
and the pellet was suspended in a 25 mM sodium citp&te5.Q wash buffer by

aspirating and dispensing using a pipette. After another spin, the wash supernatant was
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removed and thegtlet was suspended in 50 mM sodium citrate buffers with a pH
ranging from 3.581.50 and mixed for 30 min. Samples were adjusted to 0.4 M
ammonium sulfate using a 3 M stock before centrifuging again. The supernatant was
collected and mAb elution yield waslculated (Yield = I [mADbelution)/[MADinitial]).

All experimental conditions were performed in triplicate and 95% confidence intervals

of the mean value were reported.

4.2.4 Aggregation Kinetic Measurement

Solutions were prepared ranging from p#® bising he indicated buffers and
were adjusted to 150 mM total ionic strength by addition of sodium chloFalele
4.2). Samples were prepared with 1 uM mAb and 3 p¥LAP-E2 in a target buffer in
a 96well UV transparent plate and immediately placed in a Synglegg reader from
BioTek (Winooski, VT) for kinetic measurement of absorbance at 350 nm for various
times ranging from00 min. A human polyclonal antibody used in previous work was
included in this investigatidA Datawere collected until peak absaahce, as some
samples settled out of solution over time causing a decrease in signal. ThéJaitzky
two-step model of pseudoelementary nucleation (equation 1) and autocatalytic growth

(equation 2) was appliét

60 6 (1)

0 09 ¢0 (2)
where A represents the monomeric nanocagé bound mAbs, B represents the
polymeric mAbnanocage aggregate andakd k represent average rate constants for

nucleation and autocatalytic growth. Rate constants were assumed to be independent of

aggregate size or morphology. The overall reaatad® for A is expressed as:
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— 06 Qb6 (3)

where 0 an® represent concentrations of A and
there are no ,dgyregasechoinmhatil alyl ti mes.
integration of the rate | aw and nfcuretalseer i s:i

B over ti me was obtained:

o} 0 (4)

The values of kand k were fit by nonlinear regression in Minitab 17 using
normalized absorbance curves representing aggregate (B) formation over time and the
95% confidence interval of the fit was reported. Thmeetiat inflectiond ) of the
aggregation curve (maximum aggregation rate) was calculated by setting the second

derivativeof 6 t o Zer o

0 — (5)

4.2.5 mAb Culture Affinity Precipitation

All purification steps were performed at °23 using optimized process
conditions reporteéh Table 4.3. For Fc A and mAb B, the culture was titrated to pH
5.0 using 1 M citric acid before adding the nanocage. For the other molecules, no
titration was performed and precipitation was performed directly in cell culture (pH 7.0
7.5). Purified nancage stock was mixed with mAb culture at a 3:1 Z:mAb molar ratio
for 10 min and the mAimanocage complex was pelleted by centrifugation. The pellet
was washed with a series of 3 wash buffers before elution by resuspendiiofrite3s

volume 50 mM sodiungitrate pH 3.50 for mAb C, mAb D, and Fc A or pH 3.75 for
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mAb A and mAb B for 60 min. The nanocage was precipitated witk0 3.2V
ammonium sulfate and théugon supernatants were titrated to pH 5.5 using 2 M tris

pH 11, and assayed for mAb concenitoa, monomer content, and impurity content.
The pelleted nanocage was regenerated in 50 mM sodium ,quirb8Q and recycled

back into PBS pH 7.2 using ITC. The nanocage was filtered through a 0.8/0.2 um Supor
syringe filter before use in a subsequputification cycle. The affinity precipitation
process was repeated for three cycles for mAb C, D, and Fc A and one cycle for mAb

A and B.

4.2.6 Analytical Size Exclusion Chromatography

mADb stability was monitored by size exclusion chromatography (SEC). Samples
were diluted to 1 mg/mL mAb, added to a leelume UPLC vial (Waters), and placed
in atemperature controlled auto injector set &4n a Waters Acquity UPLC system.
A mobile phase 0200 mM potassium phosphate, 150 mM sodium chloride, pH 6.8
was usedt a flow rate of 0.4 mL/min. Three injections of 10 pL were performed and
the column effluent was monitored at 280 nm. Peak areas were analyzed by Empower

Software (Waters).

4.2.7 Analytical Impurity Content

The CHO cell host cell protein (HCP) concentratioasadetermined using an
ELISA kit from Cygnus TechnologiesThe CHO cell DNA concentration was
determined by an thouse quantitative PCR (QPCR) assay developed at BMS. Details

of these assays have been discussedqusly.
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4.3 Results and Discussion

4.3.1 Impact of Z-domain-target binding ratio on precipitation yield

The objective of Chapter 4was to demonstrate the utility of theELP-E2
nanocage for the affinity precipitation of multiple mAbs andfésson proteins with
different molecular propertie3 éble 4.1). Resultsn Chapter 3ising a mAb designated
AmAb Co from BMS de momais:mAbanplaer datiotwasaoptimal 3 :
for precipitation at ambient temperature without any addition of's@lb investigate
whether this was true for other mAbs orflasion proteins, ZLP-E2 nanocages were
mixed with the purified target proteins at molar binding ratios ranging from 1:1 to 5:1
in PBS at 23C (Figure 4.1A). Again, a 3:1 binding ratio was sufficient to precipitate
~95% mADb in the mixture for all targetested, suggesting that this was likely the
optimal ratio to trigger both efficient nanocage crosslinking and ELP aggregation for
purification.

The ratio was slightly higher than the expa Z:IgG stoichiometty of 2:1,
likely due to steric limitationsro Z-domain flexibility or accessibility of IgG binding
sites. These results confirmed the suitability of usiAgLP-E2 nanocages to capture
different Fecontaining proteins with similar efficiencies. Although a 4:1 binding ratio
exhibited a similarly higlprecipitation yield, increasing the binding ratio further to 5:1
decreased the yield to less than 80%. These observations are consistent with the molar
binding ratio used in other affinity precipitation systems. For the purification of
multimeric dehydrognase enzymes using a bivalent affinity ligand, the optimal
precipitation yield occurred at a ligand:protein ratio near the expected interaction
stoichiometry. In addition, too much excess ligand resulted in lower yields due to the

saturation of binding &s on the target protein aretluced crosslinking efficienty
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4.3.2 Effect of solution pH on aggregationkinetics

The rapid capture and precipitation of mAb C was previously demonstrated to
occur within a few min upon mixing with the nanocddebslowever, thebinding and
crosslinking kinetics appeared to differ significantly among the five target proteins in
the current study. Samples containing either purified mAb A, C, or D turned cloudy
within seconds upon mixing with nanocages at a 3:1 Z:mAb molar raticoritrast,
mAb B and Fc A gradually increased in turbidity over several minutes to hours. To
evaluate how the crosslinking kinetics can impact target precipitation and recovery,
samples were mixed with nanocages at the same 3:1 Z:mAb binding ratio from 2
to 3 h before pelleting the complekigure 4.1B). The nanocage precipitated greater
than 90% of mAb A, C, and D from the mixture within 10 min, but required 30 min for
mAb B and 3 h for Fc A to obtain similar yields. IgG subclass appeared to have no
impact on aggregation kinetics because mAbs from both IgG1 (mAb A) and IgG4 (mAb
Ci D) groups precipitated rapidly. The variable kinetics may be due to differences in the
mADb or Fc protein net charge at neutral pH. In PBS at pH 7.2, Fc A (pl = 5.8) and mAb
B (pl = 6.8) are both anionic with a pl value less than the buffer pH, while the other
mADbs with fast kinetics have pl values greater thahable 4.1).

To quantify the dependence of aggregation kineticsolution pH the Finke
Watzky (FW) model of nuteation (equation 1) and growth (equation 2) was selected
to fit aggregation curves over time. This model has been applied to numerous systems
to characterize aggregation everit$ and allows for simple quantification of average
rate constants by fittingxperimental data to the integrated rate law (equation 4). The
F-W model was chosen because it appropriately depicts the previously hypothesized

aggregation mechanism of an initial mudgilent binding step between tweddmain

87



from different nanocages drone mAb, followed by autocatalytic crosslinking into
large, insoluble particlé$

The aggregation curves for mAb B, Fc A, and a human polyclonal 19G displayed
a strong dependence on solution gH(re 4.2B, 4.2E, 4.2F), whereas mAbs A, C,
and D demonsated fast kinetics with minimal pH dependence in the tested range of pH
5-9 (Figure 4.2A, 4.2C, 4.2D). The absorbance data was fit to thévFfmodel and the
ki and k rate constants were evaluated for each solution condition and molecule
(Figure 4.3). mAb B exhibited fast aggregation at pHr5but a shift occurred between
pH 7 and 8 such that both rate constants decreased by an order of madungue (
4.3B). In addition, the ratio of the rate constants also differed significantly between the
two kinetic regimes. At low pH, the nucleationfkand crosslinking (®Ao) rate
constants were similar, but at pF98nucleation was the rate limiting step €k k2*A o).
Fc A had very slow kinetics at pH O 7,
aggregation rateray (Figure 4.4). However, at pH 5, the maximum aggregation rate
occurred within 10 min and the rate constants increasetblegercompared to pH 6
(Figure 4.3E). This result is significant as we can dramatically reduce the time required
for Fc A precipiation from 3 h to 10 min simply by titrating the cell culture to pH 5.
Similarly, the aggregation kinetics of the human polyclonal IgG also increased at lower
pH. Using isoelectric focusing, thistribution ofpl values for the human polyclonal
antibody las been estimat&tto rangebetween pH &. The rate constants gradually
increased at lower buffer pH likely due to a larger majority of cationic antibodies within
the polyclonal antibody population. This result validates our previous observations of
lower polyclonal antibody precipitation yields and slower aggtiega kinetics

compared with mAb. This analysis suggests that the time required for precipitation of
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any target mAb with a pl value less than 7 may be minimized to < 10 min by simply
titrating the cell culture to a lower pH.

Overall, lowering the buffer pHo 5 resulted in higher kineticates for all
molecules. These results suggest that molecules with a net positive charge under more
acidic solution conditions have a higher propensity for nagecrosslinking. The
higher degree of crosslinking is unlikely the result of improved mAb binding as the
binding affinity of Zdomain decreases at more acidic pH (pH 5.0) compared to neutral
pH?°. Therefore, the increase in kinetics at lower pH is mdeelylidue to other
biophysical changes. Electrostatic interactions between the ELP and mAb may play a
role in crosslinking. The ELP fusion protein contains a small linker between the tri
helical Zdomain and cationic ELP (pl = 10.6, intrinsically disoet£l°. A negative net
charge on the mAb may attract the positively charged ELP (at all solutioh9+asd
sterically disrupt interaction with the-d&main. In contrast, higher crosslinking
efficiency may be obtained if the net EloRAb interaction is refsive at solution pH
less than the mAD pl value as detected here.

The effect of solution pH on aggregation rates b@en postulated for other
protein systems. Fsgnuclein,lthe aggreggtiororatedincneasestse i n
the solution pH is decased from 8 to below the isoelectric point (pH ~4) due to
conformational changes that increased prepeotein interactior’s. The aggregation
kinetics of amyloid proteins were characterized by th& fodel and a similar result
was obtained as in the cant work: nucleation ratesijkwere significantly higheat a
solution pH < protein gf. This provides an easily tunable parameter for minimizing

the time required for aggregation using a simple pH shift.
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4.3.3 Elution buffer pH and mAb stability

After polymerizing into large aggregates, the mAdénocage complex remained
insoluble until dissolution with a low pH elution. To separate dissociated mAbs after
elution in a low pH buffer, the nanocage was selectively precipitated by solding
ammonium sulfateand the eluted mAbs were collected in the supernatant after
centrifugation. Previouslin Chapter 3we demonstrated that citrate elution buffer was
ideal for minimizing pH drift when resuspending at higher concentratiofiensistent
with previous resu#, the critical solution pH to dissociate mAbs from thdafain
was at pH < 4.0; a mAb recovery yiel®8% was obtained at pH 8.52nd 3.75 for all
molecules Figure 4.5). Above pH 4.0, mAbs did not fully dissociate from the Z
domain, resulting in the eprecipitation of mAbs still bound within the crosslinked
network. At pH 5, minimal mAb (< 1.5%) was detected in the supernatant, indicating
t hat a solution pH of O 5 was compat.i
corroborates the aggregation éiics investigation where all molecules rapidly
aggregated into insoluble precipitates at pH 5.

Since some mAbs have been shown to aggregate at4if the presence of
salt®, the effect of elution pH and salt concentration on monomer content wag furthe
investigated in a 50 mM sodium citraggH 3.5 buffer with 0.0i 0.3 M ammonium
sulfate concentrationF{gure 4.6A). Samples were combined in a target buffer and
mixed for 120 min at Z& before titrating back to pH 5.5 for measurements by SEC.
The titraton to pH 5.5 was performed to mimic the procedure used with conventional
protein A chromatography where the elution pool is titrated to pH > 5 after a viral
inactivation to mitigate any potential detrimental iroiseof low pH on mAb stabilifyf.

While mAbC, mAb D, and Fc A were all stable at pH 3.5 and ammonium sulfate up to

9C
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0.3 M, mAb A and B were only stable in 50 mM sodium citrpt¢ 3.5 without added

salt and exhibited significant aggregation in the presence of 0.1 M ammonium sulfate.
To determie the optimal elution pH while providing maximum product

recovery, mAb A and Bhonomer content was measuedter an incubation of 120 min

in citrate buffes pH 3.55.0with 0.2 M ammonium sulfate followed by a titratitmpH

5.5 (Figure 4.6B). The monomecontent greatly improved at pH 3.75 and w&38%6

at pH 4 and 5. Because pH 3.75 was sufficient for high elution yiEidaré 4.5), 50

mM citrate pH 3.75 and 0.2 M ammonium sulfate was selected for the precipitation and

purification of mAb A and B froncell culture.

4.3.4 Affinity precipitation from cell culture harvests

After optimization of process conditions for each target protein, affinity
precipitation was performed from clarified cell culture harvests according to the
indicated procedure3 éable 4.3). mAb A, C, and D were mixed with nanocages at a 3:1
Z:mAb molar ratio directly in cell culture (pH 7#M05). Because of the slower
aggregation kinetics, mAb B and Fc A were titrated to pH 5.0 using 1 M citric acid
before precipitation with the nanocageheTl pelleted mAkmanocage complex was
washed with a series of three buffers. For mAHS,Ahe second wash buffer contained
0.05% (w/v) PS30 to remove trace contaminaiitsvhile PS80 was excluded for Fc A
because of protein stability concerns. mAb A &8aere eluted with a 50 mM citrate
buffer (pH 3.75), while other molecules were eluted with a 50 mM citrate buffer (pH
3.50) in 3fold less volume to concentrate the target proteins. The nanocage was
precipitated with 0.20.3 M ammonium sulfate and the m&lvere collected in the

supernatant and titrated to pH 5.5. After recycling back into PBS, the nanocage was
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sterile filtered through a 0.2 um membrane before reuse in additional purification
cycles.

The mAb elution samples were characterized by the ovygeddl, % monomer,
and HCP and DNA impurity conterfigure 4.7). The final product yields ranged from
94/ 97% and the monomer content exceeded 97% for all targets. The HCP and DNA
clearance was consistent for mAbsDAwith < 1000 ppm HCP (~3 log reductioand
< 50 ppm DNA (45 log reduction) Eigure 4.8B). However, Fc A did not have as
efficient HCP impurity clearance with only 2 logs of reduction. One reason for this poor
clearance could be because the second wash buffer did not coni@w8ch has
been shown to be beneficial for HCP clearance byadiedunonspecific interactiorss.
A further optimization of the wash buffer conditions could potentially improve upon
this result. Compared to protein A chromatography, the average affinity precipitation
performance of mAbs AD meet or exceed all expectations for yield, monomer, and
impurity content Table 4.4). The average nanocage recovery for an affinity
precipitation purification cycle was about 87%idqure 4.8A). As discussed
previously?, this low naocage yield was likely due to losses to the container or sterile
filter from operational constraints during the regeneration steps. Furthermore, the
nanocage recovery may be improved by more efficient ELP precipitation with longer
ELPs and higher ELP gitig density on the E2 nanocage. These results indicate the
proposed affinity precipitation process can consistently achieve high yield and impurity
clearance for any target mAb with only minor optimization of the binding pH and

elution stability profile.
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4.4 Conclusion

Affinity precipitation of mAbs using ZLP-E2 nanocages has been shown to
be a promising alternative to protein A chromatography because of three key features:
1) Spontaneous crosslinking allows for rapid affinity capture and precipitation at
ambient temperature without added salt. 2) Irreversible insoluble precipitate formation
all ows for washing in most target Dbuffer
nanocage complex. 3) Enlarged nanocage dimension minimizes salt concentration
requiredfor precipitation after elution.

In Chapter 4we challenged the nanocage affinity precipitation process using
four industrial mAbs and one Fc fusion protein. For all target proteins, a 3:1 Z:mAb
binding ratio was sufficient to precipitate > 95% mAbhe solution mixture. mAb A,

C, and D aggregated very quickly (< 10 min), but mAb B (30 min) and more notably Fc
A (3 h) displayed slower kinetics in PBS buffer pH 7.2. Because of differences in the pl
values for different targets, we hypothesized thatréte of crosslinking may depend

on solution pH. A FW kinetic model was applied to quantify aggregation rate constants
representing initial mukvalent binding (nucleation) and network formation into large
precipitates (autocatalytic growth). We foundttslaw aggregation kinetics occurred at

a solution pH near or greater than the protein pl, and suspected that this may be due to
attractive interactions between the cationic ELP and mAb that sterically decrease multi
valent crosslinking efficiency. For mAB and Fc A, fast aggregationngk < 10 min)

was obtained at pH 5 and this finding was verified using cell culture titrated to pH 5.
All molecules were eluted with > 90% yield at pH < 4 and were stable in 50 mM citrate
buffer pH 3.5 without added salt. hAC, mAb D, and Fc A were stable in up to 0.3 M

ammonium sulfate for 120 min followed by titration to pH 5.5. mAb A and B
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demonstrated significant aggregation at pH 3.5 with salt, but were more stable at pH
3.75 after titration to pH 5.5.

The five molecule were purified from clarified cell culture using the indicated
procedures and high mADb yield (95%) and monomer (> 97%) were obtained. Nanocage
affinity precipitation resulted in a clearance of 99.9% HCP and >99.99% DNA
impurities from mAb AD cultures. FA impurity clearance was not as efficient as the
other mAbs which may be due to the lack of§08n the second wash buffer or due to
stronger impurityFc A interactions compared to the other molecules. Affinity
precipitation of mAbs AD met or exceededpectations of Protein A chromatography
performance. Future work will focus on a more rigorous examination of nanocage
regeneration and number of purification cycles, the use of filtration as more scalable
alternative to centrifugation, and the implemeptatof affinity precipitation in

continuous processing.
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TABLES

Molecule IgG MW Cu'Iture Purified

# Name Subclass | (kDa) pl WISl SIOElS
(mg/mL) (mg/mL)

1 mAb A IgG4 147 8.2 6.1 66.8

2 mAb B 19G4 155 6.8 3.1 63.0

3 mAb C IgG1 150 8.3 1.8 61.2

4 mAb D IgG1 152 9.1 51 45.6

5 Fc A Fc-lgG1l 79 5.8 2.8 40.8

Table4.1 Molecular properties and concentrations for the five molecules used in

the studyMW = molecular weight, pl = isoelectric point.
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50mM NacCl Total lonic Conductivity
# Buffer (mM) pH Strength (mS/cm)
(mM)
1 Citrate 19 5.0 150 14.8
2 Phosphate 81 6.0 150 13.4
3 Phosphate 40 7.0 150 13.7
4 Tris 120 8.0 150 14.0
5 Tris 144 9.0 150 13.8

Table4.2 Buffer composition for use in aggregation kiestinvestigation.
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Molecule [Zélggﬁzl Binding | Wash 1 Wash 2 Wash 3 | Elution E;g'gg
Name Ratio pH Buffer Buffer Buffer | Buffer [AS]
mAD A 31 72 pT—|B7S.'2 i@s%ﬁﬁ%%t' EﬁrS‘S ﬂ?% 02M
e | a1 | 72 | % | oo pn g0 | pHao | pHom | O2M
mAD D 31 72 pIID-|B;'2 SPash;s%)),«sai%r(])t' E.ijr?g ﬂ?ﬁ 02M
Fc A 31 50 (;::c'regtg, Citratl:()e|i| E??((;:ipient Fc)lgrgtg pC|3_i|tr;E[e) 03M

Table 4.3 Affinity precipitation conditions used for purification of the molecules
from cell culture.
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Unit Operation mADb Yield Monomer HCP DNA Nanocage

(%) (%) (ppm) (ppb) Yield (%)
Prﬁg&'gion 952+14 | 983+1.6 | 701+218 |<158+11.F | 86.8+ 4.6
Chrorz;‘ig?a’shy . > 95 > 95 2003000 | 100-1000 nla

Table 44 Comparison of average affinity precipitation performance for mAbs A
D with expected protein A chromatography performance. Aveatiggty precipitation
values reported with 95% confidence intervals (* < 10 ppb for mAb C and D included
calculation; ** fromFahrner et al?).
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Figure 4.1  mAb binding and precipitation yield. A) Effect of ZzmAb binding ratio

on mAb precipitation yld in PBS at 2% for mAb A (blue), mAb B (red), mAb C
(green), mAb D (purple), and Fc A (orange). B) Effect of mixing time on mAb
precipitation yield with 3:1 Z:mAb in PBS at Z3for mAb A (blue diamond), mAb B
(red diamond), mAb C (green triangle), m&b(purple triangle), and Fc A (orange

square).
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Figure 4.2  Effect of solution pH on aggregation kineticsat 3:1 Z:mAb molar
binding ratio for mAb A (A), mAb B (B), mAb C (C), mAb D (D), Fc A (E), and
polyclonal antibody (F). Normalized absorbance data (opelecand FW model fit
(solid line) shown at solution pH 5 (blue), pH 6 (red), pH 7 (green), pH 8 (purple), and

pH 9 (orange).
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Figure 4.3  F-W model rate constantsk; (blue) and kAo (red) fit from absorbance
data for mAb A (A), mAb B (B), mAb C (C), mAb D), Fc A (E), and polyclonal
antibody (F).
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Chapter 5

SPYTAG/SPYCATCHER FUNCTIONALIZATION OF E2 NANOCAGES
WITH Z -ELP AFFINITY DOMAINS FOR TUNABLE ANTIBODY BINDING
AND PRECIPITATION PROPERTIES

Abstract

Z-domainelastirlike polypeptide (ZELP40) affinity ligands functionalized to a
sef-assembled E2 nanocage by Sortase A (SrtA) ligation havedseonstrated in
Chapters 2 to be an ideal scaffold for monoclonal antibody (mAb) affinity
precipitation. However, low ELP-E2 ligation efficiency and nanocage regeneration
yields have limitd the potential of this technolog@€hapter 5 describes amproved
conjugation platform using SpyTag/SpyCatcher isopeptide bond formation between
SpyTagE2 and ZELP-SpyCatcher fusion proteins of two different ELP cHaimgths.
Using this system, E2 ligan efficiencies exceeding 90% wesbservedor both 40
and 80repeat ZELP-SpyCatcher fusions. This enabled the simple production of
nanocages at any targetELP density for tunable aggregation and mAb binding
properties. For the elution an industrialAb cell culture harvest, -ELPgo-Spy-E2
nanocages were capable of selective precipitation with 0.1 M ammonium sulfi€ at 23
and improved the nanocage regeneration recovery to >90%. The functionality of the
SpyTagE2 scaffold may be extended to the ratif precipitation of other nemAb

target proteins using customizable affinity domBicP-SpyCatcher fusions.
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5.1 Introduction

Affinity precipitation is a bioseparation method that involves the capture and
precipitation of a target protein in bulk soluttpand has been proposed as a more cost
effective and scalable alternative to conventional Protein A affinity chromatography for
the purification of therapeutic monoclonal antibodies (mAbs)The two main
strategies for affinity precipitation utilize bér multivalent affinity ligand crosslinking
(primary effect) or stimutresponsive affinity ligands (secondary effect) to trigger the
formation of large aggregates for precipitafidRrimary effect affinity ligands such as
multivalent haptens have beesed to crosslink with dimeric antibodies into oligomeric
aggregate?®, but this strategy is limited by low precipitation yields, slow dissolution
kinetics, and the requirement of an additional separation step after elution to remove the
dissociated affirti ligand<. mAb purification using stimufiesponsive affinity ligands
has also been implemented using eithef pH temperature responsive synthetic
polymers and biopolymers such as elatikia polypeptides (ELPY. However, utility
of the techniqués hindered by the harsh environmental stimuli such as low pH, high
temperature, and/or high salt concentration necessary to induce phase transition of the
affinity ligand, resulting in an increase mAb aggregdfidhor an increase in the €o
precipitaton of other cell culture impuritié$

Our group has developed a new proteased affinity scaffold that combines
the benefits of both primary and secondary effect affinity precipitation. As described in
Chapters 24, we functionalized the surface of dfsessembled 6@ner E2 nanocage
with an affinity ligand consisting of a Protein A deriveddl@main40-repeat ELP (Z
ELP40) fusion and demonstrated bindimgluced multivalent crosslinking as the initial
capture mechanism of mAbs from cell culture, folloviegda selective precipitation of

regenerated nanocages after mAb elution for saggratiot?. The 25nm E2 nanocage
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from Bacillus stearothermophilus/as selected as an ideal scaffold due to its high
structural stability (1, > 80°C) and the ability to gestically modify the exterior N
terminus for protein conjugatiéh Because large genetic fusions have been shown to
disrupt proper E2 selissembly, we modified a truncated E2 subunit with a small N
terminal triglycine tag to allow for postanslationalsite-specific conjugation of Z
ELP4o using Staphylococcus aureuSortase A (SrtA) ligationt”8, Using partially
functionalized ZELP-E2 nanocages, an affinity precipitation process capakhiggbf
yield and efficient impurity clearance equivalent to RiotA chromatography was
developed for the purification of industrial mAbs from cell cultuaevests>°.

In Chapter 5we sought to maximize the-ELP ligation density on the E2
nanocage with a longer chaength 80repeat ELP and investigate the effeaf ZELP
valency on mAbanocage crosslinking and ELP phase transition propeitiéde
SrtA ligation offers the benefits of using small ligation tagg€hmninal GGG and €
terminal LPXTG) and is highly biocompatiBlethe reaction is reversihfé resulting
in a maximum ZELP-E2 density of about 50% (30 conjugatedtZP per 60 subunit
E2 nanocage) evewith a molar reactant ratio of 5:1-ZLP:E2 To achieve 100%
ligation, an alternative method was evaluated using th&@ &p@pyatcher system
derived fom Streptococcus pyogenébronectinbinding protein FbaB, which forms
an irreversible isopeptide bond between a small, 13 amino acid peptide (SpyTag) and
its 15 kDa protein partner (SpyCatciér)\We report the high expression and stable
assembly of al-terminally modified SpyTad:2, and the tunable functionalization of
both ZELP4o-SpyCatcher and-ELPgo-SpyCatcher fusions to SpyT&f with close to
100% ligation density. We found that greater than 50%LP conjugationwas

sufficient for effective crsslinking with mAbs independent of ELP chain length,
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however, only fully decorated-ELP80 nanocages could be selectively recovered by
precipitation at room temperature with minimal salt after mAb elution. We believe that
the SpyTagE2 nanocage system cdie extended as a versatile scaffold for the

functionalization of any targe&dpyCatcher fusion proteins for a wide range applications.
5.2 Materials and Methods

5.2.1 Materials

Escherichia colstrain BLR(DE3) containing pET24(a) vectors encoding for Z
ELP[KVgF-40]-LPETG, ELP[KWF-40]-LPETG, ELP[KWF-80]-LPETG, and GGG
ELP-[KV gF-80], E. coli strain BL21(DE3) containing a pET11(a) vector encoding for
GGGE2(158), and another BL21(DE3) strain containing a pMR5 vector encoding for
sortase A were constructed and descrimeiously®'8 pDEST14SpyCatcher was a
gift from Mark Howarth (Addgene plasmid # 35084)E2 nanocage plasmids p&32,
pE2-158, pE2167, pE2172, and pEA79 in pET11(a) vectors were received as a gift
from Szu Xwepurifisdamdglarified deculture mAb was received as a gift
from Bristol-Myers Squibb (BMS) (New York City, NY). Bacto tryptone and yeast
extract were purchased from BD Biosciences (Franklin Lakes, NJ). Kanamycin,
ampicillin, bovine serum albumen (BSA), and isoprepyd-thiogdactoside (IPTG)
were purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide, sodium
phosphate, citric acid, tris base, ammonium sulfate, and sodium chloride were purchased
from SigmaAldrich (St. Louis, MO). 96well half area UVtransparent lates were
purchased from Corning (Corning, NY). 0.8/0.2 um Supor Acrodisc syringe filters were
purchased from Pall (Port Washington, NY). 100 kDa Sartorius Vivaspin 20 spin

columns were purchased from Sartorius (Gottingen, Germany).
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5.2.2 Genetic Manipulationsand Vector Construction

E. colistrain NEB 5alpha (NEB #C29871) was used as the host for all genetic
manipulations. All ELP constructs were cloned in pET24(a) vectors and all S|Bg2rag
constructs were cloned in pET11(a) vector&ElPs- LPETGwas construed by PCR
of the Zdomain from ZELP[KVgF-40]-LPETG using Primer 1 and Primer 2 and the
PCR amplified Zdomain was digested with Xbal and Ndel and ligated into Xbal and
Ndel digested ELP[KW-80]-LPETG. A doublerepeat streptavidin binding peptfde
DVEAWLDERVPLVET (SB, (SR(GSk-SR(GSk) was generated by annealing
overlapping Oligos . The annealed SWas digested with Ncol and Ndel and ligated
into Ncol and Ndel digested-ELPs+-LPETG and ZELPso-LPETG vectors to form
SP-ELP4o-LPETG and SRELPsc-LPETG constructs. An (EXK)z linker was created
by annealing Oligos-6 and was substituted for the LPETG tag by digesting the Z
ELP4-LPETG and ZELPso-LPETG vectors with BamHI and Sacll and ligating the
BamHI and Sacll digested (EBK)sz linker. Z-ELPso-SpyCatcher and ZLPso-
SpyCatcher were generated by PCR of the pDESSyCatcher vector using Primer
3-4 and the PCR amplified SpyCatcher was digested with BamHI and Xhol and ligated
into BamHI and Xhol digested -ELP4-LPETG and ZELPso-LPETG vectors to
redace the LPETG tag. SpyTdfR constructs were generated by annealing SpyTag
(AHIVMVDAYKPTK) Oligos 7-8 and digesting with Ndel and Nhel. The SpyTag
insert was ligated into the Ndel and Nhel digested pE2 construct3.ab&e5.1 for

primer/oligo informatio.

5.2.3 Protein Expression and Purification
All ELP-fusion constructs were expressed in BLR(DHE3) coli grown in

Terrific Broth (TB) with 50 pg/mL kanamycin at 32 andmixed at250 rpm for 24h
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with leaky expression and were purified by inverse transitiohngy¢lTC) using 0.5

M ammonium sulfate, as described previotisiyhe purified ELPfusion concentration

was estimated by absorbance at 280 nm-@800, Shimadzu) using the theoretical
extinction coefficient. Sortase A was expressed in BL21(EZpligrown in Luria
Bertani Medium (LB) with 50 pg/mL kanamycin at®87andmixed at250 rpm until an
OD600 of 1.0, where the culture was induced with 1 mM IPTG fdis4All E2
constructs (GGEE2(158) and SpyTag2(152179)) were expressed in BL21(DEB)

coli cells grown in LB with 100 pg /mL ampicillin at 3¢ andmixed at250 rpm until

an OD600 of 0.5, where the culture was induced with 0.2 mM IPTG &t 20 20h.

After protein expression, all cultures were harvested by centrifugation at 4,000g for 15
min at £C and resuspended in a TN150 buffer (50 mM Tris, 150 mM sodium chloride,
pH 8.0). Cells were lysed using a Fisher Sonicator (Pittsburgh, PA) using 5 s pulse on
and 10 s pulse off for 5 min over ice. All E2 constructs were partially purified by
incubaing at 70C for 10 min and centrifugation at 15,000g for 15 min to isolate the
soluble proteins. The soluble E2 sample was é&Hehrougha 0.8/0.2 pm Supor
Acrodisc syringe filter. E2 nanocage assembly was confirmed by dynamic light
scattering (DLS) usig a Malvern Zetasizer Nano (Malvern, United Kingdom) and a
low volume cuvette (ZEN0040, Malvern). Each measurement consisted of 5 runs of 10
s and the correlation function was analyzed by the Protein Analysis algorithm provided
by the Malvern software tcestimate the hydrodynamic diameter-gie) and
polydispersity index. Total protein concentrasaf partially purified E2 and soluble
SrtA lysate were measured by Bradford protein assay purchased froiRa8io
(Hercules, CA) using BSA as a standard. Protekpression was confirmed by

Coomassie stained, 10% acrylamide SEXSGE using a BicRad MintPROTEAN
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electrophoresis system (Hercules, CA). Protein purity was estimated using densitometry

analysis of SDS?AGE gels using Thermo Mylmage software (Walthand)M

5.2.4 Sortase A Ligation of ELP-LPETG Fusions to GGGE2

Sortase A reactions were prepared withuMd GGG substrate, 1AM sortase
A, and a variable concentration of LPETG substrate (1:1 to 5:1 LPETG:GGG molar
ratio) in a reaction buffer (TN150,/6M CaCk) and mixed for 4hat 37C. The ligation
product was purified by ITC using 0.5 M ammonium sulfate and resuspended in
phosphate buffered saline (PBS, 25 mM sodium phosphateni/b8odium chloride,
pH 7.2). The unreacted EL-RPETG fusion protein was removedy HL00 kDa
diafiltration into PBS using Sartorius Vivaspin 20 spin columns. The purified ligation
products were confirmed by Coomassie stained 10% acrylamidePBIB& and the

ELP fusionE2 ligation density was estimated by densitometry analysis.

5.2.5 Z-ELP-SpyCacher Conjugation to SpyTagE2

Purified ZELP4o-SpyCatcher or ZLPgo-SpyCatchewasmixed with SpyTag
E2 in PBS for 14 h at room temperature followed by one ITC cycle into PBS. The
conjugation products were confirmed by Coomassie stained 10% acrylaibigle S
PAGE and the Z£LP-E2 ligation density was estimated by densitometry analysis.
100% ligation density assumes 66EEZP conjugated per 68ubunit E2 nanocage.
Ligation efficiency was calculated by #LP-E2 ligation density)/([ZELP]:[EZ2]

reactant ratio).

5.2.6 Transition Temperature Measurement
Transition temperature {JTmeasurements were made usin§hramadzuUV -

1800 spectrophotometer. 100 uL samples were added in triplicate tavahr8ulticell
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microcuvette $himadzy and equilibrated for 10 min at 2D, and the absorbance at

350 nm was measured every 0.5 degrees fro020 at a ramp rate of 0.5 degree per

min with a 30 s equilibration before each measurement. The absorbance curves were
analyzed by the provided Tm Analysis Softwagaimadzy and the T, defined as the

maximum slope of the transition profile, was evaluated.

5.2.7 Absorbance Measurement

Absorbance measurements were performed using a Synergy plate reader from
BioTek (Winooski, VT) run at 2&. 100 pL experimental samples and buffer controls
were vell mixed and added to a halfea 96well UV transparent plate. For all
measurements, the absorbance signal was buffer subtracted and corrected for path length
(1 cm). For mAb or nanocage concentration, the absorbance was measured at 280 nm
and the theote&al extinction coefficient was used to calculate concentration. For

turbidity evaluation, the absorbance was measured at 350 nm.

5.2.8 Z-ELP-E2 Nanocage mAb Binding Capacity

To evaluate the nanocage binding capacity for an industrial mAb, nanocages
with varying Z-ELP ligation density were prepared at 25 pM E2 concentration in
microcentrifuge tubes and mixed with excess mAb at room temperaturé for2BS
at 23C. Samples were then adjusted to 0.5 M ammonium sulfate and mixed for 10 min
at 23C, and centrifugd at 15,00@ for 10 min to pellet the precipitated nanocages and
bound mAb. The supernatant was removed and the absorbance was measured to
evaluateheunbound mAb concentration. The bound mAb concentration was calculated
by mass balance. The mAb bindicapacity per 6&ubunit E2 nanocage was estimated

by [MADb]bound (60*[E2]).



5.2.9 mAb-Nanocage Crosslinking and Precipitation Yield

An solution containing anindustrial mAb was prepared iIPBS in
microcentrifuge tubes with the-ELPso-Spy-E2 or ZELPso-Spy-E2 nanocages at 1:1,
2:1, 4:1 Z:mAb molar ratios in triplicate. The samples were mixed for 30 mirP@t 23
and the turbidity was measured using absorbance at 350 nm. The samples were then
centrifuged at 15,000 g for 10 min at°23to pellet the insoluble compams and the
supernatant was removed. The pellet was resuspended in 1x volume elution buffer (50
mM sodium citrate, pH 3.5) and mixed for 15 min at@3The samples were adjusted
to 0.5 M ammonium sulfate and centrifuged at 15,000 g for 10 mirt@tta3electively
precipitate the dissociated nanocage. The elution supernatant was removed and the
absorbance was measured at 280 nm to evaluate mAb precipitation yield by mass
balance. The purity of the mAb elution samples were confirmed by-FAXSE to

ensure o residual nanocage.

5.2.10 Nanocage Regeneration and mAb Affinity Precipitation

~100% ligation Z-ELP4o-Spy-E2 or ZELPs-Spy-E2 precipitation yield in
elution buffer was evaluated using a central composite DOE design (255 %0/ E2
concentration and 0.05,1%, and 0.25 M ammonium sulfate) with three replicates of
the centerpoint (50 uM and 0.15 M). After adding ammonium sulfate 4, 2Be
sampes were centrifuged at 15,090or 5 min at 23C and the supernatant absorbance
at 280 nm was measured to evadudne nanocage concentration and the nanocage
precipitation yield was calculated by mass balance. The effect of ammonium sulfate on
nanocage regeneration during mAb affinity precipitation was studied. The nanocage
was mixed with an industrial mAb cell ¢ute harvest sample at 3:1 Z:mAb molar ratio

in cell culture media in triplicate for 5 min at®23and centrifuged at 15,0@or 5 min
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at 23C. The pelleted mAlmanocage complex was washed with PBS followed by 25

mM sodium citrate pH 5.0. After anothezrdrifugation, the pellet was resuspended in
elution buffer and mixed for 15 min. The elution samples were adjusted to either 0.1 or
0.3 M ammonium sulfate for selective nanocage precipitation. The purified mAb was
removed in the supernatant atie mAb elution yield was calculated by measuring
absorbance at 280 nm. The pelleted nanocage was regenerated in elution buffer and then
buffer exchanged back into PBS using ITC. The nanocage recovery was evaluated after
one purification cycle by measuring absorbaat 280 nm. Se€able 5.2 for more

information.
5.3 Results and Discussion

5.3.1 Evaluation of Sortase AELP-fusion protein E2 ligation efficiency

The results in Chapterf2demonstratthe successful purification of mAbs using
Z-ELPsofunctionalized E2 nanocageg bindinginduced crosslinkin. The objective
of Chapter 5 wa$o further improve the efficiency by maximizing theEZP ligation
density using a longer chalength ELRo. We expeatd that a higher density of the
conjugated Zdomain would increase thevel of mAbmediated crosslinking while the
longer ELP would decrease the salt concentration required for precigitatiod
improve nanocage regeneration. To compareSta ligation efficiency of ZELPao-
LPETG and ZELPs-LPETG to GGGE2, reactants wer mixed at 1:1 to 5:1
LPETG:GGG molar ratios and the ligation products were purified using ELP inverse
transition cycling (ITCY. Even witha five-fold molar excessf Z-ELP4o-LPETG, only
a 50% ligation density was obtained because of the reversible rtSrtA ligation,

while <10% ligation was observed for-EAPgo-LPETG (Figure 5.1). This
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unexpectedly low efficiency was only observed only withie[APso LPETG (Figure
5.2A) as a similar ELELLPETG without the Zdomain and an SHELPsoLPETG
fusion comniaining a similar size peptide to theddmain resulted in comparable E2
ligation density as £LP4-LPETG (Figure 5.2B). Furthermore, a similar result was
obtained using an alternative G&ELP substrate instead of G&E2 (Figure 5.3A-B),
indicating that he GGG substrate did not have a significant impact on ligation
efficiency.

All ELP constructs contained a flexible {&3z linker between the ELP and
LPETG that was added to allow for accessibility of the LPETG tag to the SrtA active
sitet’. However, ELPsar e i ntrinsically distunsiimaed pro
random coil conformation and do not maintain a stable stridétiée suspected the
disordered nature of the longer-Bfpeat ELP fused to the-dbmain may sterically
block access of the LPET@otif, resulting in low ligation. To extend the tag farther
away from ELP, the ligation of a newEPgofusion containing a rigid (E4A)3 linker?
between ELP and LPETG was evaluated, batimprovementvas detected Kigure
5.4). Because of the reverdiby of SrtA ligation and the limited ligation for-ELPso-
LPETG28 we decided to pursue an alternafigation strategy utilizing the SpyTag
SpyCatcher pai?.

5.3.2 Expression andconjugation of SpytagE2 and Z-ELP-SpyCatcher

To overcomethe limitations d SrtA ligation, the SpyTag/SpyCatcher
conjugation method was selected as an alternative conjugation method because of its
irreversible and rapid isopeptide bond formatforlthough we were successful in
displaying the GGGtag to the Nterminus of the E monomer, there are very few

reports on the display of othertidrminal genetic fusions onto #2To identify the best
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insertion site, the 2@mino acid SpyTag was attached to different locations on the native
N-terminal linker of the E2 monomer and esgsed irE. coli. Various levels of soluble
expression were odined for all SpyTade2 fusion constructs Figure 5.5A). The
solubleE. colilysate was heated to D for the partial purification of the E2 nanocages
and to check for thermostabilitfFigure 5.9B). All SpyTagE2 constructs were at least
partially soluble after 7@ incubation and dynamic light scattering confirmed
assembled nanopatrticles of the expected ($tiure 5.6A). High soluble expression
was obtained for botl-ELPso-SpyCatcher and -ELPgo-SpyCatcher(Figure 5.7A).
SpyTagE2(158) and SpyTag2(173) were selected to test for conjugation with the Z
ELP-SpyCatcher fusions because they exhibited the highest culture productivity and
low polydispersity Figure 5.6B). Samples were mixed fortilin PBS followed by one
ITC cycle to remove any unreacted E2. The reaction resulted in high conjugation of
both ZELP4o- and ZELPse-SpyCatcher fusicson either SpyTade2(158) and SpyTag
E2(173) Figure 5.7B). SpyTagE2(158) was selected for future irstigation because
it contained the same-términal extension as the welharacterized GG&2(158)
used in the SrtA reaction

To compare the two conjugation methods, SrtA reactaitibZo-LPETG, Z
ELPgo-LPETG, and GG&E2 and SpyTag/SpyCatcher reactamELPs0-SpyCatcher,
Z-ELPgo-SpyCatcher, and SpyTd&fR2 were mixed at a 0.75:1 ELP:E2 molar ratio in
target reaction buffers for 4 h followed by one ITC cyéliggre 5.8). In contrast to the
low ligation observed for the SrtA method, SpyTag/SpyCatcher caipngasulted in
close to 100% efficiency for both-ELPso- and ZELPse-SpyCatcher, as no unreacted
Z-ELP was detected by SEFAGE in the purified products. The simplicity of the 2

component reaction and the high efficiency afforded by SpyTag/SpyCatcher
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significantly advance the capabilities of the nanocage affinity precipitation technology

and enable access to all 60 E2 subunits for a highly tunable platform.

5.3.3 Effect of ligation density onnanocageaggregation andlgG Binding

To examine the versatility ohé SpyTag/SpyCatcher system, a wide range of
E2 ligation densities were investigated. Reactions were prepared at 0.25:1, 0.5:1, 0.75:1,
and 1:1 ZELP-SpyCatcher:SpyTag2 molar ratios for the 4@&nd 80Grepeat ELP. For
a comparison of conjugation efficieyy SrtA ligation reactions were prepared using
0.5:1, 1:1, 2:1, and 4:1-ELP4+-LPETG:GGGE2 molar ratiogFigure 5.9A). The E2
ligation density was proportional to the reactant ratio for the SpyTag/SpyCatcher
system, while a significant excess amountZELP was required to drive the
conversion to about 50% for the SrtA ligati@figure 5.9B). The average conjugation
efficiency for the SpyTag/SpyCatcher products exceeded 9BBjuré 5.90),
indicating any target Z£LP conjugation density may be achievedsimply mixing at
the target ZELP:E2 reactant ratio. Because SpyTag/SpyCatcher bond formation
eliminates the requirement of a third component for catalysis and the need to remove
excess reactants, this system offers a more streamlined aredfmsnht method for the
functionalization of E2 nanocages.

The effects of ZELP ligation density on nanocage transition temperatude (T
and IgG binding capacity were investigated. Increasing the ligation density from 50%
to 100% resulted in a°6 lower T, and cojugation with the longer 8@epeat ELP
further decreased thea Value by 67°C across all samplg&igure 5.10A). The fully
decorated ZELPso-SpyE2 nanocage at 25 yM E2 had avhlue of about 2%,

indicating only a small increase in ionic strength wdaddequired for phase transition
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at room temperature. In a mAb affinity precipitation process, this condition is highly
desirable for nanocage recovery after mAb elution.

To ensure that the longer ELP and the presence of a SpyCatcher fusion have no
impact on 1gG binding, the binding capacity per nanocage was evaluated using an
industrial mADb in the presence of excess IgG. As expected, a higieP Zigation
density resulted in a higher binding capacity and the ELP ¢bagth had no influence
in mAD binding (Figure 5.1(). For the ~100 % ligation samples, the expected molar
interaction stoichiometry of 2:1 Z:lg&was observed with approximately 30 IgG
mol ecul es bound per 60 E2 subuni t-BLP) wher ec
bound IgG closer ta 1:1 molar ratio. The high locakdmain concentration on the
high ligation nanocages likely favors 2:1 Z:IgG binding, while at low ligation, the Z
domains may be more sterically restricted for coordinated binding to the same IgG
molecule. Collectivelythese results demonstrate a new conjugation platform capable
of generating E2 nanocages with tunabjefid high mAb binding capacity without

limitations on maximum ligation density and ELP chingth.

5.3.4 Effect of ligation density oncrosslinking and precipitation yield

The results in Chapterdemonstrated IgG bindirigpduced crosslinking with Z
ELP-E2 nanocages through multivalent interactions that form large aggregates
sufficient to capture mAbs from cell culture harvests with high yt&ldgo test the
effect of ligation density on mAbanocage crosslinking, the SpyTag/SpyCatcher
conjugated ZELP4o-E2 or ZELPgo-E2 nanocages were mixed with an industrial mAb
at 1:1, 2:1, and 4:1 Z:mAb molar ratidkhe sample turbidity (absorbance at 350 nm.
PBS, 23C) was used to monitor the extent of nanocage crosslinking by detecting the

formation of large particles that scatter light.higher ligation densities, both-EZLPao-
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E2 and ZELPs-E2 nanocages rapidly turned cloudy upon mixing and a similar trend
was obsered at all molar ratios testeBigure 5.11A-B).

To examine the effect of-ELP ligation density on mAb precipitation yield,
samples were centrifuged at°23to pellet only the crosslinked, insoluble aggregates.
The percentage of captured mAb increaseti Wie ligation density until 50%, beyond
which only a slight change in mAb precipitation yield was obsefivepire 5.11C-D).

This result again confirms that crosslinking is the key mechanism responsible for mAb
recovery; only E2 nanocages with a highevady of affinity ligands can nucleate into
large mAbnanocage aggregates that can be efficiently separated from other soluble
solution components by centrifugation. Meanwhile, at lower ligation densities, the
mAb-nanocage mixtures did not form sufficienbsslinks for phase separation, as
evidenced by the lower turbidity and mAb precipitation yiel@gyre 5.12. It is
interesting to note that a slight excess ofiagtnain from the expected binding
stoichiometry of 2:1 was required to achieve the highesh me&overy. This may be

due to steric limitations in the coordinated intermolecular IgG binding by two adjacent

nanocages and the potential for 2:1 intramolecular 1gG binding by the same nanocage.

5.3.5 Nanocae selective precipitation and egenerationafter mAb Elution

To elute mAbs from the crosslinked aggregate, the sample was resuspended in
a pH 3.5 buffer to dissociate the m&Zbdomain interaction, which resolubilizes both.
One drawback using the partially functionalized E2 nanocages generated by SrtA
ligation is the requirement of 0.3 M ammonium sulfate for the selective precipitation
and separation from the eluted mAb&rom an industrial perspective, it is desirable to
minimize the salt concentration necessary for nanocage phase transition because

exposue to high ionic strength at low pH can result in increased aggregation for some
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mADbst?2?% Because the 100% ligation-EA.Ps- and ZELPso-SpyE2 nanocages
resulted in 5 to 1 lower T; value compared to the 50% ligation nanocages produced
by SrtA, we expcted improved precipitation yields at lower salt concentrations. The
enhanced aggregation properties may also help prevent leaching into the final mAb
supernatant and to reduce nanocage regeneration losses. The salt concentration required
for greater than95% nanocage precipitation was evaluated aELP-Spy-E2
concentrations ranging from Z% pM (Figure 5.13. Compared to ZELP-Spy-E2,
the fully decorated ZLPs-Spy-E2 nanocages exhibited higher precipitation yields
over the entire salt concentraticeange. At a hanocage concentration used in a typical
mADb purification process/6 puM Z-ELP-E2), 95%precipitation wasachieved forZ-
ELPso-Spy-E2 with 0.1 M ammonium sulfate, while ®M ammonium sulfate was
requiredto achieve the same yieldr Z-ELP4o-Spy-E2.

To evaluate the effect of salt concentration on nanocage recovery, an industrial
mAb was purified from cell culture harvest using the fully ligateBLPs- and Z
ELPso-Spy-E2 nanocages. After crosslinking at 3:1 Z:mAb molar ratio, the complex
waswashed and resuspended in elution buffer, followed by the addition of either 0.1 M
or 0.3 M ammonium sulfate for nanocage precipitation. The naeocsayples were
then regeneratednd recycled back into PBS by ITC and nanocage recovery was
calculated. Thepurification cycle recovery of ELPgo-Spy-E2 nanocages exceeded
90% using both 0.1 M and 0.3 M ammonium sulf&gre 5.14A) and high mAb
elution yields were obtainedrigure 5.14B). This high nanocage recovery was a
significant improvement over previework using SrtA functionalized nanocad&sn
contrast, precipitation of -ELP4-Spy-E2 nanocages with 0.1 M ammonium sulfate

resulted in <50% recovery, again highlighting the benefit of using a longer ELP for
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nanocage recovery. The mAb affinity pretapion processTable 5.2) with Z-ELPgo-

SpyE2 and 0.1 M ammonium sulfate resulted in efficient selective nanocage
precipitation and regeneration, with no detectable leaching in the mAb elution by SDS
PAGE Figure 5.14C). The high ligation density in conmmtion with longer chain

length ELP resulted in improved nanocage regeneration steps that may make the affinity
precipitation system a more viable alternative to Protein A chromatography for mAb

purification.

5.4 Conclusion

In Chapter 5 we sought to improvehé functionalization of E2 protein
nanocages for mAb affinity precipitation by increasing the ligation density of longer
chainlength ZELP affinity domains. We suspected that a fully decorated E2 using a
longer ZELP backbone would decrease the salt cotmaton required for nanocage
precipitation and increase antibody binding capacity. However, the SrtA ligation of an
80-repeat ZELP resulted in less than 10% ligation efficiency. This was attributed to
steric interference of the SrtA active site by tieddered nature of the longer ELP in
combination with the Zlomain fusion.

To bypass this limitation, the SpyTag/SpyCatcher ligation strategy was
evaluated as an alternative conjugation method. SpyTag was fused toettmeiius of
the E2 subunit, and ¢ih soluble expression of assembled, thermostable nanopatrticles
was obtained. Upon addition ofEZLPso- or Z-ELPgo-SpyCatcher fusion proteins, a
ligation efficiency of >90% was obtained such that anglP-E2 density may be
achieved by simply mixing at therget ZELP:E2 reactant ratio. Compared to the
maximum ligation nanocage attainable by SrtA (~50% ligation at 4Bl Zo.E2

reactant ratio), the ~100% ligation-EAPgo-Spy-E2 nanocage had a D lower
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transition temperature with-ld higher 1gG bindingcapacity. A ZELP ligation of
>50% was sufficient for efficient nucleation into large aggregates, while low ligation
density nanocages resulted in lower precipitation yields due to the formation of small
oligomers or monomers not large enough for phasesition.

For the purification of an industrial mAb cell culture harvest, the critical salt
concentration was evaluated to optimize the selective precipitation of the ~100%
ligation Z-ELP4o- and ZELPso-Spy-E2 nanocages after mAb elution. Greater than 90%
nanocage recovery and 95% mAb elution ywkteobtained using 0.1 M ammonium
sulfate with the ZELPgo-Spy-E2 nanocage, while a thré@ld higher salt concentration
was required for similar performance usingEP4-Spy-E2 nanocages. Compared to
SrtA medated ligation, the SpyTag/SpyCatcher ligatreaction enables the generation
of nanocages with tunable ligation densities up to ~100% conversion, resulting in lower
Tt values, higher mAb binding capacity, and reduced production cbalde(5.3).
Becaus®f these benefits, we believe the SpyERjnanocage may be an ideal scaffold
for the efficient, sitespecific conjugation of other SpyCatcher fusion proteins. Future
work will seek to establish a generalized affinity precipitation platform that can be
implemented for the purification of any target protein using customizable affinity

ligands.



TABLES

Sample I:\lr;r;eer DNA Sequence (8"

Primer | Z-domain | TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACC
1 Forward | ATGGGGGTAGACAACAAATTCAACAAAGAAC

Primer | Z-domain | )+ A1 ATATGAAGCTTGCTGCCGE
2 Reverse

Primer | SpyCatche] GGATCCGGAGGGGGAAGCGGTGGAGGTGATAGTGCTACCA
3 Forward | ATATTAAATTCTC

P”Z‘er Sggztr‘;ge' CTCGAGGGTACCTTATCAGCCATTTACAGTAACCTGAC

0ligo | gpy Top 1| CATGGGATGTGGAAGCGTGGCTGGACGAACGTGTGCCCCT
1 GTGGAGACCGGGAGCGGC

Oligo | 5p, 1op 2| AGCGGGTCTGGATCTGGCAGCGGGAGCGGCAGCGGGTCT
2 GATCTGGTACCCA

Oligo SP2 | CCCGGTCTCCACCAGGGGCACACGTTCGTCCAGCCACGCT]
3 Bottom 1 | CCACATCC

Oligo SP2 | TATGGGTACCAGATCCAGACCCGCTGCCGCTCCCGCTGCCHA
4 Bottom 2 | GATCCAGACCCGCTGCCGCT

Oligo | (EA3K)3 | GATCCGAAGCGGCGGCGAAAGAAGCGGCGGCGAAAGAAG
5 Top | CGGCGGCGAAACCGC

Oligo | (EA3K)3 | GGTTTCGCCGCCGCTTCTTTCGCCGCCGCTTCTTTCGCCGA
6 Bottom GCTTCG

Oligo | SpyTag | TATGGCACACATAGTAATGGTAGACGCCTACAAGCCGACG
7 Top | AAGG

Oligo | SpyTag | CTAGCCTTCGTCGGCTTGTAGGCGTCTACCATTACTATGTG]
8 Bottom GCCA

Table5.1 Primersandoligosusedfor geneconstruction.
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Target| Amm | Step
# Description Buffer | pH VCF | Sulf | Time
(x) | (M) | (min)
1 Z-ELPy-Spy-E2 | PBS 7.2 1 0 n/a
2 mAb Harvest | Media 7.2 1 0 n/a
3 Mix 3:1 Z:mAb | Media 7.2 1 0 5
4 Precipitation Media 7.2 1 0 5
5 Wash 1 PBS 7.2 2 0 5
6 Wash 2 Citrate | 5.0 2 0 5
7 Elution Citrate | 3.5 4 0.10 15
8 Regeneration | Citrate| 3.5 4 0.10 5
9 Recycle PBS 7.2 8 0 5

Table5.2 Affinity precipitation process steps corresponding to the lane number in
Figure 5.14C



Attribute Sqrtage A SpyTag’S pratcher Impact
Ligation Conjugation
Z-ELPao 0 High >90%, High density: lower T,
Ligation | &?g";fg SQ_ELP Z-ELP:E2ratio | higher [IgG] binding.
Efficiency 9 proportional tadensity Production costs
Z-ELPgo L o
Ligation Very lowligation Similar to ZELPa0 Longer ELRlower T
Reversibilit Product also containg Irreversible under Ligation efficienc
Y LPETGtag all conditions 9 y
# 3 components Simple 2component .
Component including SrtA mixture Production costs
Reagt_lon 4-6 hours at 37C 1-hour room Operational efficiency
Conditions temperature
Reaction 6 mM CaCl, _ None required, Buffer restrictions
Cofactor just mix components
Table 5.3 Comparison of SrtA ligation and SpyTag/SpyCatcher methods-for Z

ELP conjugation to E2 nanocages.
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FIGURES

2 3 4 S 6 7 8 9 10 11 12

Figure 5.1 SDSPAGE gel of SrtA ligation comparison of the conjugation of Z
ELP4o-LPETG or Z-ELPso-LPETG to GGG-E2. Initial reactants mixed at 1:1, 3:1,
and 5:1 ZELPs0:E2 (Lane 13) or ZELPso:E2 (Lane 46) molar ratios. Final purified
ligation products shown with indicated ligation product bands f&lLRso-E2 (green
arrow, Lane ) and ZELPgo-E2 (red arrow, Lane 102).
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Figure 5.2 Low Z-ELPsoLPETG ligation efficiencyto GGG-E2 A) SDSPAGE
gel of SrtA ligation reaction products using various HIFETG substrates mixed at a
3:1 molar ratio with GGE&e2. B) Average ELHE2 ligation density estimated by
densitometry. Lane 1: ELRLPETG. Lane 2: ZELP4-LPETG. Lane 3: SRELP4o-
LPETG. Lane 4: ELR-LPETG. Lane 5: ZELPso-LPETG. Lane 6: SPELPso-LPETG.
Error bars reesent 95% confidence interval.
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MW MW

# LEETG LPETG GaG Product
Substrate KDa Substrate KDa
1 ELP, 20.4 E2 48.8
2 Z-ELP, 28.5 E2 56.9
3 SP2-ELP,, 26.9 E2 55.3
4 ELPg, 37.1 E2 65.5
5 Z-ELPg 45.1 E2 73.5
6 SP2-ELPg, 43.6 E2 72.0
7 ELP,, 20.4 ELP40 37.9
8 Z-ELP, 28.5 ELP40 46.0
9 SP2-ELP,, 26.9 ELP40 44.4
10 ELPg, 37.1 ELP40 54.6
11 Z-ELPg, 45.1 ELP40 62.6
12 SP2-ELP;, 43.6 ELP40 61.1

Figure 5.3

150 kDa—
100 kDa—

75 KDa—

50 kDa—|

37 kDa—|

25 kDa—|

20 kDa—|

15 kDa—

Low Z-ELPsoLPETG ligation efficiency to GGG-ELP. A) ELP-
LPETG and GGG substrates and molecular weights (M%ép for the evaluation of

SrtA ligation reaction. B) SDAGE gel of ligation products using GEEL P4
substrate with ELR-LPETG (Lane 1), ZELP4o-LPETG (Lane 2), SPELP4-LPETG
(Lane 3), ELB-LPETG (lane 4), ZELPso-LPETG (Lane 5), SPELPso-LPETG (Lane
6) mixed at a 3:1 LPETG:GGG molar ratio.
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Figure 5.4 SDSPAGE gel of SrtA ligation comparison with flexible linker
(G4S) and rigid linker (EA 3K)3 between ELP and LPETG motif for-ELPgo-

(EAsK)s-LPETG initial reaction (Lane 1) and purified ligation proddcane 2, red
arrow), ZELPso-(G4S):-LPETG initial reaction (Lane 3) and purified ligation product
(Lane 4, blue arrow), Eld?(GsS)-LPETG initial reaction (Lane 5) and purified
ligation product (Lane 6), -ELP4o-(EA3K)3-LPETG initial reaction (Lane 7) dn
purified ligation product (Lane 8),-ELP4o-(G4S)-LPETG initial reaction (Lane 9) and
purified ligation product (Lane 10), and EdlogRG4Sk-LPETG initial reaction (Lane 11)

and purified ligation product (Lane 12).
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Figure 5.5 SpyTagE2 nanocage expressionral partial purification . A) SDS
PAGE gel for soluble and insoluble expression for GEX158) (Lane 42), SpyTag
E2(152) (Lane 31), SpyTage2(158) (Lane %), SpyTagE2(167) (Lane B), SpyTag
E2(179) (Lane 9A0), SpyTage2(179) (Lane 1112). B) Coomassiestained 10%
acrylamide SDSPAGE gel for soluble and insoluble fractions after heating € 7ér
GGGEZ2(158) (Lane ), SpyTage2(152) (Lane 1), SpyTage2(158) (Lane %),
SpyTagE2(167) (Lane B), SpyTage2(179) (Lane 940), SpyTage2(179) (Lane 141
12). C) Soluble, thermostable E2 culture productivity
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Figure 5.6  Confirmation of E2 assemblyby DLS. A) Hydrodynamic diameter
measured by dynamic light scattering for E2 constructs. B) Polydispersity index (PDI)
measured by dynamic light scattering for E2staurcts.
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Figure 5.7  Z-ELP-SpyCatcher expression an&pyTag/SpyCatchereaction A)
SDSPAGE gel for ZELP4o-SpyCatcher soluble expression (Lane 1) and purified by
ITC (Lane 2) and ZLPs-SpyCatcher soluble expression (Lane 3) and purified by ITC
(Lane 4). BISDSPAGE gel for comparison of SpyT#f(158) (Lane 1) and SpyTag
E2(173) (Lane 2) conjugation with-ELP4so-SpyCatcher (Lane 3) and-E1Pso-
SpyCatcher (Lane 4). Conjugation products afterdaction in PBS for mixture of 2:1
and 5:1 molar reactant rat@pyCatcher:SpyTag for-ELP4o-SpyCatcher and SpyTag
E2(158) (Lane %), Z-ELPso-SpyCatcher and SpyTd&t2(158) (Lane B), Z-ELPso-
SpyCatcher and SpyT&2(173) (Lane 90), ZELPgo-SpyCatcher and SpyTag
E2(173) (Lane 1112).



Sortase A Ligation SpyTag/SpyCatcher Conjugation

Initial Reactants Z-ELP,, | Z-ELPg, |Initial Reactants| Z-ELP,, | Z-ELPg,

Z, I Zy, | E2 |SrtA T4 |ITC | T4 [ITC | Z,, ‘ Zy, I E2 | T4 [ITC | T4 |[ITC
100 kDa

75 kDa -
- e

50 kDa
37kDa|

- — - —
25kDa
20 kDa

Figure 5.8 SDSPAGE gel for compaison of SrtA and SpyCatcherSpyTag

conjugation methods with Z-ELP4-LPETG and ZELPgo-LPETG (black arrow)

conjugation to GGEE2(158) in TN150 and ZELPso-SpyCatcher and -ELPso-

SpyCatcher conjugation to SpyF&a@(158) in PBS. Reactants mixed at a 0.75:1 Z
ELP:E2 molar ratio and incubated for 4 hours in a reaction buffer (T4) followed by

purification by ITC.
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Figure 5.9  Ligation efficiency comparison.A) SDSPAGE gel of the conjugation
of Z-ELPso-SpyCatcher (Lane-4) or ZELPso-SpyCatcher (Lane-8) onto SpyTg-E2

and the SrtA reaction of-ELPso-LPETG (Lane 912) onto GGGE2 mixed at various
Z-ELP:E2 molar reactant ratios. B) EIE2 ligation density estimated by densitometry
plotted against the molar-ELP:E2 reactant ratio for-ELPso-Spy-E2, Z-ELPgo-Spy

E2, and ZELPso-SrtA-E2. C) Comparison of average ligation efficiencies of the
conjugation reaction. Error bars represent 95% confidence intervals.
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Figure 5.10 Ttand mAb Binding. A) Comparison of average transition temperature
of Z-ELP4o-Spy-E2 (blue squares),-ELPso-Spy-E2 (red circles), and-ELP4o-SrtA-

E2 (green triangles) in PBS with various E2 ligation densities. B) Comparison of molar
mADb binding capacity estimated per-60bunit E2 nanocage in the presence of excess
mAb mixed for 2 hr in PBS at 28. 100%ligation density assumes 60 UM conjugated
Z-ELP per 1 uM 66subunit E2 nanocage. Line represents expected 2:1 Z:1gG
interaction stoichiometry.
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Figure 5.11 mAb-Nanocage crosslinking and precipitationNormalized turbidity
measured by absorbance at 350 nm upixing Z-ELP4o-Spy-E2 (A) or ZELPso-Spy

E2 (B) with mAb at 1:1 (blue square), 2:1 (red circle), or 4:1 (green triangles) Z:mAb
reactant ratios in PBS atZ3 mAb precipitation yield estimated by mAb recovery after
elution for ZELP4o-Spy-E2 (C) or ZELPgo-Spy-E2 (D) mixed with mAb at 1:1 (blue
square), 2:1 (red circle), or 4:1 (green triangles) Z:mAb reactant ratios.
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Figure 5.12 Mechanism for mAb-crosslinking with high and low Z-ELP-E2
ligation density. High conjugation of ZELP resulted in efficient muklvalent
crosslinking with the dimeric mAb and formed large, insoluble aggregates capable of
capturing > 90% of mAb in solution. Low-ELP conjugation nanocages reduced
crosslinking efficiency due to lower valency and resulted in a yield loss due to the
formation of smaller, soluble oligomers or monomers.
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Figure 5.13 Optimization of ammonium sulfate concentrationin 50 mM sodium

citrate pH 3.5 buffer for selective nanocage precipitation after mAb elution for ~100%
ligation density ZELP4o-Spy-E2 (A) or ZELPso-Spy-E2 (B).
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Figure 5.14 mAD affinity precipitation from cell culture harvest using ~100%
ligation density ZELP4o-Spy-E2 (blue bars) or ZELPso-Spy-E2 (red bars) nanocages.

A) Nanocage recovery after mAb elution and regeneration with 0.1 or 0.3 M ammonium
sulfate used for precipitation. B) mAb elution yield with 0.1 or 0.3 M ammonium sulfate
used for precipitation. * indicates leaching of nanocage in the elution due to incomplete
precipitation. C) SDEAGE of mAb purification from cell culture harvest using Z
ELPsgo-SpyE2 and 0.1 M ammonium sulfate for precipitation. Lane 1: Purified
nanocage stock. Lane 2: mAb cell culture. Lane 3: 3:1 Z:mAb molar ratio mixture Lane
4: Precipitation supernatant. Lane65 Wash buffer supernatant. Lane 7: Elution
supernatant. liee 8: Regeneration supernatant. Lane 9: Recycled nanocage. Refer to
Table 5.2for more information.
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Chapter 6

RAPID DETECTION AND QUANTIFICATION OF MONOCLONAL
ANTIBODY CONCENTRATION IN CELL CULTURE HARVESTS
THROUGH ANTIBODY -NANOPARTICLE CROSSLINKING TURBIDITY

Abstract

Existing assays for the quantification of monoclonal antibody cell culture titer
typically require expensive equipment or reagemtarelimited by lowthroughput or
tedious protocolsin Chapter 6, w developeda quick and costffective alternative
assayutilizing mAb-nanoparticle crosslinking with-domairELP-E2 nanoparticles
functionalized by SpyTag/SpyCatcher conjugatidrResults from Chapters -2
demonstrated a rapid increase in solution turbidity after ma&tmoparticle binding
through crossliniag into large aggregates. After mixing mAb samples with a fixed
nanoparticle concentration for 10 min, we found that the turbidity, measured by
absorbance at 600 nm, exhibited a high signal to background ratio and was proportional
to mAb concentration. Aimple logarithmic regression was found to fit €R0.99) the
turbidity data for mAb concentrations between 1000 pg/mL. The optimized assay
protocol was validated using two industrial mAb cell culture harvests and a bridging
study with Octet biolayeinterferometry confirmed accurate and reproduceable results.
A simple mixing and turbidiypased measurement can be adapted tothiglughput
methods and the mAb samples can be purified after analysis using affinity precipitation.
We expect that analytestection using multivalent nanoparticle crosslinking turbidity

can be extended to other target molecules using our modular system.
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6.1 Introduction
To capitalize onthe rapidy increasing demartdfor therapeuticnonoclonal
antibodie$ (mAbs), process manufaatng platforms have been established to reduce

the time required during clinical developmentHighthroughput, streamlined

approacheshave enabled the advancement from gene discovery to investigational new

drug approval in less than one yean this ealy stage of development, mAb secreting
CHO cell lines are screened in bioreactors and optimized for high productivity and
quality’. Cell line clone selection involves the generation of numerous samples for
analytical characterization of key attributes lsias mADb titer, glycosylation, charge
variants, aggregation, and sequence heterogéneit4b titer is quantified by the
specific detection of mAbs in cell culture media with contaminating host cell proteins.
Common techniques for the evaluation of antiptiér include HPLGbased analytical
protein A chromatograpRyenzymelinked immunosorbent assay (ELISApiolayer
interferometry (BLI) us i’nar agfluimatioeb&®edo 6 s
assay¥. However, these methods typically require expsnsuipment or reagents or
have limitations in throughput, sensitivity, or ease of Usé€hapter 6, wesought to
develop a simple, higthroughput mAb quantification assay that can be perforomed

the benchtop withowpecialized liquid handling equipmie

A turbidity-based assay may be one poterdltdrnative Solution turbidity is

caused by the formation of large particles that decrease the transmittance of light due to

scattering and can @asilymeasured using a spectrophotomét@ecause of & low-

cost procedure, turbidity has been used to study protein interactions and aggregation

behaviot?*3. In Chapter 4, weused turbidity to characterize antibedgnoparticle
crosslinking in the development of a mAb affinity precipitation process using Z

domainelastinlike polypeptide functionalized E2 {ELP-E2) nanoparticlés.



Staphylococcal Sortase!Awas used to ligate -ELP affinity ligands to a self
assembled, 68ubunit E2 nanocage derived froBacillus stearothermophildi$®’.
Upon antibodyZ-domain binding, the nanoparticles crosslinked through multivalent
interactions into large, insoluble aggregates that captured > 95% of the initial mADb in
solutiont®. However, the utility of this system was restricted by pe&LP conjugation
efficiency dueto the reversible nature of SrtA ligatién

In Chapter 5, welescribed a new methad E2 nanoparticle functionalization
using SpyTag/SpyCatcher isopeptide bond form&tithat enabld the economical
production of ZELP-E2 nanoparticles with close t®0% conjugation efficiency and
improved antibody binding and aggregation propéttidéssing these 69alent affinity
scaffolds, we speculadethat the sample turbidity arising from m#Afanoparticle
crosslinking may be proportional to the mAb concentratidns relationship between
crosslinking agent concentration and aggregate size or solution turbidity has been well
studied for polymeric nanoparticle systéfts, but these systems lack uniformity in
nanoparticle modificationthat may affectonsistentanalytical measurements. Here
we report aconvenientand rapid turbiditybased assay for quantificatiof industrial
mADb cell culture samples using a spectroscopic measurement of absorbance at 600 nm
based on mAlnduced E2 nanoparticle crosslinking. éftanalysis, the mAb sample
can also be purified by resuspension in a low pH elution buffer to dissociate the mAb
nanoparticle complex for other quality control measurements. All steps can be adapted
to a highthroughput format using this cestfective awnl rapidassay proceduréigure

6.1).
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6.2 Materials and Methods

6.2.1 Materials

An Escherichia colistrain BLROES3) containing a pET24(a) vectencoding
for Z-ELP[KVgF-80]-SpyCatcher and at. coli strain BL21(DE3) containing a
pET11(a) vector encoding foBpyTagE2(158) were constructed and described
previously:. Two purified and clarified cell culture mAb(mAb A and mAb B) were
received as a gifirom Bristol-Myers Squibb (BMS) (New York CityNY) and mAb
cell culture titer and host cell protein (HCP) contentevdetermined previousi§
Bacto tryptone and yeast extract were purchased from BD Biosciences (Frankksn Lak
NJ). Kanamycin, ampicillinisoprqyl-b-D-thiogalactoside (IPTG)Cellgro DMEM +
4.5 g/L glucose + {glutamine +25 mM HEPESmedia, and®6-well 200uL conical
PCR platesvere purchased from Fisher Scientific (Pittsburgh, Baglium hydroxide,
sodium phosphate, citric acid, ammnam sulfate, sodium chloride, and glycimere
purchased from Sigmaldrich (St. Louis, MO)96-well half area UVtransm@rent plates
and 96well solid black microplatesere purchased from Corning (Corning, NOctet

Dip and Read ProA biosensors were purchased from Pall FortdBidd Park, CA.

6.2.2 Protein Expression Purification and Conjugation

Z-ELPgo-SpyCatcher was exp=d in BLR(DE3)E. coli grown in Terrific
Broth (TB) with50 pg/mL kanamycimat 37C andmixed at250 rpmfor 24 h with leaky
expression, and SpyTdfR was expressed BL21(DE3)E. coligrown inLuria-Bertani
Medium (LB)with 100 ugmL ampicillin at 3?C andmixed at250 rpm untilinduction
at an OD600 of 0.5vith 0.2 mM IPTG at 28C for 20 h. Cells were harvested and
sonicated, and -ELPso-SpyCatcher was purified by inverse transition cycling (EfC)

with 0.5 M ammonium sulfate, and SpyT&g was partiall purified by incubating at
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70°C for 10 min as described previoudly50 uM purified ZELPso-SpyCatcher was
mixed with 50 uM SpyTade2 in phosphate buffered saline (PBS, 25 mM sodium
phosphate, 15M sodium chloride, pH 7.2pr 1 h at 20C followed byone ITC cycle
into PBS, concentrating to 500 uMEAP-E2 (20x stock solution). 100% ELPso-Spy

E2 ligation density was confirmed 9% acrylamide SDSAGE

6.2.3 Turbidity Measurement and Analysis

All turbidity measurements were performed usingyaergy plag¢ reader from
BioTek (Winooski, VT)and run at 23. mAb samples were prepared with 25 uM
nanocage at 28 in 96-well 200 uL conical PCR plateand mixed on a shake plate.
Before measurement of absorbance, samples were well mixed using -ahaatel
pipette by pipetting up and down. Then, 100 pL was added to sahedf 96well UV
transparent plate and absorbance was measured at 600 nm. The absorbance value was
buffer subtracted and corrected for path length to 1 cm. Standard samples were prepared
with purified mAb diluted in cell culture media and validation samples were prepared
with mAb cell culture harvests diluted in media. For ease of analysis, standard samples
in the linear range were fit to the equation Abs600 = m*In[mAb] + b using the LINEST
function in Microsoft Excel and the regression coefficigfms= slope, b = intercept)

were used to estimate [mAb] of the cell culture harvests.

6.2.4 mAb-Nanoparticle Crosslinking Turbidity

For crosslinking kinetics, purified mAbs were prepared at 100, 250, 580, an
750 pg/mL in cell culture media at pH 7.2 and mixed with 25 uM nanocage for 2 min
before measuring turbiditfor indicated time For mAb B, analysis of crosslinking

kineticswas repeated with samples prepared in media titrated to pH 5.0 Udiogric
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acid Figure 6.9A). For crosslinking turbidity validation, mAb standards were prepared
from 507 1000 pg/mL using purified mAb and validation samples were prepared from
cell culture harvest at 100, 200, 300, and 500 pg/mL and mixed with 25 UM nanocage
for 10 min. Six replicate experiments were run for each mAb, and logarithmic regression
was performed using standard samples from 28D ug/mL. The validation samples
were evaluated by the model and the mean and prediction error were calculated. All

error bas represent 95% confidence intervals.

6.2.5 Octet Bridging Study

Octet experiments were performed on an Octet RED96e systprotedn A
biosensors were pigaked in media for 10 min prior to measurement. 200 pL samples
were prepared in a black 9¢ll plate wih mAb standards diluted in media froni 5
750 pg/uL and validation cell culture samples diluted in media at 100, 200, 300, and
500 pg/uL according to the layout shownHRigure 6.11 mAb binding was measured
every 0.2 s for 60 s, and the sensors werenergéed (glycine, pH 1.5) and neutralized
(media) 3x between each set of 8 samples. The full data set wafieated twice
more. The binding dataereanalyzed by the Octet data analysis software and the initial
binding rate of the standard samples \iato a 4parameter dose response médel

The validation samples were evaluated using the fitted regression coefficients.

6.2.6 mADb Purification after Turbidity Measurement

The mAb sample can be purified after turbidity measurement using simple
washing and elipn steps, as described previod&lyBriefly, the insoluble mAb
nanocage complex was centrifuged and the pellet was washed with PBS amdhr 25

sodium citratepH 5.0. The pellet was resuspended in elution buffer (50 mM sodium
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citrate pH 3.5) and theyrified mAbs were collected in the supernatant after a selective
nanoparticle precipitation using 0.25 M ammonium sulfate. The nanoparticles may be

regenerated and recycled back into PBS by ITC.

6.3 Results and Discussion

Result from Chapters-2 demonstratedapid, spontaneous crosslinking into
large aggregates after mixingEAP functionalized E2 nanoparticles with industrial
mAb sample¥. This property was advantageous for mAb purification because it
enabled the capture and precipitation of > 95% mAb ihcedtiure harvests at a 3:: Z
domain:mAb molar binding ratio without the need for an external stimulus. The goal of
the current work was to correlate the observed increase in solution turbidity to mAb
concentration as a simple, cost effective assay foicaklire mAb titer Figure 6.1).
The assay protocol was investigated using two model industrial mAbs with different
properties including IgG subclass, isoelectric point, and cell culture titer and host cell

protein (HCP) contenflable 6.1).

6.3.1 Optimization of turbidity measurement

Sample turbidity is commonly analyzed by absorbance at wavelengths ranging
from 353700 nm using a spectrophotometer. Because we want to detect light scattering
from large mAbZ-ELP-E2 nanoparticle aggregates, the measurement levegte
should have minimum interference from other solution compoftefitse background
from mAb A cell culture samples was determined by measuring the absorbance
spectrum for mAkanoparticle mixtures (5 pM mAb A + 25 uM-EZLP-E2) and the
individual commnents in culture media and PBSdure 6.2A). A high background

was observed for cell culture samples from-350 nm, likely due to large host cell
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debris or absorbing chemicals in the media. The spectra formaAbparticle mixtures
in media and PBS coner ged at wavelengths O 500 nm,
interference. In this regime, the signal to background ratio was approximately 50:1 and
600 nm was selected as the optimal detection wavelefkgghré 6.2B). For media
containing pH indicator dyesuch as phenol ré¥ a higher wavelength (700 nm) may
be used with a small loss of sensitivity.

To investigate the effect of mAb A concentration on crosslinking turbidity,
samples were prepared at various concentrations and mixed with 258IN-E2 in
PBS at 23C, and the absorbance was measured at 60G-amall measurements, E2
nanoparticles containing 60GELP per E2 were usdd achieve uniform mAb binding
andhighest sensitivityA logarithmic dependence of mAb concentration on absorbance
was obsered with a sigmoidal response on a séwgi plot (Figure 6.2C). At mAb
concentrations O 10 OM, very high visible
aggregated particles began to settle out of solwiter mixing,as evidenced by a
decrease in absonbee signal and increased variability. mAb concentrations between
0.57 10.0 uM exhibited a strong dependence of mAb concentration on solution
turbidity. Because of the high valency of theeZP-E2 affinity scaffold', we suspected
that the nanopatrticles ptured > 95% mADb in solution and that extent of crosslinking
and aggregate size was proportional to mAb concentration in this range. The limit of
detection was approximatel¥00 nM (-0.02 g/L), asminimal mAbnanoparticle

crosslinks were formed to inducesignificant increase in turbidity.

6.3.2 mAb-Nanoparticle crosslinking kinetics
The mAbknanoparticle aggregation kinetics were investigated within the linear

concentration range (100750 pg/mL) to ensure fast and reproducible results. Previous
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work indicatednAbs with a basic isoelectric point aggregate immediately upon mixing
at neutral pH, while mAbs with a more acidic isoelectric point required titration to pH
5.0 for similar fast kinetic$. In cell culture media at pH 7.2, the mAb A (net positive,
pl = 83) crosslinking turbidity value reached a steady state within approximately 5 min
of mixing (Figure 6.3A). A logarithmic regression was used to fit the absorbance data
to mAb concentration at various mixing times. Analysis of the fitted regression
coefficients indicated minimal difference betweerl5 min Figure 6.4A). In contrast,
mADb B (pl = 6.8) exhibited slower kinetics in media at neutralpgure 6.3B), similar

to previous result§. However, a simple titration of mAb B cell culture media to p#i 5.
using 1 M citric acid resulted in fast kinetidgsgure 6.3C), with consistent regression
coefficients after 10 min mixing=(gure 6.4B). A similar analysis was performed for
nanoparticle crosslinking with a human polyclonal IgG at pH 5.0, and a goweddit
obtained after mixing for 10 mirF{gure 6.9B). These results indicate that any mAb
cell culture samples diluted into the linear range (~1@000 pg/mL) may be quickly

guantified by nanoparticle crosslinking turbidity with minimal required optintnat

6.3.3 Quantification and validation of mAb-nanopatrticle crosslinking turbidity

The mAbnanoparticle crosslinking turbidity assay was validated using standard
curves prepared from purified mAbs to calculate the mAb titer of cell culture harvests.
The concetrations of mAb A and B cell culture samples were previously determined
by an analytical protein A assay performed by BMS. These samples were diluted to 100,
200, 300, and 500 pg/mL in medpH 7.2 for mAb A or in media titrated to pH 5.0
for mAb B. Thestandards were prepared at BIDO pg/mL in the target media and all
samples were mixed with 25 uM fully decorateeEFZPs-E2 nanocages for 10 min

before measurement of absorbance at 600 nm. Six replicate data sets were evaluated and
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logarithmic regressiowas performed using the mAb standards within the line@era
(100-750 pg/mL) to determine the concentration of the mAb culture samfpiigsré
6.5A-B). A good fit (R~ 0.99) was obtained for both data sets with similar regression
coefficients.

The vdidation cell culture samples were analyzed by the regression model and
the predicted concentrations were close to the expected vaigese(6.6A). Higher
variability was observed at higher mAb concentration, but the coefficient of variation
(CV) was les than 10% for all samples. The prediction error ranged fi@mo +25%,
and on average, the predicted values resulted in a slight overestimation of mADb titer for
both mAb A and BFigure 6.6B). This may be due to the -qecipitation of host cell
proteinor media components that also increase the turbidity during the initiat mAb
nanoparticle crosslinking. Since the mAb B culture contained significantly less HCP
than mAb A and exhibited a higher overall positive prediction error, the main sources
of variahlity are likely due to inefficient mixing and dilution/pipetting errors.

To further validate the accuracy of these results, a bridging study was performed,
comparing the crosslinking turbidity assay with an industrial Octet RED96e mADb
guantification assalgased on protein A purchased from Pall ForteBio. The Octet assay
was carried out following standard protocols. Purified mAb standard curves were used
to determine mAb A and B cell culture samples prepared at 100, 200, 300, 500 pg/mL
using a 4parameter deeresponse model to fit the initial binding rat&sgiure 6.7A-

C). The calculated cell culture mAb concentrations measured by Octet were compared
to the turbidiy assay and excellent agreemeasobtained (R> 0.99) for both mADbs.
The Octet assay exhtbd very low variability at [mAb] < 250 pg/mL, but the variability

was similar to the turbidity assay at higher concentrations. These results confirm that



mAb-nanoparticle crosslinking can be used to provide the same accurate determination
of mADb titers aghe Octet assay without the use of expensamsors or reagentdn
addition, mAbs samples may be collected after measurement and purified in- a high
throughput format using established affinity precipitation protocols for other quality
control measurenmgs'®, As an example, a 1 mg/mL mAb cell culture sample was
captured by 25 uM Z£LP-E2, and after the turbidity measurement, the am&hocage
complex was pelleted, washed, and resuspended with high mAb elution yield and purity
(Figure 6.10. There was no etectable leaching of the nanoparticle into the mAb
elution supernatant by SEFSAGE analysis. These purified samples can be submitted
directly or buffer exchanged for additional analytical characterization. This may be
especially beneficial for assays thatquire purified protein such as glycosylation

analysig’. The ZELP-E2 nanoparticles can also be regenerated for future testing.

6.4 Conclusion

With a surplus of mAb candidates currently in clinical development, a high
throughput, coseffective assay for mia titer is beneficial to accommodate the
numerous samples produced from early upstream process optimization. Existing assays
require expensive, specialized equipment and may be limited by throughput or
sensitivity.In Chapter 6we developed a new cesffective method for measuring mAb
cell culture titers through concentratidependent E2 nanoparticle crosslinking
turbidity. The nanoparticles were generated by fully functionalizing E2 nanocages with
60 Z-domainELP affinity ligands using SpyTag/SpyCatcleamjugation. Other than
the twoE. coli fermentations required for the recombinant expressio4-ELP and
E2?8, there are minimal capital or material costs associated with the production of the

nanoparticles. ITC is used for purification frdn coli lysate’®, and equimolar mixing
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of the two components is all that is required for conjugation. More importantly-the Z
ELP-E2 nanoparticles can be regenerated for subsequent ,assagemonstrated
previously.

After mixing the ZELP-E2 nanoparticles with@Ab sample, the rapid increase
in turbidity was analyzed using a spectroscopic measurement of absorbance at 600 nm.
This enabled the specific detection odddmainmAb binding and crosslinking into
large aggregated particles with afeld signal enhancemé over the background cell
culture mediaFor mAbs with a more acidic isoelectric point less than 7.0, the cultures
may be titrated to pH 5.0 to ensure fast kinetics and an approximate -statly
measuremeftA logarithmic dependence of mAb concenwatiand crosslinking
turbidity was observed in the range of 10@00 pug/mL. Logarithmic regression was
performed using purified mAb standards in the linear range to evaluate the mAb culture
titer.

Using two model industrial mAbs, the aggregation kinetieseastudied to
identify the necessary mixing time for stable turbidity measurements. In cell culture
mediaat pH 7.2, mAb Aquickly increased in turbidity and reached equilibrium after 5
min mixing, but mAb B crosslinking was much slower and requiredittrdao pH 5.0
for similar fast kinetics. The optimized turbidity assay was validated using mAb cell
culture sample with known concentrations and compared to an Octet assay based on
Protein A. Excellent agreement wabtained between the two methods. Aftee
turbidity measurement, highly pure mAb samples are obtained using a simple washing
and elution steps for additional quality control measurements.

The reported mAlmanoparticle crosslinking turbidity assay may be particularly

useful for antibody sectiag cell line development and clone selection. A simple 10
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min mixing step and absorbance measurement can quantify the mAb titers, sufficient
for rapid screening purposes. Future work will investigate the detection of other target
analytes through nanogizte crosslinking turbidity by conjugating interchangeable

affinity domainELP-SpyCatcher fusion proteins to the Spy3&g scaffold.

16C



TABLES

Molecule| 19G MW Cu_Iture Culture
Name |Subclasg (kDa) kS Ul G
N (mg/mL) | (mg/mL)
mAb A | IgGl | 150 | 8.3 1.8 6.5
mAbB | 1gG4 | 155 | 6.8 3.1 1.5

isoelectric point, HCP = host cell pemt.
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FIGURES

5. 100 pL sample
2.Add 4. Mix | and standards to
Z-ELP-E2 ";{%?{ 96-well plate
Nanoparticles
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culture harvest Binding and :
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6. Measure turbidity
T ) (Abs. at 600 nm)
Pure 7. Pellet S——
Regen/ mADb complex !
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Figure 6.1  Procedure for measuring mAtanocage crosslinking turbidity and

optional mAb purification.
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Figure 6.2  Optimization of turbidity measurement. A) Absorbance spectrum for
mADb A cell culturenanoparticle mix in media (blue), mAb A pemanocge mix in
PBS (red), mAb A cell culturim media(green), mAb A pure (purple), and nanoparticle
pure (orange). B) Ratio of absorbance for mAb A cell chaeoparticle mix to mAb
A cell culture only. C) Normalized absorbance at 600 nm for pure [mAbofy ©.01

T 50 uM (red circle) mixed with 25 uM nanocage (black line) in triplicate.
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Figure 6.3 mAb-nanoparticle aggregation kineticsfor 750 (purple), 500 (green),
250 (red), or 100 (blue) pg/mL mAb mixed with 25 uM nanocage for mAb A in media
pH 7.2 (A), mAb Bin media pH 7.2 (B), or mAb B in media titrated to pH &X).
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Figure 6.10 SDSPAGE of mAb purification after turbidity measurement with

8% acrylamide Coomassie stained seducing SDSPAGE analysisLane 1. mAb
nanoparticle mixture for 25 uM nanoparticle mixed with 1 mg/mL mAb in cell culture.
Lane 2: Precipitation supernatant. Lard:3Nash 12. Lane 5: Elution resuspension.
Lane 6: Elution supernatant. Lane 7: Elution pellet.
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Figure 6.11 Plate layou for ForteBio Octet experiment for mAb A and mAb B.
S = standard sample. V = validation sample. Reg = regeneration buffer. Neut = Media.
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Chapter 7

CONCLUSIONS AND FUTURE WORK: PLATFORM ED ANTIGEN
DETECTION AND PURIFICATION THROUGH NANOBODY
FUNCTIONALIZED NANOPARTICLE CROSSLINKING

7.1 Motivation for new affinity precipitation ligand design

Non-chromatographic monoclonal antibody (mAb) purification technologies
have been developed as a potential solution to downstream platform process
bottlenecks Affinity precipitation using protein A ligands conjugd to stimuk
responsive molecules has been proposed as scalable altératArdomainelastin
like polypeptide (ZELP) ligand was evaluated for mAb affinity precipitafiobut the
high salt concentration and/or temperature required for ELP prepitahd other
operational constraints have limited its widespread appli¢atiohro overcome the
shortcomings of existing affinity ligands, a new scaffold was designed to minimize the
salt necessary for phase transition at ambient temperature. By fatigtiopn ZELP to
a protein derived nanoparticle, we hypothesized that the increased multivalency and
dimension would simultaneously result in antibddyding induced crosslinking and

lower ELP aggregation transition temperatures.

7.2 1gG-binding induced crosdinking with Z -ELP-E2 nanoparticles
To investigate the effect of scaffolding affinity ligands, Sortase A ligation was

used to conjugate-ELP to a seHassembled 25m, 683mer E2 nanocage. Because of
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the enlarged dimension, ligatedELP resulted in morehtan a 18C lower transition
temperature than equal concentrations of freELR in solution.Using a human

polyclonal 1gG, specific binding to the ZLP-E2 nanopatrticles increased the aggregate

size to > 1 pM and significantly less salt concentration wegsiired for precipitation

compared to free ELP. Furthermore, the precipitated antihadgparticle complex

remained insoluble in PBS (pH 7.2) even after mixing®@tf#r 3 days, indicating the

potential for washing with neutral pH buffers. We concludedts -l m@ kiems ol ub |
phase was due to a crosslinked network formed through multivalent antibody binding.

After centrifugation, the aggregated pellet was capable of resolubilization by

dissociating the Ig&Z-domain interaction in an elution buffer wiptd < 4.

7.3 Development of aplatform for industrial mAb purification

A onestep affinity capture and precipitation procedure degeloped with a
purified industrial mAb using higithroughput optimization experiments and was
applied to the purification of miA\cell culture harvests. Most notably, the nanoparticles
crosslinked into large aggregates immediately upon mixing with mAbs in cell culture
media at 23C without the addition of salt, and a 3:4nZAb molar ratio was sufficient
to capture > 95% mAb in sdlui o n . Further-imorae,ind@&l uibdloe kn
ELP-E2 particles allowed for washing with the same series of wash buffers used in
protein A chromatography (pH O 5) without
enabled efficient impurity clearance, and when compared to protein A chromatography
eluatespanoparticlebased affinity precipitation demonstrated a similar HCP reduction
and an order of magnitude higher DNA (<10 ppb) reduction from cell culture harvests.

The optimized affinity precipitation procedure was challenged using four

industrial mAbs ad one Fefusion proteinFor allmoleculesa 3:1 Z:mAb binding ratio



crosslinked angrecipitatel > 95% mAb irsolution, but there was a strong dependence
of solution pH on aggregation kinetics for mAbs with an isoelectric point less than 7. A
simplified two-step kinetic rate model of crosslinking nucleation and growth was
applied to analyze aggregation behavior in solution p#H Sow kinetics (tmax > 30

min) were observed & solution pH near or greater than fireteinpl, but a simple
titration of cél culture media to pH 5 permitted fast aggregatianax®& 10 min) with

high yields (> 90%). For mAbs-B, purification from cell culture harvests resulted in
and high mAb yield (95%) and monomer (> 9A#th an impurityclearare of 99.9%

for HCP and > 9.99% for DNA. This work established an affinity precipitation
platform that may be applied to any target maith minimal optimization of binding

and elution conditions.

7.4 Improved nanoparticle functionalization with SpyTag/SpyCatcher

After mAb elution, thenanoparticles were regenerated for use in subsequent
purification cycles, but recovery yields of < 90% were observed. We suspected that
increasing thd=2 ligation density of longer chailength ZELP affinity domainanay
improve the regeneration yield wgducing the transition temperature. However, the
Sortase A ligation efficiency of an 8@peat ZELPgoto E2 was less than 10% due to
steric limitations and/or reaction reversibility. To increase ligation efficiency, a new
method was evaluated by conjugat Z-ELP-SpyCatcher to SpyTag2 through
isopeptide bond formationZ-ELPso- or Z-ELPgo-SpyCatcher fusion proteins were
conjugated with greater than 90% efficiency after mixing for one hour. Close to 100%
ligation was obtained for equimolar reactant mig) indicating the functionalization
of all 60 SpyTaeE2 binding sites. Th&00%ligation ZELP803SpyE2 nanoparticles

had a 18C lower transition tmperature and-fold higher mAbbinding capacitythan
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the previous nanoparticles generated by Sortaseg#idn. In addition, nanocage
recoveries of > 90% were obtained using just 0.1 M ammonium sulfate for selective

nanoparticle precipitation after mAb elution.

7.5 Quantification of mAb-nanopatrticle crosslinking turbidity

The 100% ligation ZELPs-E2 nanoparties produced by the
SpyTag/SpyCatcher reaction ensure avélent, sitespecific conjugation of ZLP and
exhibited improved antibody binding and aggregation properties compared to
nanoparticles produced by Sortase A. We supposed that this uniform andhlernit
surface display of affinity ligands may be ideal for consistent and sensitive mAb
detection through mAdmanoparticle crosslinking turbidity. Using an absorbance
measurement at 600 nm, a logarithmic dependence was observed for mAb
concentrations beeen100-1000 pg/mLand a good fit was obtainedq{R 0.99) using
logarithmic regression. The aggregation kinetics reached steady state after about 10 min
mixing in cell culture media pH 7.2 for a mAb with a pl > 8 or in cell culture media
titrated to pH 50 for a mAb with a pl < 7. Two mAb cell culture harvests were used to
validate the assay and a bridging study with Octet RED96e biolayer interferometry
confirmed accurate and neglucible results. We envisiotteat a simple, 10 min mixing
step followed byan absorbance measurement may be a more practical aredfimdsnt
alternative to the existing mAb titer assays limited by expensive equipment or tedious,

low-throughput protocols.

7.6 Generalized proteinpurification and detection with nanobodies
The propsed mechanism for mAbanoparticle crosslinking involves the

multivalent binding of two Zdomain from different nanoparticles to the same dimeric



antibody (Figure 7.1A). Primary effect affinity precipitation ligands typically require
multivalent binding® multimeric proteins for network formation and will not crosslink
with monomeric proteirfs To generalize the nanoparticle crosslinking strategy using
monomeric proteins, we hypothesized that two or more conjugated affinity ligands with
orthogonal bindig motifs may crosslink upon binding of both ligands to the same
protein in tandemHKigure 7.1B).

Affinity chromatography captures target proteins from a complex mixture using
immobilized affinity ligands that enable highly specific binding and el@tiBar non
tagged, nonmADb proteins, commercially available affinity chromatography media may
not be available for the tar§etHowever, combinatorial screening of peptide or protein
libraries can identify selective binders, and customized affinity ligarads lme
chemically conjugated to the chromatographic suppo#t parallel strategy can be
easily implemented using the modular ESpyCatcher:SpyTag2 platform to
functionalize interchangeable affinity domains. An affinity peptide or protein may be
geneti@lly fused to the ELFSpyCatcher construct, recombinantly expressdsi roli,
and conveniently purified using ELP ITecause of the high efficiency of
SpyTag/SpyCatcher conjugation, we would expect a highly tunable ligation of multiple
affinity domainson the E2 nanocage.

One group of proteins called nanobodies are ideally suited for integration into
our affinity domairELP-SpyCatcher:SpyTag2 system. Nanobodies are small (15
kDa), singledomain variable heavy chain antibody fragments derived fromnaetid
immune system that bind with high specificity to target antitfe$iey can also be
screened for high affinity binding to a target protein through several different strategies

including llama immunizatior? or E. coli surface displaly. Seven higkbinding
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nanobodies (GBRT) raised against green fluorescent protein (GFP) have been well
characterizetf. Through a functional screening assay, it was determined that GBP2 and
GBP7 were the most compatible pair for orthogonal binding to'GR8 a model
system, the GBP2+7 nanobody pair was evaluated for crosslinking with GFP to
demonstrate proof of concept purification and concentratépendent turbidity

(Figure 7.1B).

7.7 GFP-nanoparticle crosslinking with orthogonal nanobody-ELP-E2

GBP2ELPs-SpyCatcher ad GBPZELPso-SpyCatcher were expressed,
purified, and mixed at equimolar ratios with SpydE® for conjugation, and high
efficiency (> 90%) was obtaine&ifure 7.2A). To test for crosslinking, GBP22 and
GBPT-E2 (GBP2+7) nanopatrticles, GBP2 only, or GB&hly were mixed at a 3:1
GBP:GFP molar ratio with GFP solublie coli lysate in PBS, pH 7.2. A significant
increase in turbidity occurred within minutes of mixing the GBP2+7 nanopatrticles at
23°C, a slight increasia turbidity was observed for GBP7, and increase in turbidity
was observed for GBPFigure 7.2B). The minor increase in turbidity for GBP7 was
likely due to a secondary binding site on GFP, but with much weaker affinity than the
main binding site.

To investigate crosslinking extent and verify binding, the samples were
centrifuged to pellet the insoluble components without or with addition of salt, and the
supernatant GFP fluorescence was analyzed to quantify precipitation yield. Similar to
mAb-nanoparticle crosslinking, the GBP2+7 mixuwexhibited high GFP precipitation
yield (> 95%) tmough crosslinking without added salt, while the GBP2 or GBP7
nanobodies did not form sufficient crosslinks to fully phase transikmufe 7.2GD,

blue bars). However, it was verified that GBP2 and G®Bi& each capable of binding
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to and capturing > 85% GFP in solution after salt addittoguie 7.2GD, red bars).

To confirm the GFP fluorescence data, the supernatant and pellets of the mixtures
without added salt were analyzed by SBAGE, where the plet was resuspended in

an elution buffer (100 mM sodium citrate, pH 3.®)igure 7.3A). A large, GFP
enriched pellet was clearly visualized for the mixture of GBP2+7, a small pellet was
observed for GBP7, and nothing visibly pelleted for GBPRre 7.3B). After
washing and resuspending the GBP2+7 pellet in elution buffer and selectively
precipitating the nanoparticles with 0.25 M ammonium sulfate, GFP was eluted with
~85% vyield Figure 7.3C, lane 6). SDSPAGE analysis reveals residual GFP in the
regenerted nanoparticle sample as well as some leaching of nanoparticle in the elution
supernatant, indicating an incomplete dissociation of the nanagbB&yinteraction.

This result is not unexpected as a pH betweet2 B0s commonly used for nanoboedy
target dssociatiod®. However, the E2 nanocage becomes increasingly unstable below
pH 3.0, so an elution pH < 3.0 is not idedurther optimization of the elution buffer

and dissociation kinetics is necessary to increase the GFP yield and minimize
nanoparticldeaching.

The effect of GFP concentration on GFP2+7 crosslinking turbidity was studied
for 5.0 uM of both GFP2 and GFP7 nanoparticles mixed witk5@M1uM GFP in
soluble lysate. Analysis dhe absorbance spectrum confirmed minimal background
from GFP lysite at an absorbance of 600 rifig(ire 7.4A). The crosslinking turbidity
was measured 10 min after mixing alQ@a&nd a logarithmic relationship was obtained,
similar to mAbnanoparticle crosslinking turbidity. Logarithmic regression from 0.1
5.0 uM GFP inlicated good fit R*> = 0.96) in this range. After the turbidity

measurement, samples were centrifuged to pellet crosslinkeen&teparticles and
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determine the sensitivity of crosslinking at low GFP concentrations. Above a 2:1
GBP:GFP molar ratio, > 95%aelfid was obtained even at 50:1 ratio with just 100 nM
GFP Figure 7.4CD). We suspected the high nanoparticle valency and binding affinity

enable enoughcrosslinks for sensitive detection.

7.8 Future research opportunities

These results indicate the benefitaanodular platform for the purification or
detection of either monomnieror multimeric proteins using nanobaélynctionalized
nanoparticles. Future work will seek to expand this platform using other model systems
and establish a generalized method otfgiropurification and analytical quantification.
Further optimization must be done to increase elution yield and reduce nanoparticle
leaching, but an elution step is not needed for a turbidised assay. Antigen
NanobodyELP-Spy-E2 nanoparticle crossliimg has many exciting new research
opportunities and potential applications including the quantification ofnrméhb cell
culture titer, diagnostic testihg molecular probintf, or detection of pathogens such as
viruses®, microbeg’, or other toxin&. The interchangeability of nanoboy P-
SpyCatcher affinity ligands combined witietunable, efficient conjugation to SpyTag

E2 make this platform conveniently adaptable for new applications.
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FIGURES

Dimeric

mAb
Z-ELPg-Spy-E2 Z-ELPg,-Spy-E2

Monomeric

Protein
NanobodyA-ELPg,-Spy-E2 NanobodyB-ELPg,-Spy-E2

Figure 7.1  Mechanism for target protein-nanoparticle crosslinking with
multimeric and monomeric proteins. A) Multimeric protein (dimeric mAb)
crosslinking with single affinity domain conjugated nanoparticles. B) Monomeric
protein crosslinking with multiple affinity domain (nanobeBiP) conjugated
nanoparticls through orthogonal binding motifs.
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Figure 7.2  Orthogonal Anti-GFP nanobody (GBP2, GBP7) binding and
crosslinking with GFP. A) SDSPAGE of GBP2/7ELPso-SpyCatcher conjugation to
SpyTagE2 mixed at equimolar ratios. Lane 1: GBPRPso-Spy-E2 product. Lane 2:
GBP7-ELPso-Spy-E2 product. Lane 3: GFP in solul#e coli lysate. B) 15 uM GBP
ELPso-Spy-E2 crosslinking kinetics with 5 pM GFP in soluble lysate (PBS, pH 7.2) at
23°C for GBP2ELPso-Spy-E2 only (purple diamond), GBPELPso-Spy-E2 only
(orange square), oor mix of GBP2+7ELPgo-Spy-E2 (green circle). C) Supernatant
GFP fluorescence after mixing targets af@3or 10 min and pelleting insoluble
aggregates without (blue) or with addition of 0.3 M ammonium sulfate (red). D) GFP
precipitation yield after mixig targets without (blue) and with addition of salt (red).
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Figure 7.3  GFP capture in solubleE. coli lysate through crosslinking with
GBP2+7-ELPso-Spy-E2 nanoparticles without added salt.A) SDSPAGE after
centrifugation of GFP and GBP2ELPgo-Spy-E2 mixtues for GBPZELPgo-Spy-E2

only supernatant (lane 1) and resuspended pellet (lane 2),-BBR#Spy-E2 only
supernatant (lane 3) and resuspended pellet (lane 4), or GERPsFSpy-E2 mixture
supernatant (lane 5) and resuspended pellet (lane 6). Pelletsesaspended in 100
mM sodium citrate pH 3.0 buffer. B) Picture of pellets for indicated samples. G) SDS
PAGE for purification of GFP soluble lysate (lane 1) by mixing GBREEP80Spy-

E2 (lane 2), centrifuging to remove impurities in the supernatarg 8@ washing pellet

in PBS (lane 4), resuspending pellet in 100 mM sodium citrate pH 3.0 (lane 5), eluting
GFP in supernatant after selective nanocage precipitation (lane 6), regenerating
nanocage (lane 7) and recycling back into PBS (lane 8).
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Figure 7.4  Concentration dependert detection of GFRnanoparticle
crosslinking turbidity and crosslinking sensitivity at low GFP concentrations.A)
Absorbance spectrum for GFP soluble lysate (purple square) and pure GFP (green
diamond). B) Detection of turbidity by absarice at 600 nm for mixtures of 5 uM
GBP2ELPs»-Spy-E2 and 5 pM GBPZELPs-Spy-E2 mixed with 5.60.1 uM GFP in

lysate for 10 min at 2& fit to a logarithmic regression. C) Initial GFP fluorescence
(blue) and supernatant GFP fluorescence (red) after mianggt GFP concentration

with 5 uM GBP2+7 at 2% for 15 min and pelleting insoluble aggregates. D) GFP
precipitation yield after mixing targets.
























