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Chronic skin wounds are characterized by poarpihelialization, angiogenesis and
granulation Previous workdemonstrated that topicdtemal celtderived growth factef
(SDF1) promotes neovascularizatioesultingin faser reepithelialization of skin

wounds in diabetic mice. However, the clinical usefulness of such bioactive peptides is
limited because they are rapidly degraded in the wound environment due to high levels of
proteasesThe goal othis projectwas to deviep a novel fusion protein comprising of
SDF1 and an elastin like pepti¢teLP), which could be used as a therapeutic alternative
to recombinanSDF1, for the treatment ahronicskin woundsELPsarederivatives of
tropoelastin with repeats ofRGXG, where X can be any natural amino acid except
Proline.The dissertation aimed tiharacterizéhe physical properties tfie SDF1-ELP
fusion proteindemonstrate its in vitro and in vivo bioactivity and understend
mechanism of actiotWe showed tha®DFL-ELP conferredthe ability to seHassemble



into nanoparticles. Thieision proteinrshowedbinding characteristicsimilar to that

reported foifree SDF1to the CXCR4 receptof.he biological activity of SDFELP, as
measured by intracellular calciumlease in HL6@ells was dose dependent, amdy

similar to that of free SDESDF1X-ELP monomers promoted the migration of cells
similar to SDF1, and the fusion protgiromoted tube formation and capilldrle

networks similato SDF1. In contrastSDF1-ELP was found to be more stable in
elastase and in wound fluidanSDF1. Likewisethe biological activity of SDFELP in

vivo was significantly superior to that of free SDF1. When applied to full thickness skin
wounds in diabetic mice, wounds trehteith SDFXELP nanoparticles were 95% closed
by day 21, and fully closed by day 28, whiteunds treated with free SDRahd other
controlstook 42 days to fully close. In addition, the SBEIP nanoparticles increased
the amount of vascular endotheltells, andthe epidermal and dermal layer of the healed
wound, as compared to the other grol§i3F1-ELP is a promimg agent for the

treatment othronicskin wounds.
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1. CHAPTER 1: INTRODUCTION 1 Therapeutic Delivery of Stromal Celt
Derived Factor-1 for Injury Repair
Note: This chapter is reproduced from the following publicatiaitten by Agnes

Yeboah

Agnes Yeboah Martin L. Yarmush, Francois Berthiaumiéherapeutic Delivery of

Stromal CelDerived Factofl for Injury Repair. Nano LIFE (Accepted, 2015)

Preprint of the article has been acceptedduoblicationin [Nano LIFE] © [2016]

[copyright World Scientific Publishing Compgnfwww.worldscientific.com/worldscinet/hl

1.1 INTRODUCTION

Stromal cellderived growth factor 1 (SDF1) is a chemokine encoded b X@L12

gene, and which is so far knowne¢hyo exi st i
alternate splicing of the same ggap SDF 1 U, s huoed.hbelow)is the ¢

predominant isoform found in all tissues. It consists of 89 amino acids. The first 21

amino acids make up the signal peptide, while the mature protein spans Lysine 22 to
Lysine 89. SDF1U -8$r aaehelig, ana sbdrdeceli bya t hr e e
disordered N and-Germinal ends. It is believed that thet&minus (residues one to

nine) is responsi bl e f ¢ OBdiBafobmsofBDFA di ng t o

share the same-té¢rminal amino acid sequence, but have differetgr@ini.



Figurel.1 |
SDF1U
colored red.

mage of SDF BJ(RBOB PiatygiruData BankalD: 2J72).
dNHetrmanusnisecdlored blue argit€rmipus o |

monomer wa s

As showninTablel.lbel ow, SDF1U has

a

n étibutquldss i t i v e

numerous basic amino acids. It has a molecular weight of about ten kilodaltons.

Table 1.1:

Gener al Pr o pabtaited esisg the ExPAIY Bervigf4])
Molecular Formula CasH75N12901195
Molecular weight/size ~ 10 kilodaltons

Total number of negatively chargeq
residues (Asp + Glu)

5

Total number of positively charged
residues (Arg + Lys)

14

Net charge on protein

Positive (+9)

Theoretical Isoelectric point

9.72

Theoretical Extinction coefficient

8730 M*cmt

There are deast two known receptors for SDF1-X=C chemokine receptor type

four (CXCR4) and type seven (CXCR%). The binding of SDF1 to CXCRA4 results in

intracellular signaling via guanine nucleotidimding proteins (Groteins), which

triggers the activation of the MAPK, PI3K and IP3 pathwaysyelsas intracellular

calcium release, resulting in increases in target cell survival, proliferation, and

chemotaxig6]. CXCRA4 is expressed by several cell types such as hematopoietic stem



cells, endothelial and epithelial ce]ld, as wdl as cells in the immune and central
nervous systems].

SDF1 was originally idetified as the factor that promotes the retention of
hematopoietic stem cells in the bone marféjy One of the first therapeutic
interventions targeting the SDF1 pathway involved blocking SDF1 binding to its receptor
to induce theelease of bone marrow stem cells, thus increasing their numbers in the
circulation. The blood enriched in stem cells could then be used for bone marrow
transplantation procedurgk0]. SDF1, as other angiogeniactors, is also known to
perpetuate cancer tumor growth and progression; therefore, several studies have also
evaluated the benefit of blocking this pathway as a potential cancer théyagjrough
its binding to CXCR4, SDF1 may also be an endogenous inhibitor of CX©BHic
HIV-1 straing11].

SDF1 is also known to been implicated in the endogenous response to tissue damage
and subsequent tissue repair. For exang§ild-1 may be expressedthre local injury
area to promote the recruitment of stem cells from the bone marrow to injured
tissues/organgl?]. Itis believed that SDF1, upon entering the bone marrow
environment, induces the release of solubldigénd (sKitL), which induces the release
of more SDF1, enhancing mobilization of the CXCR4+ edi@t+ cells to the circulation
[13]. Once the progenitor cells reattte injury site, it is thought that they participate in
the regeneration of damaged blood vessels. Thus, exogenous SDF1 has been explored as
a therapeutic molecule to enhance these processes in several acute and chronic injury
types that otherwise tend beal poorly, such as injuries related to the central nervous

system, including spinal cofd4, 15], multiple sclerosigl6], strokd17] and myocardial



infarction[18-20]. It is also being explored for treatmentabfronic skin wound§l2, 21]
and acute burn wound22).

A major limitation in the use of SDF1 as a therapeutic molecule, like many other
similar peptides, is its short in vivo hdiffe due to rapid degradation by proteases.
Providing a sustained supply of SDF1 in the first two to three weeks of injury healing
(proliferative phase) would be clinically beneficial.

Different strategies are being explored to increase the stability of SDF1 in vivo in the
context of different injury types and disease situations. Some researchers have focused
attention on designinderivatives of SDF1 with increased in vistability [19], [23],

[24], [29], [26, 27]. Other researchers have explored incorporating SDF1 into
biomaterials such as hydrogels and scaffolds in order to prolong its release profile and
protect it from degradation. Nanopartitdased delivery is especially advantageous
because the delivery ggen can be administered in a variety of ways, and can be easily
incorporated into biomaterials that are already used to enhance tissue repair.

Therefore, here we review the various stabilization and delivery methods available for
SDF1, some of which haveeen already used, as well as others that have been used with

other bioactive peptides, but would be potentially applicable to SDF1.

1.2 CHALLENGES WITH DELIVERING SDF1

SDF1 has a short hdife in vivo as it is readily degraded by multiple proteases,
including dipeptidyl peptidase 1V, a serine exopeptidase, matrix metalloprote[28ses
29|, cathepsin G30] and neutrophil elasta$d1] which are actiated at the sites of

injury and typically attack the chemokine at theex¥minus. Cleavage of the Merminus



of SDF1 results in a loss of binding to its receptor CXCR4, and as such a loss of its
chemoattractant activity.

In addition to potential Nermnus ¢l eavage, SDF1U <an
terminus by carboxypeptidase N (CPN), which also results in atterclsetbattractant
activity [32],[33]. Theinvivohalfl i f e of SDF1U is known
[34]. Due to the presence of additional exons on ther@inus, the other isoforms of
SDF1 are not susceptible to proteolysis by carboxypeptidase N.

Since exogenous recombinant SDF1 is susceptible to the same proteolytic
mechanisms as the endogenous ontharabsence of any engineered delivery system,

high and repeated doses of the peptide may be needed for therapeutic activity. For

example, in studying the effect o35 SDF1U
demonstrated that a repeated dosing regi me

was needed to allow for faster reepithelialiization of an excisional wound made en wild

type mice.

Repeated application of SDF1 is costly and impractical. Thus, pestgineering

technologies and delivery methods that will allow for a stabilization of the growth factor

al

t

in vivo are essential. Below we first discuss some of the protein engineering approaches

being used to alter the structure of the peptide itself, amdttigedelivery systems used

to protect the peptide (either native or modified) to allow sustained delivery in vivo.

1.3 STABILIZATION OF SDF 1 USING PROTEIN ENGINEERING

1.3.1 Fusion Proteins and Derivatives of SDF1 with Longer Half Lives
One way to increase the Biisty of SDF1 is to construct a fusion protein comprised of

the SDF1 gene juxtaposed to another protein or peptide at either the-téromiQus (for

SO

o



SDF1U only). As shown in Figure 1.2 below,
susceptible to degradatioBince the Nerminus is involved in binding to the CXCR4

receptor, fusions are typically made atthe @ r mi nus . HfA-@Ganmygsiofngo t he
SDF1U with a peptide or protein should hel
SDF1b, which oAU dby freawi fg oaterfSious,hash e x on

longer halflife in vivo and as a result is known to be twice as pdtgnt

Dipeptidyl Elastase Matrix Cathepsin G Carboxypeptidase N
peptidase metalloproteinases

P |

. P!
SDF1 WKPVS L} SYRCPCRFFESHVARANVKHLKILNTPNCALQVARLKNNNRQVCIDPKLKWIQEYLEKALN }K
oo L. L

T !
SDF1KP VSL $YRCPCRFFESHVARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPKLKWIQEYLEKALN KRFKM
g \ #
Dipeptidyl Elastase Matrix Cathepsin G Carboxypeptidase N
nentidase IV metalloproteinases

Figurel2 SDF1U and SDF1b degradation by differe
IV cleaves off Lys22 and Pro23 (KP); Elastase cleaves off Lys22, Pro23 and Val24

(KPV); Matrix metalloproteinases cleave off Lys22, Pro23, Val 24, Serine 25 (KPVS);
Cathepsin G cleas off Lys22, Pro2, Val24, Ser25, Leu26 (KPVSIQarboxypeptidase

N cleaves off the Lysine atthetCe r mi nus of SDF1U. Due to the
additional exon atthe€ er mi nus, SDF1b is not subjected

Carboxypeptidase N

Ziegler et a[19] explored this concept with their design of a bispecific SIGIPVI

fusion protein, consisting of SDF1U and th



fusedtothe@ er mi nus of -CPDIFdsWell@sSHBIE 2W mi nus of SDF
(GPVIFISDF1U). This work was done on the assum
collagen triple helix in the subndothelial matrix would allow for an increased

concentration of SDF1 at the site of injury (in this case injured mgoaj, allowing

for SDF1U to be persist longer and recruit
resulting in a better healing process. As expected, the activity of-GRYF 1 U wa s
greatly di mi ni-GPNIdusion pratkin shasved% Digh&nling activity

to the CXCRA4 receptor, triggered chemotaxis, increased cell survival and enhanced
endothelial differentiation. kv i v o, -GPWIFvthidh was injected intravenously,

allowed for the recruitment of significantly more bone marrow cells afisue¢ damage,

as compared with recombinant SDF1U.

Ot her researchers have designed derivatiywv
N-terminus region in an attempt to change recognizable cleavage sequences for the
proteases, while trying to maintain timagrity of the binding region of the chemokine

SegersetdP3ldevel oped a new version of oSDF1U c
the Nterminus region to reduce susceptibility to common proteases (matrix
metalloproteinas€ and di pept yl peptidase V). As o
terminus region is comprised of is KPVSLSYRSDF1U (S4V) has a few
shown in red:SKPVVLSYR. An additional serine was added in front of thteNninal
lysine, while the serine in the fourth position was changed to valine as shown in Figure

1.3 below.

N-t ermi nus regi on o fKPYSASYRYV
S-SDF1: SKPVSLSYR
S-SDF1 (S4V):. SKPVVLSYR




Figurel.3 Amino acid modificatios made to SDF1 by Segars ef2d].

The team noted that theSDF1(S4V) variant of SDF1 was bioactive but resistant to
cleavage by DPPIV and MMPs, as compared to native SDEDFL (S4V), the
proteaseaesistant variant of SDF1, was then fused at then@inus to RAD16ll (RAD),
which has sequence RARADADARARADADA, and sasembles into nanofibers. S
SDF1(S4V) improved cardiac function after myocardial infarction when it was tethered
to the selfassembling peptide RAD for controlled delivéRga].

Similarly, BaumannetdP4engi neered another {4Sd4Vv]-i vati ve
SDF1U) to have a better stability than rec
below, two alanines and one valine wergerted in front of the Nerminal lysine, and
the 4" serine was changed to a valine, similar to the approach taken by Segers et al.
These changes prevented the degradation of
and MMP. The engineered protein was delivered using staleR&in hydrogels. The

hydrogel delivery results are discussed 22 Biomaterials.

N-termi nus region oKPVBLSYR v
V-(S4VYSDF 1 U: 5 VKPVVLSYR
AAV-(S4VXSDF 1 U: AAV KPVVLSYR

Figurel.4 Amino acid modificatios made to SDF1 by Baumann ef2d].

Likewise, Yang et gl25] demonstrated that inserting a methionine in front of the N
terminal l ysine (LysiFiguwel®Belowenhancedits 1 b as sh
functional activity compared to native SDF
modification resulted in a slightly lower affinity of the chemokine to its receptor, they

highlighted thatthe MeE DF 1 b i n d u c e d igher irgracgllular ¢aliciemaflaxt | y h



indicating a much higher bioactivity as <co
researchers, Yang et al. explained that placing a methionfrent of Lysine 23
perturbed the action of DPPIV, allowing the growth fattope more stable and more

bioactive.

N-t ermi nus region of KRVEBUSYR/
MethionineSDF 1 b : MKPVSLSYR

Figurel.5 Amino acid modifications made to SDF1 by Yang €04l .

I n another effort to stabili Z2628DF1U when
engineered an SDF1U pol guyee ) witldamparabieltoog nam
better activity than recombinant SDF1U. Co
was used to cleave off the | arge central D
residues, to connect thetlrminus responsible foreeptor binding with the @erminus,
so that ESA would have a similar confor mat

ESA was able to induce EPC migration and improve ventricular performance as
compared to the recombinant SDF1U aresled as
to native SDF1U, the relatively small size
function, allows for easier and cheaper synthesis, and perhaps more importantly enhances

the diffusion potential and the speed at which the chemotactic signal is dEji6lye

SDF1U: KPVSLSY RARANVRHLRIENFPNCALQIVARLKNNNRQVCIDPK LKWIQEYLEKALNK

KPVSLSYRCPCRFFESMARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPK LKWIQEYLEKALNK

Insert i i @ Remove

VARANVKHLKILNTPNCALQIVARLKNNNRQVCIDPK

PP

ESA: KPVSLSYRCPCRFFESHLKWIQEYLEKALNK
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Figure 1.6 Amino acid modifications made to SDF1 by Hiesing¢ral. ESA is a
derivative of SDF1 without the |l arge cent

residues which connects thet&fminus to the @erminus[26, 27].

1.3.2 Stabilization of SDF1 using Various Delivery Mechanisms

1.3.2.1 Gene Therapy
Using viral or norviral constructs encoding for the SDF1 gene can result in an
overexpression of SDF1 allowing for a longer protein presence at the injury site.

To this end, Rdillo et al[36] made full thickness excisional wounds on diabetic mice
and treated them with lentiviral construct containing SDF1 gene fused to green
fluorescent protein (GFP) to induce the overexpression of SDF1 in wounds. The viral
plasmid with GFP aloneas used as a control. The production of SDF1 by transduced
cells was confirmed by a measuring the total wound mRNA isolated from wounds treated
with the SDF1GFP lentiviral plasmid or the control alone. The research team confirmed
that the lentiviral SDE treated wound showed an increased production of SDF1 mRNA
seven days post injection of the viral plasmid in the wound area. This corresponded to a
decrease in wound surface area and an increased granulation tissue seven days post
wounding.

Similarly, Sundararaman et (7] injecteddifferent luciferase plasmid DNA (nen
viral) encoding human SDF1 into rat heart 1 month after myocardial infarction.
Expression of the gene ranged from five to 32 days. Heart function and
immunohistochemistry of the heart tissue was assessed after plagtiicn. Increase

in cardiac function was noticed four weeks after injection, attributed to increase in blood
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vessel density. The degree of functional improvement positively correlated with level of

vector expression.

1.3.2.2 Biomaterials
Biomaterials have bearsed for the controlled release, for the prolongation ofliialf
and enhancement of the therapeutic efficacy of bioactive molecules, including growth
factors. Biomaterials have been used to deliver growth factors in a +hatnd manner,
as the biomat@l surface allows for the growth factor to be concentrated and delivered
locally [38].

Biomaterials such as alginate scaffolds and hydrogels, degradablgaptitie
ethylene oxide fumarate) (PLEOF) hydrogels, poliysine) and hyaluronan, and
starPEGheparin hydrogels have been used to deliver SDF1.

Rabbany et d139] and Henderson et p40] demonstrated the sustained reledse o
SDF1 from alginate hydrogels for wound healing. Rabbany et al. loaded alginate
hydrogel patches with recombinant human SDF1 proteins and monitored the in vitro and
in vivo release profile. The hydrogels released about 50% of the protein within the first
day and minimally released the rest of the protein over the remaining five day monitoring
period. Wounds treated with SDF1 protein delivered in the hydrogel patch healed faster
and showed a significantly faster wound closure as compared #vaataed wouds.

Henderson et al. also monitored the release of the SDF1 chemokine from an alginate
hydrogel scaffold which was applied on directly unto a wound bed made on the dorsum
of wild type mice. The scaffold was designed to allow for a slow release of thehgrowt
factor over 18 to 24 hours. The team showed that the SDF1 treated wounds closed rapidly

between one to three days after application to the wound bed, and much less between
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three to seven days as compared to the saline control potentially because tha&DF1
been depleted from the scaffold by day three.

In addition to alginate hydrogels, degradable poly (lactide ethylene oxide fumarate)
(PLEOF) hydrogels, poly@lysine) and hyaluronan, and starPE&parin hydrogels have
been used to deliver SDF1 in a totled manner.

He et al[41] developed a macromer made of PLEOF that was -tirdesd with
different initiators to produce biodegradable hydrogels. Thifesreht hydrogels with
different levels of hydrophobicity were evaluated for their SDF1 release profile and its
effect on the migration of bone marrow stem cells. The team noted that the hydrogels that
were designed to be more hydrophilic had an initimsbrelease of SDF1 followed by a
period of controlled delivery for 21 days. The hydrophobic hydrogels had a less
pronounced burst release and displayed a slow but constant release between days one to
nine, followed by a fast release from days nine tol'b& migration of bone marrow stem
cells closely followed the SDF1 release kinetics out of the hydrogels. That is, the more
hydrophilic hydrogels had a higher extent of cell migration initially but finished with the
lowest extent of cell migration whileg¢hmore hydrophobic hydrogels had a lower extent
of initial cell migration but finished off with the highest extend of cell migration.

Dalonneau et gI38] loaded SDF1 into polyelectrolyte multilayer films which was
made of poly(Llysine) and hyaluronan (PLL/HA), to allow for the growth factor to be
delivered in a matrix bound manner to myoblast cells. The PLL/HA films exhibited an
initial burst release durg the first hour, after which the growth factor release was steady.
The matrix bound SDF1 enhanced myoblast spreading and considerably promoted cell

migration.



13

Prokoph et aJl42] and Baumann et §24] demonstrated the delivery of SDEnd its
derivative, AAV-[S4V]-SDF1 (discussed above) using a starP&parin hydrogels.
The release profile of native SDF1 from the starPEG hydrogel was highly similar to that
of the SDF1 derivative. Both of them were released at a high level (higth ltst)
initially, followed by a sustained release. However, the relative migration of endothelial
progenitor cells (EPCs) was significantly higher using the engineered derivative of SDF1

delivered via the hydrogel compared with the native SDF1.

1.4 OVERALL LIMITATIONS WITH EXI STING STRATEGIES FOR
THERAPEUTIC SDF1 USE
While the above strategies adelivery options addresome of the challenges in using

SDF1 therapeutically, some overall limitations still exist, as highlighted below:

1.4.1 Fusion Proteins andDerivatives of SDF1 with Longer Half Lives

1 Potential for decrease or loss of activity of growth factor,

1 High cost for producing and purifying material.

1.4.2 Gene Therapy
1 Toxicity and immunogenicity of some of the vectors used not well understood,

1 Concernsabout the potential random integration of viral genes into host genome,

=a

Possibility of sustained transgene expression, which could have detrimental (e.g.
cancercausing) effects,
1 Low transfection efficiency of some of the vectors, resulting in low leviedgioe

expression.
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1.4.3 Biomaterials

1 High initial burst release from some hydrogels/scaffolds,

1 High amount of SDF1 needed for loading into hydrogels due to low loading
efficiency of some hydrogels,

1 Total fraction of SDF1 released from hydrogels over a pefididhe relatively low
compared to how much was loaded,

1 Material of construction for some hydrogels could result in unwangptbducts

when degraded.

1.5 THE IDEAL DELIVERY S YSTEM FOR SDF1
The fAiperfectodo delivery systembdonathat her apeu
encompasses all or a majority of the following characteristics:
1 Gradually release SDF1 for about two to three weeks (that is, throughout the
proliferative phase of healing after an injury,
1 Protect SDF1 from degradation,
1 Have minimal to nampact on the bioactivity of the chemokine,
1 Can be manufactured less expensively, thus reducing the overall cost of the therapy,
1 Allow the right dose of the growth factor to be delivered (typically in the nanogram
range),
1 Should not be toxic, nemmunogerc and biocompatible,
1 Allow for the growth factor to be readily assessable to its receptor (easy

bioavailability).
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1.6 FUTURE PERSPECTIVES

1.6.1 Nanoparticle technologies for SDF1

A more versatile delivery system would make it easier to translate-8&8¢€d therapse

into reality. Nanoparticles seem to be a viable option to address the shortcomings of the
other delivery strategies described above, and also encompasses several of the desired
characteristics of the ideal delivery system.

The use of nanoparticles tolider SDF1 offers several advantages. First, formulating
SDF1 into nanopatrticles will allow the chemokine to be delivered in the same size range
as proteins and other macromolecular structures found inside living cells. This is
expected to result in impved bioavailability and rapid therapeutic action. Second, it is
believed that highly efficient drug delivery system based on nhanomaterials could
potentially reduce the drug dose needed to achieve therapeutic benefit, which, in turn,
would lower the cost attor reduce the side effects associated with particular drugs. In
addition, drugs delivered as nanopatrticles have been shown to have prolonged circulation
time in vivo[43] Formulating SDF1 as nanopatrticles could allow the growth factor not
only to be injected as a suspension but also incorporated as appropriate to topical creams
or into existing skin substitutes which have pores in th@Dum range.

Lim et al[44], Huang et a]45], Yin et al[46] all incorporated SDF1 into
chitosan/chitosaivased nanoparticles. Lim et al. noted that their nanoparticle released
about eight percent of the SDF1 over a period of seven days implying that the delivery
system would be suitable for sustained releaseeofitbwth factorThe SDF1 enclosed
in the nanoparticle delivery system allowed for chemotactic recruitment of adult neuronal

progenitor cells (aNPC) by three to-#d relative to hydrogels that lacked SDF1
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Similarly, Huang et al45] highlighted that their chitosan based nanopatrticles protected
SDF1 against proteolysis and allowed for a sustained control release up to seven days. Up
to 23 ng/ml of SDF1 was released, which retained mitogenic activity, enhanced the
migration of mesechymal stem cells and promoted PI3K expression. Yin [etGhl

delivered SDF1 as 700nm particlesonter for the growth factor to reach the
alveolus/alveolar duct which is reported to b& 280 pm in diameter. The incorporated
SDF1 in the nanoparticles was slowly released (three percent was released over seven
days) and was able to cause full cherotitaactivity and receptor activation as compared

to the native free SDF1. When aerosolized in the lungs, the SDF1 nanoparticles showed
a greater retention time than that of free SDF1.

Olekson et a]47] demonstrated the delivery of SDF1 using liposome nanopatrticles.
Liposome nanoparticles were used to extend thelifalbf the growth factor by serving

as a | ocal reserve of the chemokine. The
chemotactic activit using HL-60 cells (HL60 cells express the CXCR4 receptor). The
nanoparticles exhibited similar functional response as free SDF1. When used on an
excisional wound created on diabetic mouse, the SDF1 liposomes increased the fractional
area of closed tisguby about 15% as compared to free SDF1. This was attributed to the

persistence of the SDF1 nanoparticles at the wound area.

1.6.2 Nanoparticle technologies for other growth factors
Thus, despite the potential benefits, few nanotechnebeggd delivery approaes have
been implemented for SDF1. On the other hand, when considering other growth factors

and chemokines, several different nanosystems are potentially available that would
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exhibit the desirable characteristics for delivering SDF1, some of which avssksic
below.

1.6.2.1Release kinetics and protection from degradation

As shown in Table 1.2, nanoparticles made of materials such aseddistn and lipids

have been successfully designed and used to deliver different types of growth factors.

The nanoparticles were only slowly degraded in vivo thus enabling the release of growth
factors over an extended period of time. For example, treupailica nanoparticles

designed by Zhang et al [48] allowed for basic fibroblast growth factor (bFGF) to be
released for at | east t hrpolglL-lysime(RL3. Si mil ar
nanoparticles designed by LuZhong et al [49] for deliveryeov@ growth factor (NGF)

and basic fibroblast growth factor (0FGF) had a sustained and slow release profile; 43%

of bFGF and 60% of NGF was released from the particles within 20 days of use in

treatment of peripheral nerve injury.

1.6.2.2Biocompatibility

All the nanoparticle systems describedable 1.2were designed for eventual use in

vivo. For example, multiple studies have shown that elastin like peptide (ELP) used to
deliver keratinocyte growth factp48] are nonimmunogenic, nguyrogenic and are
biologically compatiblg49] Likewise, the lipidnanoparticles used to delivepidermal
growth factor are biodegradable and no adverse reactions were repo@athbg et al

[50] when the nanoparticlegere used on mice. Zhang e{%l] demonstrated that the
porous silica nanoparticles used to deliver bFGF were not cytoxic. Some studies have
described the use of porous silica nanoparticles in vivo and reported no adverse events

[52]. One concern with the porous silica system, however, is that it is not biodegradable,
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and therefore further in vitro and in vivo biocompatibility studies may need to be

performed if it is tdoe used in a clinical setting.

1.6.2.3Ease of manufacturing

Eventual translation of the nanopartitiased delivery system to the clinic will require
largescale production. For example, the RBGGA nanoparticles used to deliver bFGF
for Al zhei mer 0-®stablishecananmocamidrs foan maeomedeinel

applications, and are relatively simple to manufacitig It is noteworthy that all of the
systems described above

require the bioactive peptide to be produced on a large scale using traditional methods for
expressing and purifying the product. The bioactive pejtide approak has the unique
feature that, while the methods to express the fusion protein in bacterial production
systems are not fundamentally different from any other peptide, purification can be
accomplished through repeated temperature cycles to precipitaieaih@dduct by
centrifugation, thus avoiding the use of expensive chromatogiagdsd method$4]

The main challenge in ug ELP fusion proteins is that care must be taken to preserve
biological activity of the bioactive peptide, aas suggested by Hassouneh ¢68§], the

specific properties of thedmctive peptide (in this case the size and charge of SDF1) can
be factored into the design of the ELP chain length, and sequence, as well as the type and
lengthof the linker used for the fusion protein, so that aggregation temperature is in a

desirable range (usually between 30°C and 40°C).
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Tabllz2e Exampl es of nanoparticl ewt hwhfiac
Growth Factor Disease Type of Reasons for Using Nanoparticle Approach
Area / Nanoparticle
Application Used/Authors
Basic Fibroblast | Wound Porous Silica Porous silica nanoparticles were used to
Growth Factor Healing Nanopatrticles achieve a prolonged release of bFGF for a
(bFGF) Zhang et a[51]. least 3 weeks.
Keratinocyte Wound Elastinlike peptide | Designed nanopactes comprised of the
Growth Factor Healing (ELP) nanoparticles | fusion of KGF to elastiike peptides which
(KGF) Koria et al[48§]. allowed for topical administration of the
growth factor to the wound area and also
i mproved the growth
to the injury site.
Nerve Growth Axonal Polymeric Nanoparticles were prepared for controlled
Factor (NGF) Regeneratior] nanoparticle delivery and slow release of nerve growth factor
and Basic system composed of (NGF) and basi@ibroblast growth factor
Fibroblast hepar i-poly-a | (0FGF) for the treatment of peripheral nery
Growth Factor L-lysine (PL) injury.
(bFGF). . i L
LuZhong et a[56]. A sustamed_and no initial burst in vitro
release profile of growth factors (NGF and
bFGF) from the particles was observed
For the bFGF, about 43% of the loaded
growth factorwas released from particles
within 20 days. For NGF, about 60% of the
loaded growth factor was released from
particles within 20 days for the NGF.
Epidermal Wound Lipid nanopatrticles | Lipid nanoparticles were used to allow for
Growth Factor Healing topical and sustained delivery of recombin
(EGF) Gainzaet al[50]. human EGF to chronic wounds.
Basic Fibroblast | Al z h e i | Lectins modified The lectin modified PEPLGA

Growth Factor
(bFGF)

polyethyleneglycol-
polylactide
polyglycolide (PEG
PLGA)
nanoparticles

Zhang et a[57].

nanoparticles were used to deliver basic
fibroblast growth factor to the central

nervous system via intranasal administratic
for treatment of Al

The growthfactor was formulated into
nanoparticles to protect it from being from
degradation within the lumen of the nasal
cavity or during passage across the epithe
barrier. The nanoparticle conjugation with
lectin allowed for selective binding to-N
acetyl gluosamine on the nasal epithelial
membrane for its brain delivery
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2. CHAPTER 2: Elastin-like polypeptides: A strategic fusion partner for
biologics
Note: This chapter is reproduced from the following publicatvoitten by Agnes

Yeboah

Agnes YeboahRick I. CohenCharles RabolliMartin L. Yarmush, Francois
BerthiaumeElastinlike polypeptides: A strategic fusion partner for biologics

Biotechnology and Bioengineerirf§ubmitted, 2015)

2.1 INTRODUCTION

Elastin is an extracellular matrix protein that gives elasticity to many vertebrate
tissues such as the skin, heart, and blood vessels. In humans, it is encoded by the ELN
gene. Tropoelastin, a soluble 70 kilodalton precursor of elastin, is compriseal of tw
domains; hydrophobie rich in Valine, Proline, Alanine and Glycine; and hydrophilic
comprised of Lysine and Alanine residiigs

Elastinlike peptides (ELPs) are derived from the hydrophobic region of tropoelastin
having repeat segnce motifs of Valing’roline Glycine-XaaGlycine (VPGXG), where
Xaa can be any amino acid except Proline. ELPs have a unique property, inverse
temperature phase transition, which allows a temperature dependent reversible change
from soluble monomer to soluble aggregate. The reversible inverse transition
temperature is a function of the ELP chain length (the number of repeats of the VPGXG
sequence motif in an ELP peptide), Xaa, the guest residue in the VPGXG sequence and
the salt concentration used ditine purification of the ELP peptid2], [3]. ELPs are

known to be nonimmunogenic, nqyrogenic and biologically compatibjg].
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The fusion of ELP at the N or C terminus of a target protein at the genetic level, also
known as AELPyl ationo, has beenfoghepl oi t ed
targeted delivery of therapeutic drdd$, and for prolaging the haHife of drugs in vivo
[5]. However, the most remarkalidenefit of using an ELP as a fusion partner is that it
allowsthe target protein to be purified using the thermally driven, phase transition

property of the ELR6].

Using ELPylation for purification of therapeutic protesteould be particularly
interesting to biopharmaceutical and biotechnology companies, who spend vast amounts
of money and resources on the purification of their biologic drugs, which typically
involves a series of chromatography and filtration steps. Fonpbe Vimizim
(elosulfase alfa, RhnGALNS) from Biomarin Pharmaceutical is purified in a sequence of
chromatography, viral inactivation and filtration, and ultrafiltration/diafiltration steps
(European Medicines Agen@ssessment Repae014). Similarly, Syant (Siltuximab
active substance) from Jansenn Biotech is purified by several purification steps (protein
A, cation exchange and anion exchange chromatography (European Medicines Agency
2014Assessment Repg)tlt is believed that the downstream procegsif proteins
(including purification) represent between 50 to 90% of the total cost of manufacture of a

recombinant proteifi7].

Despite its potential appeal for reducing manufacturing costs, ELPyle®not
yet been used as a purification step in a commercially supplied therapeutic, although
PhaseBi o Phar mac e u' iwhich usss the EtPdechiicddogyres o me r a

successfully completed some early phase clinical trials. Accordingly, here e tee
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concept of ELPylation, its applications and benefits and provide some considerations for

translating the ELPylation purification strategy to biopharmaceutical protein purification.

2.2 PART I: INVERSE TRAN SITION PROPERTY OF ELASTIN -LIKE -
PEPTIDES

221 SingeELP chains form aggregates via a it wi
The most commonly used ELP has the pentapeptide sequence (VP@K@ r e A X0 i s
seen as a guest residue that can be occupi
indicates the number oépeats of the pentapeptide needed to achieve the desired ELP

chain length. The choice of the guest residue is known to directly impact the inverse

transition temperature property of the ELP. Hydrophilic guest residues increase the

inverse transition tempature while hydrophobic residues lower it. Proline cannot be

used as the guest residue because it destroys the inverse phase transition property of the
ELP[8]. fAX0 can be a single amino acid, or a
the expanded sequence of ELP pAd&,Glys-90], which is the most widely used ELP

fusion construcf9] is [[VPGVG]s[VPGAG] o [VPGGG]3ls.l N t hi s case, A X o
combination of Valines, Alanines and Glycines in a ratio 5:2:3. Single ELP chains exist

as random coils below their transition temperature, but form insoluble aggregates above

their transition temperature. Thesghanism of aggregate formation is by random coiling

of single chain ELPs, which was first proposed by Urry gBlaland is illustrated in

Figure 21 . Random singl e EL P -twnlcenformationhfellgwesh t o a s
b y -spirabconformation and then stack up againstedtlteot t o f or m At wi st
filamentso as they reach their transition

the twisted filaments associate with each other to form insoluble aggregates.
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Above thelnverse Transition
Below thelnverse Transition TemperatuE Ps remain in TemperatureELPs form

solution while they adopt different conformations aggregates

—
Random
coiled single b spire Twisted Aggregate
chain ELP conformdion Filaments

Aggregates go back into solution as temperature is reduced below the inverse transition
temperatoe

Figure2.1 Formation of aggregates by single chain ELPs, as originally proposed by Urry

et al[3]. Figure is a modified version of that drawnKgwalczyk et a[10].

~

2.2.2 ELPcoblockpol ymers form aggregates via a fmi

An amphiphilic ELP chain which was designed to have a hydrophobic domain and
a hydrophilic domain was first reported by Lee dtld]. The hydrophobic sequence was
designed as follows: [V&Pro-Gly-Glu-Gly(lle-Pro-Gly-Ala-Gly),] 14 wWhile the
hydrophilic sequence was designed as follows: {RtalGly-PheGly(lle-Pro-Gly-Val-
Gly)4]16. The difference in polarity of the guest residues results in a drastic difference in
phase behavior between the domains which causes the ELP chain to form nmicelles

agueous solutions above the inverse temperature of the hydrophobic block, but below the
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inverse temperature of the hydrophilic block. When the temperature rises above the
transition temperature of the hydrophilic block, the amphiphilic ELP chaingseliato

an aggregate, as shown in tig2.2

Above the hverse Transition Temperatuséthe Above thenverse Transition Temperatuoé
hydrophobic block, but below the inverse both the hydrophobic and hydrophilic block:
temperature of the hydrophilic block, ELP coblock  ELP coblock polymers form aggregates
polymers turn into spheri cai nimi cer 1 esuo

ELP Chain Copolymer

Hydrophobic ELP Chain

— —_

Hydrophilic ELP Chain

Aggregate
Micelle
Intermediate

< |

Aggregates go back into solution as temperature is reduced below the inaes@@n temperate
of both thehydrophobic and hydrophilic blocks

Figure2.2. Formation of aggregates by ELP coblock polymeEigure is a modified
version of that drawn by Hassouneh dtl@]. Reprinted (adapted) with permission from

[12] . Copyright (2015) American Chemical Society.

2.3 PART 2: ELASTIN-LIKE PEPTI DES AS FUSION PARTNERS IN
DIFFERENT APPLICATIO NS
Il n 1999, Chil kot and coworkers discovered

is maintained when the EL[PB. moSi hcei shkeuased
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ELPs as fusion part nerpsurhpaoss ebse esnu crhe paosr tperdo t

purification, i#hpfevementargfettpe oha&limhs, in
|l evel /yields of desired proteins, as macro
and for thermal target, nwe froevicawmcseomda rcefatt

ELP fusion proteins to date, grouped by th

and the purpose for using ELP as a fusion

2.3.1 ElastinLike Peptide Fusion Proteins Expressed in Escherichia coli

In 2005,Massodi et aJ13] showed that cell penetrating peptides be fused to
elastinlike peptides, and the fusion protein can be used as potential vehicles for
delivering drugs to cells. Different cell penetrating peptides (penatratin peptide (Antp)),
Tat peptide and MTS, a hydrophobic peptide) were fused to-tieenhNnus of an ELP
sequence and manufactured udingoli. The team successfully demonstrated the
cellular uptake of the fluorescein labelled GPEP in HeLAcervical carcinoma cells
indicating that CPHELPs have the potential of delivering therapeutics to cells, especially
cancerous cells. To prove this, the team fused a kinase inhibitor, p21, known to be toxic
to SKOV-3 cells, to the @erminus of AntpELP (Antp-ELP-p21) and monitored its
uptake in the SKOM cells. The fusion protein successfully inhibited proliferation of the

SKOV-3 cells.

In 2007, Kang et dl14] demonstrated the use of different chain lengths of ELP to
purify levansucrase, an enzyme that catalyzes the synthesis mwfierasucrose. (Levan
is a natural homopolymer of fructose). Levansuciase fusion gene was constructed in

a pUC19 vector and expresseduding c o | i DH5U. The team succ:
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fusion protein and showed that the activity of the levansasvas maintained despite
the fusion to ELP. In the same yeldim et al[15] reported the fusion ELP to
interleukinl receptor antagonist (1Lra) to allow for the cytokine to be immobilized on
seltfassembled monolayers and to determine whethemtimebilized IL-1rawould
induce changes in the inflammatory profile of target cells. The team showed-thrafi IL
ELP caused monocytes stimulated with lipopolysaccharide (LPS) to decrease their
expression of prinflammatory cytokines and to increase #eeretion of ari

inflammatory cytokines.

In 2010, Hu et aJ16] described the fusion of an antimicrobial peptide, Halocidin18
(Hall18), to an ELP in an attempt to improve the expression level and simplify the
purification proess of the antimicrobial peptide. The team designed different ELP
sequences using Valine, Alanine and Glycine as guest residues in a 5:2:3 ratio and fused
that to Halocidin18 (Hal18), an 18 amino acid antimicrobial peptide. The team reported
that by using=LP as a purification tag, it allowed about 69 mg of Hal18 to be produced
from a 1 liter E.coli culture, which is much higher than the 29 mg of protein obtained
when polyhistidine was used as a purification tag. The final Hal18 product was cleaved
off of the ELP using hydroxylamine, and exhibited antimicrobial activity towards

Micrococcus luteus anantifungal activity against Pichia pastoris.

In 2011, Koria et al17] demonstrated the fabrication of a fusion protein comprised
of elastinlike peptide and keratinocyte growth fact&iGF) for use in skin wound
healing. When tested in vitro, the fusion protein, which was expresgedaili retained
the performance characteristics of both KGF and ELP. The team showed th&LRGF

fusion protein nanoparticles enhanced reepitheliairand granulation of an excisional
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wound made on a diabetic mice. In the same year, SimnickX]akported the fusion

of an NGR ligand to an ELP diblock copolymer with composith® [V1AsGr]sd/ELP

[V] gothat self assembles into monodisperse micelles. NGRs are peptides containing
AsparagineGlycine-Arginine motifs that are known to target CD13 isoforms in tumor
vesselg19]. By fusing the NGR ligand to an ampiphilic dibloc&polymer, and
subsequently inducing micelle formation, multiple NGR ligands would be presented to
the CD13 receptor. Multivalent binding of NGR to CD13 proceeds with much higher
affinity compared to monovalent binding. Using fluorescent reporters,ahegsbowed

that NGR fused to the diblock copolymer resulted in greater accumulation in tumors
generated in nude mice compared to the low affinity which had been previously reported

for the NGR peptide in linear forfi2Q]

In 2012, Moktan et d21] fused the KLAKLAKKLAKLAK peptide (KLAK) to
the Gterminus of an ELP, which was attached to a cell penetrating peptide, SynB1 at its
N-Terminus (SynB-ELP-KLAK). KLAK is known to induce apoptosis by disrupting the
mitochondria of cells, and as such is a promising molecule for cancer treatment. Based on
previous work (described above) which showed that fusing cancer cell penetrating
peptides to ELPs le an improvement in cancer cell inhibition in response to
hyperthermia, the group monitored the cytotoxic effect of SyBBR-KLAK on human
breast cancer cell lines. The team noted that the fusion protein was cytotoxic against the

cancer cells, and thEotency was enhanced with hyperthermia.

In 2013, Amiram et d122] showed that fusion of an ELP to glgoer-like peptide
1 (GLP1), a type diabetes drug, enhanced its stability profile. Although GLP1 is

potentially useful as a treatment against diabetes, its therapeutic benefit is severely
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limited by its short in vivo halfife. The team demonstrated ti@ELP1-ELP was more

stable in neutral endopeptidase, a protease that is known to degradeiGyiko, as
compared to free GLP1. When used in mice, the group reported that a single injection of
the GLP1ELP fusion protein was able to reduce blood glucoseldan mice for 5 days,

which is about 120 times longer than what was observed with free GLP1.

2.3.2 Elastin-Like Peptide Fusion Proteins Expressed in Mammalian and Plant
Cells

In 2006, Lin et a[23] reported the fusion of mirglycoprotein130 to 100 ELP
repeats, and its expression in tobacedde Glycoprotein 130 blocks interleukin(IL-6)
signaling which is known to promote the pathology of autoimmune diseases such as
Crohn and rheumatoid arthritis in murine models Mini gp130 comprises the first three
(cytokine binding) domains of fulengh gp130. Because its manufacture is expensive,
ELP tagging was specifically used to decrease manufacturing costs. Furthermore, tobacco
plant leafs are 280 times cheaper than E.coli as a production system. The team noted
that fusing mini gp130 to ELP allved 141 ug of purified protein per gram of tobacco

leaf weight to be produced.

In 2008, Floss et 4P4] reported the fusion of an ELP to an ardtV/ -1 monoclonal
antibody 2F5. The 2F5 antibody, which is being evaluated for the treatment of HIV, has
been expressed in both transgenic tobacco plants and<ghhamster ovary cells; the
proteins expressed from both culture systems were determined to have similar quality
attributes and functionality. However, the team notes that the accumulation and yield of
2F5 produced in the plant cells were significanthwér than in mammalian cells. As

such they tagged ELP to 2F5 to evaluate the potential increase in accumulation of the 2F5
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antibody and more importantly to investigate if the post translational modifications of

2F5 (glycosylation) typically seen from maminaa cells will be maintained when it is

tagged with the ELP, and produced in plant cells. The team observed that attaching ELP
to 2F5 significantly increased the amount of the antibody produced from the tobacco leaf
cells compared to the antibody thatkad the ELP, an observation which has also been
reported by several researchers, including Schelleff26gand Patel et §6], and is
attributed to the ability of the ELP tag to protect the target protein from hydrolysis and
from proteolytic enzymes, thereby increasing the protein Y& They also
demonstrated that the fusion of 2F5 antibo
impact the attachment of oligosaccharides to its glycosylation site, and that the
glycosylation patternas well as the binding kinetics of 2ELP made in plants was

similar to 2F5 antibody made in both Chinese hamster ovary (CHO) cells and plant cells.

In 2009, Floss et 4P8] showed that the arkllV-1 antibody 2G12 can be
successfully fused to ELP, produced using tobacco cells, and that the final product shows
similar activity and glycosylabn profile to native 2G12 which is normally produced in
CHO cells. Again in 201029 published their work on the fusion of mycobacterial
antigens (TBAQ) against berculosis (Ag85B and ESA®) to ELP and subsequent
expression in transgenic tobacco plants. ELP was tagged to TBAg and expressed with a
pl ant based system in an attempt to reduce
fusion protein was used in bothgriand pig models, the team noted that the fusion
protein was able to trigger antibodies andells recognizing the Ag85B and ESATin

the fusion protein.
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In 2011, Phan et §B0] demonstrated the successful fusion of ELP to two avian flu
H5N1 antigens and their successful expression using transgenic tobacco plants. They
used a fluorescendmased assay to confirthe activity of the antigens. In subsequent
work published in 201831], the team also demonstrated that theBH® fusion proteins

provided effective protection against infection.

24 PART 3: ELPS AS TAGS FOR PROTEIN PURIFICATION VERSUS

EXISTING PURIFICATIO N TAGS

As shown in Tabl®.1, several different fusion tags are commercially available to
standardize purification methods for recombinant proteins. Among several disadvantages
highlighted in Table.1, one common drawback with the existing purification tags is the
fact that mosof them rely on affinity chromatography, which is costly, especially when

performed on a large scale.

Il n contrast, ELPs used as purification tag
purification procedure, andrasiuatienulctosct a
recombinant proteins. The purification of

induc-emedBLBt ed aggregation and preecipitatio
di ssolution of the precipowmnmtied28pir gltwei rm oi n
t hree roundscerft rtikfea gvaatruimligi zati on steps ar
to purify the desired protein. ELPyl ati on
chromatography equi pment, es&ihhs ander gage

effective and an easy to scale up purifica
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Figure2.3. Purification of ELP proteins using its inverse phase transition property
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Table2.1: Some Pitfalls of Existing Tags Used for Biopharmaceutical Purificatic

Puri fi Mechani sm of Di sadvant ag/Ref e|
Tag ces
Maltose Affinity chromatography Resin isexpensive [37],
Binding [33
Protein The maltosdinding protein has Chromatography using
(MBP) affinity for immobilized amylose MBPtagd o es n bt
resin in a column samples with high
purity and additional
purification techniques
need to be employed
Poly histidine | Affinity chromatography There is potential for a [34],
tag (HIS) protein with his tag to [39]
The histidine moiety of the protein form dimers or trimers
binds to immobilized metals such as due to the existence of
nickel or cobalt in a column. metal ions
There is potential for the
co-elution of his-tagged
protein of interest with
other naturally existing
proteins that have the
histidine group
Poly arginine | Cation exchange chromatography Poly arginine tags might | [36]
tag /affinity chromatography have arimpact on the
tertiary structure of
Proteins with the arginine tag are proteins with _
purified using a cation exchange res hydrophobic C-terminal
SRSephadex. The arginine residues regions
can subsequently be removed using
carboxypeptidase B Cleavage of the tady
carboxypeptidase is
usuallypoor and not
specific
Glutathione Affinity chromatography GST hagpoor solubility [37]
S-transferase and when fused to
(GST) The GST tag has an affinity for proteins usually causes
immobilized glutathione the fusion protein to go
into inclusion bodies
FLAG tag Affinity chromatography Low binding capacity of | [38]
the FLAG tag, resulting
Chromatography column is filled in expensive scale up
with Anti-FLAG resin. TheFLAG costs
tag binds to the antibody
Strep-tag Affinity chromatography Resin isexpensive [39]
The Strep tag on the fusion protein
binds to Stregracinwhich is
immobilized on a column
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2.5 PART 4: CONSIDERATIO NS FOR TRANSLATING ELPYLATION TO
BIOPHARMACEUTICAL PR OTEIN PURIFICATION

Despite its potential to significantly reduce the production costs of proteins, translating
ELPylation to biopharmaceutical manufacturing still remains a challenge for several

reasons, some of which we highlight below

2.5.1 Choice of Host Cell

As discussed abey E.coli has been the primary expression system for most ELP fusion
proteins which can be expressed in high yield by these[d€]ishowever, these cells

lack eukaryotic postranslational systems, bacterial cell walls contairipflammatory
compounds (i.e. endotoxin) thaust be removed from the product, and the expressed
protein may sometimes lead to the formation of inclusion bodies which increases
processing needed for extraction of the protein from the bafddtiaFor these reasons,

the preferred host cell expression system for biopharmaceutical protein manufacturing is
mammalian cells. In particular, Chinese hamster ovary (CHO) cells are especially
popular because of their ability to produce more huownpatibleposttranslational
modificationg[42]. The CHO cell is a weléstablished and accepted cell line by

regulatory bodies for the production of therapeutic glycoprofdifis Table2.2is a

summary of all the biologic products that have been approved by the United States Food
and Drug Administation Center for Drug Evaluation and Research for the period from
2010 to 2014. As shown in the table, about 70% of the approved biologics were made in
mammalian host cell expression systems. While one abkaadteen published on the
attempted production of an ELP fusion protein expressed in CHQ(\&llsand Wood,

AIChE 2008 Annual Meeting)imited information was provided, although the authors
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acknowledged that the ELP was found to be genetically unstiterecorporation into

the CHO cell genome. Indeed there could be potential challenges in incorporating the
tandem repeats of ELP into a CHO cell genome or into a mammalian expression system
due to the higher possibility for homologous recombination¢ckvig deficient in most

E.coli strains used for protein expressjd, 41]. A breakthrough in this research area
could potentially open up this ELPylation technology to a wide range of
biopharmaceutical pragtts One potential solution to address this genetic instability

could be transient transfection of ti P fusion protein into the CHO cell host system.
This could allow for a fully postranslationally modified fusion protein without the need

to devebp a stable cell line. However, this is far from perfect since inherent variability in

the efficiency of transfection will likely increase batichbatch variation
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Tab22e Summairyl wdi cs approved by the US FDA Center f
Trade name Company Approval Expression cell Trade Company Approval Expression cell
date name date

Blincyto Amgen 12//2014 CHO cells Zaltrap SanoftAventis U.S. 08/2012 CHO cells
LLC

Opdivo Bristol-Myers Squibb 12//2014 CHO cells Granix Sicor Biotech UAB 08/2012 E.coli

(Former (Teva Pharmaceuticals
Neutroval) Industries Ltd.
Keytruda Merck Sharpe & Dohme| 09/2014 CHO cells Perjeta Genentech Inc. 06/2012 CHO cells
Corp

Trulicity Eli Lilly & Company 09/2014 CHO cells Voraxaze BTG International Inc. | 01/2012 E.coli

Plegridy Bioden Idec 08/2014 CHO cells Erwinaze Eusa Pharma (USA) 11/2011 Erwinia chrysanthemi
Inc.

Entyvio Takeda Pharmaceuticaly 05/2014 CHO cells Eylea Regeneron 11/2011 CHO cells
Pharmaceuticals Inc.

Tanzeum GlaxoSmithKline 04/2014 Yeast Adcetris Seattle Genetics, Inc. | 08/2011 NSO cell

Cyramza Eli Lilly and Company | 04/2014 NSO cells Nulojix Bristol-Myers Squibb 06/2011 CHO Cells
Company

Sylvant Janssen Biotech 04/2014 CHO cells Yervoy Bristol-Myers Squibb 03/2011 CHO cells
Company

Vimizim Biomarin 02/2014 CHO cells Benlytsa Human Genome 03/2011 NSO cell

Pharmaceutical Sciences Inc.

Myalept Amylin Pharmaceuticals| 02/2014 E.coli Krystexxa Savient 09/2010 E.coli
Pharmaceuticals, Inc.

Gazyva Genentech 11/2013 CHO cells Xeomin Merz Pharmaceuticals | 07/2010 Clostridium botulinum
GMBH serotype A

Simponi Janssen Biotech 07/2013 Murine Prolia Amgen, Inc 06/2010 CHO cells

hybridoma cells
Kadcyla Genentech 02/2013 CHO cells Lumizyme Genzyme Corporation | 05/2010 CHO cells
Abthraxtm Human Genome 12/2012 Murine cells Xiaflex Auxilium 02/2010 Clostridium

Sciences Inc.

Pharmaceuticals, Inc.

histolyticum
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2.5.2 Potential Impact to Post Translational Modifications

Biopharmaceutical proteins often carry several post translational modifications. For
example, Advaf® (octocog alfa) from Baxter is known to be heavily glycosylated, with
25 NHinked and 12 dinked glycosylation sitep43]. Interrupting the post translational
modification of such proteins typicallgads to improperly folded proteins, with little to
no activity and a potential for safety and immunogenicity prob[d#isTherefore, it is
important to demonstrate that painslational modifications of the target/desired
proteins are not impeded or altered when fused to ELP. This concern was addressed in
plant cells by Floss et §24] who expressed an afituman HI\A\1 monoclonal antibody
to ELP in tobacco leaf cells. The goal of their work was to find out what the impact of the
fusion of the ELP to a heteromultimeric protein, such as an antibody, would have on
posttranslational modifiations. Mass spectrometry was used to quantify thelkdd
glycans attached the glycosylation site (Asparagine 297) on the antibody, and determined
that the Nglycan profiles of the antilV-ELP protein were very similar to the free anti
HIV protein, this demonstrating that there was no interference of the ELP to the
attachment of oligosaccharides to Asparagine 297. More generally, studies to assess
whether or not the ELP tag can cause steric hindrance to glycan transferase or any other
posttranslationamodification systems would be important to translate the ELP

technology to biopharmaceutical proteins.
2.5.3 Considerations for Large Scale Manufacturing

2.5.3.1Lysis Step
For the ELP proteins expressed using E. coli or plant based host systems, protein

products arérapped within the cells and recovering the protein involves using sonication
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or chemicalinduced lysis. For large scale manufacturing, secreted production of the ELP

fusion protein might be desirable because it removes the cumbersome lysis step. It also

enables more different means of mass culturing; besides large batch fermenters, hollow

fiber systems and continuous culture methods may be used. As such, one consideration
for the application of ELPylation to the roughly 30% of biopharmaceutical protenhs t

are currently manufactured in bacteria or plant cells, is to add a signal peptide to enable

secretion, and to design the ELP tag and temperature of the fermenter below the inverse
transition temperature of the fusion protein. The latter would ensatréht protein will

stay in solution during the expression phase.

2.5.3.2Temperature Cycling (Precipitation of Target Protein and Resolubilization)

ELP fusion proteins are purified through a temperature dependent reversible cycle
where proteins change from soleilmonomers to insoluble aggregates. The final purified
form of the protein is the soluble monomer which is usually stored at or below
refrigeration temperatures similar to other proteins. Setting up two bioreactors to perform
the temperature cycling atdaostrial scale should not be a concern since large scale
bioreactors are equipped with chillers/heat exchangers with efficient cooling and heating
capacities. However, a potential concern with precipitating the target protein is the
possibility for some agregates to remain even after resolubilization. While considerable
work has been done confirming that proteins resolubilize when the temperature of the
batch is dropped below its inversion temperature, any residual aggregates will have to be

completely reroved, as they may trigger undesired immune responses.
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2.5.3.3Recovery of Precipitated Protein

The ELP technology generally relies on batch centrifugation for recovery of the
precipitated target protein, which is generally not scalable to manufacturing ldwels. T
batch centrifugation process can be adapted to a continuous flow ultracentrifuge, which
can separate a wide range of particles including nanopatrticles, and is widely used for
cGMP industrial purification of viruses and proteif#5]. For example, two continusu
flow ultracentrifuges can be set up consecutively with two bioreactors and the pair preset
to two temperatures (one below and one above the inverse transition temperature of the
ELP fusion protein) to allow for two rounds of phase transition purificatidre
performed. Alternatively, a continuous flow membrane filtration system could be used to

recover the precipitated protein, in lieu of batemtrifugation.

2.5.3.4Volume Considerations

For purification by ELPylatioo be successful, protein concentrations need to be
at least 100 ug of soluble expressed protein per liter of cyHéte Since the amount of
medium used for batch fermentation of mammalian cells is typically large, if the protein
is expressed at a very low level, a volume reduction step may be needed to make it
feasible to use the temperatytease transition purification strategy. For example, a
unidirectional flow system such as tangential flow filtration equipment could be used as
an initial concentration step to concentrate the cell culture medium prior to initiation of
the temperature phagransition. Alternatively, it has been shown that free ELP will co
aggregate with the ELPylated product; thus by adding excess free ELP it may be possible

to precipitate low levels of protein by phase transifis).
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2.5.3.5Potential Impact to Yield or Activity

Proteins which have been purified using the ELP technology typically have reported
yieldsof up to 500 mg/L[9], which is comparable to the titers obtained for some
biopharmaceutical proteingdowever, some researchers have highlighted that the yields
for ELP fusion proteins were generally higher when the ELP tag was placed at the C
terminus instead of the-drminus[47]. ELP tags, when fused at thet€minus of
target proteins, resulted in approximately 50 to 90% higher yield of protein than when
fused at the Nerminus of the target protejd8]. Yet, the choice of fusing a specific
purification tag to either theNr C- terminus of a target protein will depend on the
effect on thebiochemical properties of the target protein. For obvious reasons, the
purification tag is preferably placed as
region. If the latter is far from either the bir C- terminus, either end may be used. sThi
preferred unidirectional positioning of the ELP purification tag could potentially be a
limiting factor if the specific biopharmaceutical protein has its binding epitope at or near
the Gterminus, and will need to be further investigated. As such, stéindaon of the
positioning of the ELP tag based on the properties of the target protein may need to be
further developed to allow for a multitude of biologicals to be purified using this

technology.

2.5.3.6Cleavage of the ELP Fusion Tag Potential Immunogenicty or Activity
Concerns

Similar to other purification tags, ELP tags can be cleaved off from the target
protein aftempurification, if the ELP tag is not desired in the final form of the protein.

This is easily achieved by engineering a protease cleaitageesveen the ELP tag and



45

the specific target protein. Several researchers have reported the insertion of tobacco

etch virus (TEV) or thrombin recognition sites in the fusion protein, which have easily

been cleaved off with the relevant proteasesgioith the ELP tag after the final

purification step. In these cases, once the purification process using the ELP phase
transition property is completed, the prot
protease site is followed and an additional terafure cycling step incorporated to

remove the ELPprotease cleavage site from the final target protein. While the process is
straightforward, residual amino acids from the protease sites could remain on the target
protein which could cause immunogenidggues or could influence activity. As such,

the impact of residual amino acids from the typical protease cleavable sites used for ELP

fusion proteins needs to be thoroughly understood.

An alternative to using TEV and thrombin recognizable sequendasias linkers
is to use seitleaving inteing49]. The intein (and the ELP tag) can be triggered to split
from the purified target protein with a change in pH or an addition of thiol. \Mgh t
approach, any potential for the pH change or thiol addition to impact the physicochemical

properties of the final protein will need to be assessed.

2.5.3.70ther Considerationsi ELP Fusion Scaffolds

As an alternative to using ELP as a fusion partner ttatiget protein for
purification, some researchers have also developed ELP affinity scaffolds such-as ELP
Protein G, ELPProtein L, ELRPz and ELPzz for potential purification of
immunoglobulins by affinity precipitatiofbQ], [51]. This technology has the potential to
resolve some of the above mentioned issues of using ELP as a purification tag for

biopharmaceutical purification. For example, since the ELP scaffolds are not fused to the
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target molecules, concerns about incorpagain ELP fusion protein into mammalian
host cells and the potential for the ELP tag to impact post translational modification are

eliminated.

2.6 CONCLUSIONS

The thermal responsiveness of elastin like peptides, coupled with theioxioity,
biocompatibilty and noAimmunogenicity make them a desirable class of fusion tags for
several applications such as targeted drug delivery, enhancing ttiéehaflidrugs and
more significantly, for protein purification. Although numerous works have been
published shwing the effectiveness of ELP fusion tags for protein purification, the
technology has not yet been adapted to make it feasible for use in biopharmaceutical

protein purification.

Future approaches that seek to adapt the ELP technology to the purificsdsiof the

biotech industry, should include

9 tailoring it to proteins manufactured in CHO cells,

1 ensuring that the ELP tag does not impact the post translational modification,
yield and activity of the target protein ,

1 assessing the scalability of tteehnology to the equipment, volumes and systems
used in large scale protein purification,

1 removing residual protein aggregates to eliminate the possibility of unwanted
immune responses,

1 understandinghe impact of residual amino acids (which could remain after

cleavage of the ELP tag) on the activity and imoganicity of the target protein.
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The above adaptations will allow ELPylation to be attractive to several
biopharmaceutical companies who spanthense amounts of money on their protein

therapeutics purification.
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3. CHAPTER 3: The development and characterization o8 D F Zel8stin-like-
peptide nanoparticles for wound healing
Note: This chapter is reproduced from the following publicatvoitten by Agnes

Yeboah

Agnes YeboahRick I. Cohen, Renea Faulknor, Rene Schloss, Martin L. Yarmush,
Francois Berthiaum@hed e vel opment and c h-alastnbké-er i zati or
peptide nanoparticles for wound healing. Journal of Controlled Release (Submitted,

2015)

3.1 INTRODUCTION

In the United States, approximately $25 billion are spent annually on the treatment of
chronic skirwounds[1], whichare characterized by prolonged and excessive
inflammation[2], and are prone to recurrent infectig8s High levels ofproteolytic
activity degrade endogenous growth fac{dils resulting in poor angiogenesis,
granulation and repithelialization5]. Although this could be remediated by the
application of exogenous growth factors at the wound site, potential therapeutic peptides
are inactivated by the same proteolytic mechanisms.

Stromal cellderived factorl (SDF1), a key mediatif the wound healing response,
has been reported by several literature sources to recruit endothelial progenitor cells that
proliferate and differentiate into mature vascular endothelym], which contributes to
the revascularization which is needed to suppeepithelialization8-10]. Others have
suggested that are potentially many different cellular targets for §I1F1 making its

role in the wound healing process more complicated.
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Repeated high doses of topical SDF1, although costly and impractical, can achieve
therapeutic efficacj12]. Methodologies to increase SDF1 stability in vivo include
mutating its protease cleavage site3-15], engineering derivatives of the molecule with
a better stability profil¢16, 17], [18] and incorporating it into biomaterigl$9-21] or
liposomeq22]. Nonetheless, all of these methods require expensive procedures for
producing and purifying recombinant proteins.

Elastinlike peptidesELPs) are nonimmunogenic, non pyrogenemd biologically
compatiblg[23] derivatives of tropoelastin with pentapeptide repeats of \Wlhodine
Glycine-(Xaa)Glycine, where Xaa can be any natural amino acid except Proline. ELPs
reversibly aggregate into nanoparticles and become insoluble above a transition
temperature. ELPs can be also be expressed as fusion proteins together with a wide range
of bioactive peptides, in which case they can be used as an inexpensive way to purify the
protein[24],[25],[26]. ELP-based fusion proteins, by forming nanoparticles, have been
shown to protect biomolecules from proteo)j&g, and can act as Adr
release the biomolecules over an extended period of@8jeHere, we describe the
development and characterization of an $IHEP fusion protein that exhibits in vitro

activity similar to that of free SDF, but is much more effective in vivo.

3.2 MATERIALS AND METHOD S

3.2.1 Cloning of SDFLELP

SDFZXELP is a fusion protein whictonsists of the human growth factor SDF1 and an
elastinlike peptide (ELP). A pET25B+ plasmid with 50 pentapeptide repeats of ELP as
described byoria et al[28] was used for cloning. The plasmid was obtained from the

Center Engineering in Medicine, Massachusetts General Hospital. Sequencing of the
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plasmid by Genewiinc. indicated the presence of Xbal and Ndel restriction sites at the
N-terminus of the ELP in the plasmid. SDF1 was fused to ELP via these 2 restriction
sites. The Ndel and Xbal restriction enzymes and DNA ligation kit used for cloning were
obtained fromThermo Fisher Scientific. The SDF1 gene string used was designed and
ordered from Life Technologies as follows:

GGCACCTCGATTAGTCITANTAIAGAAT GCGAAAGT CEITA@GITE

GTGTTGGTCTTAAGITGIAJTIGT CT GAT EGIATAAAGTCTTTCG

TACCGTTGCCCGCGTE®ITEGAATCACAITGOACGCGAACGTGAA

ACACCTGAAAATT TCIGEACATMAT T GCGCAXATTICETAGGCGCGTC

TGAAAAACAATAACGGATAGAT CGACCCGIAAMATTGGATTCAA

GAATATCTTGAAAARPGILCANAIBT GGGGGTGGCTCTGGEGGG

GTTCCGGAGGTGGTGGCIAITBBAGTTCATGCGCTTCAAGGT

Key

Forward primer sequence added for PGRSCACCTCGATTAGTTCTCG

Xbal site TCTAGA

SDF1 Gene strind': Underlined sequence

Linker (G,S): GGTGGGGGTGGCTCTGGGGGGGTGGTTCCGGAGGTGGTGATCA
Ndel site CATATG

Reverse primer sequence added for PGRGTTCATGCGCTTCAAGGT

The SDF1 Gene strint] was amplified using Pfu Ultra Il (Agilent Technologies) and
Kapa Hifi (Kapa Biosystems) polymerases. Sequencing of the final cloned product was
performed by Genewiz InSubsequent to the successful cloning, site directed
mutagenesis was performed by GenScript on the pET25B+ vector with-BLH; 1o

bring an out of frame His tag on the plasmid in frame. The final cloned product; SDF1

ELP in pET25B+ WanedoHiswiap wasincanfir med
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3.2.2 Expression of SDF1ELP Fusion Protein

The pET25B+ vector with SDFELP was retransformed in E. coli (BL21 Star DE3),

which was obtained from Invitrogen by Life Technologies. One bacteria colony was
picked for an ogrnight culture in 5 ml LB medium containing 25pug/mL carbenicillin.

The overnight culture was used to inoculate 500 mL of terrific broth supplemented with
100 mM of L-proline (Fisher Scientific) and with 25pg/mL carbenicillin. The culture was
monitored unt it reached an optical density at 600 nm of about 0.6, after which 0.5 mM
of IPTG (Sigma) was added to induce the protein. The culture was left overnight. The
next day, the culture was centrifuged at 3000 x g, and the pellet diluted with 40 ml of
PBS andhe suspension sonicated twice on ice for 9 min in cycles of 10 s on and 20 s off.
Poly(ethyleneimine) solution (Sigma Aldrich) was added to a final concentration of 0.5%
w/v to remove residual DNA, and after centrifuging, SEEHIP protein transition to

nanoparticles was induced with the addition of 1M NaCl and warming to about 40°C.

3.2.3 Purification of SDF1-ELP Fusion Protein

3.2.3.1Using ELP Inverse Transition Temperature Cycling

The inversion temperature of SDIELP protein was obtained by warming up a sample
of protein from 20°C to 50 °C while observing the change in optical density in a
spectrophotometer (Spectramax, Molecular Devices)wasddetermined to be ~35°C.
SDFXELP protein was purified by warming the protein to 40°C, thus inducing
aggregation, cenfuging at the same temperature, and then resuspending the pellet in

PBS at 4°C, thus disaggregating the particles. Two rounds of temperature cycling were
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used and the final SDFELP nanopatrticles were obtained by warming up the purified
protein above & inverse temperature to ~40°C. For control studies, the ELP protein

alone, and another fusion protein, KGEP [28] were expressed and purified similarly.

3.2.3.2Using Nickel NTA Chromatography

We also purified SDFELP using traditional nickel NTA chromatography using the
protocol described in the Qiagen®-NirA Spin Kit Handbook. The imidazole used to
prepare the different buffers needed for purification was from Thermo Fisher Scientific,
while the benzonase endonuclease was obtained from Merck KGaA. Lysosyme was

obtained from Thermo Fisher.

3.2.4 Physical Characterization

3.3.3.1SDSPAGE

An8i16% MinkPROTEANE TGXE 10 wel IRadLalrat@ies, Ge |
Inc. was used in a BiRad Mini Protean Tetradl. All relevant reagents for the assay
were obtained from Bi&Rad. SDFIELP Protein in 1X PBS buffer was diluted with

loading buffer and run under native conditions on the gel.

3.3.3.2Western Blot

SDSPAGE gels were transferred onto a nitrocellulose membiineRad

Laboratories), blocked with blottirgrade blocker (BidRad Laboratories), treated with
antrhuman SDF1 (Peprotech) and incubated overnight at 4°C. After thorough washing
with TBST, goat antrabbit IgG HRP (Abcam) was added. The blots were rinsed,

exposed to ECL substrate and exposed to film to detect the positive SDF1 bands.
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3.3.3.3Circular Dichroism

A Circular dichroism spectrometer (Model 420SF) was used to obtain secondary
structure information on SDFELP. The equipment was run at 4°C, and a CDadign
obtained for wavelengths between 190 and 260 nm. In separate experiments, CD signals
were also obtained for ELP and for SDF1. The raw CD signal was corrected for
concentration of the individual proteins (SBDELP: 15uM; SDF: 25uM; ELP: 4uM) and

path length of the cuvette.

3.3.3.4Particle Size and Charge

SDFZXELP in PBS (~50 pM) was used to measure particle size in a Zetasizer Nano series
(Malvern, Piscataway, NJ) set to 37°C. Gold nanopatrticles (100 nm; Sigma Aldrich) was
used for calibration. Particles wgpat on a 200 mesh Lacey Carbon Copper TEM Grid

(SPI Supplies/Structure Probe Inc.) and transmission electron micrographs (TEM) images
were obtained on a Topcon (Piscataway, NJ) microscope.-EDPin PBS (~20 pM)

was used to measurampparticle barge n a Zetasizer NargdS (Malvern).

3.2.5 Binding Activity

A BiacoreE T200 was used t eELRie@XECR4 IDFbi ndi n
ELP, free SDF1 (Peprotech) and ELP were mobilized on different channeBesiea S

Sensor Chip CM4 (General Electric). Timst channel on the sensor chip was left blank

and used as a referendée chip temperature was set to 37°C. Kinetic experiments were

done with 5 different concentrations of recombinant human CXCR4 (Creative Biomart)

diluted in PBS (0.74nM to 60nMgensograms obtained for SDELP and SDF1 were
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subtracted from the reference channel signal and the curves were fitted teie one

interaction model using the Biacore T206twsare.

3.2.6 Biological Activity - Calcium Flux Assay

The bottom of 12vell plates was coated with 125uL of fibronectin solution (200ug/mL
in PBS and 1000X Pluronic®-68; Sigma) each. HB0 cells were washed in Hanks
buffered saline solution supplemented with calcium and magnesium (HBSS+; Life
Technologies)The cells were then suspended t8 délls/mL in HBSS+, incubated with
4uM fluo-4 acetoxymethylester (AM) for 45 min at 37°C, washed again in HBSS+, and
plated at a density of 5x16ells/well on the fibronecticoated wells. Cell were allowed

to attach @ the plates for 15 min at 37°C, unattached cells were aspirated, and 250 pL
HBSS+ added. Background images were taken using an Olympus IX81® microscope, the
HBSS+ was removed, and replaced with 25mfSDFXELP, free SDF1, ELP alone, or
KGF-ELP. Imagesvere taken for the next 3.5 min, the test solutions remardd

replaced with 1ug/mL ionomycin (EMD Millipore), and imaged again for 3.5 min.
Fluorescence intensity was quantified on the digital images by ImageJ software (NIH)

after background was subttad.

3.2.7 Nanopatrticle versus Monomeric Activity of SDFXELP

To investigate whether biological activity resides in the nanoparticle vs. the monomeric
form of SDFXELP, SDFXELP at a concentration of 8uM in 500 pL PBS was warmed

up to 40°C to initiate nanopale formation and pipetted into a 1.5mL Nanosep® and
Nanosep MF centrifuge tube with a 10nm nominal pore size (Pall Corporation). The tube
was centrifuged at 5000 x g for 5 min at 40°C to separate monomers (which end up in the

filtrate) from nanoparticleévhich remain on top of the membrane). 600 pL of the
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filtered SDFXELP monomer, or SDFELP nanoparticles, made to a concentration of
100nM in HBSS+ were used as the test solutions, with a control group using unfiltered

SDFLELP (100nM).

3.2.8 Stability studiesin Elastase
SDFXELP and SDF1 (both at 10 e€M) were incube
mg protein; Sigma) at 37°C for 12 days. Samples were taken on day 0, 4, 8 and 12 and

subjected to western blot analysis as explained in Section 2.4.2
3.2.9 Animal Studies

3.29.1 Diabetic mice wound assay

Animal studies were conducted in accordance with a protocol approved by the Rutgers
University Institutional Animal Care and Use Committee (IACUC). Genetically modified
diabetic mice (BKS.Cdpock?" +/+ Lepr®®/J) wereordered from Jackson Laboratory and
were used at the age of 10 weeks. On the day before surgery, the back of mice was
shaved and depilated using clippers and Na
water. On the day of surgery (the next day), theermere put undesoflurane

anesthesia and betadine scrub (Purdue Predat 70% ethanol were applied
alternatively to prepare the dorsal skin area for surgéfgunds were created by

excising a 1 cm x 1 cm square of full thickness skin on the baakite, using a pre

made template. Test solutions (SBEILP, SDF, ELP and plain PBS) were prepared in
fibrin gels to prevent them from leaking away when pipetted on the wound-drea.

gels were prepared as previously descril28il Briefly, SDFLELP, SDF1, ELP, and

plain PBS were mixed with 6.25 mg/mL of fibrinogéigma Aldrich). The SDFELP
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and ELP were incubated at 37°C for 1 hour to initiate particle formation. Prior to

application to the wound, 120 pL of the individual fibrinogen with treatment solution was
mixed with 30 pl of thrombin (12.5 U/mL, Sigma Aldhc The mixture was

immediately applied to the wound and allowed to gel for up to 2 min, after which the

wounds were coveredwihe gar der mE (3M) and secured usi
The wound was monitored over a period of 42 days. Digital photograpte captured

weekly, and compared to the initial photographs using Image J (N8.wound

closure percentage was calculatedoas @p T.TT

3.2.9.2 Wound tissue histology
On postwounding day 42, all the animals were sacefiand the wound area excised.
The tissues were placed in a surgical casket and fixed in 10% formalin (VWR) for 24
hours after which they were transferred to a jar with 70% ethanol and stored at 4°C. For
histology, tissues were embedded in paraffin andghctions were stained with
picosirius red to visualize collagen deposition as well as morphological features of the
skin. Image J was used to determine the epidermal and dermal thickness. Values shown
are averages of two different tissue sections perggneith three 4x magnification fields

evaluated per section.

3.2.10 Statistical Analysis

Statistical comparisons were performed using KaleidaGsefitvare. The Fisher Least
Significant Difference was used to analyze the data from two independent groups, after
performing a one way ANOVA. A-palue <0.05 is considered statistically significant. A

p-value of <0.05 is represented by a star (*) ongitaghs while g@-value of < 0.01s
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represented by two stars (**) or by two plusses (++) on the graphs; both are considered

statistically significant.

3.3 RESULTS
3.3.1 Cloning of SDFX-ELP

ELP was fused to the-@rminus of SDF1 via a linker sequence motif comprising of

three repeats of four glycines and 1 serl@gS5(dJas s hown3dim. Flihgi s r el at
l ong |inker (total of 15 amino acids) allo
and the binding region of -SD&tl-ttewdi2®.lusi s |
The pET25B+ expression plasmid used for the SBER cloning is shown in Fige

3.1B. After cloning, the plasmid and SDIELP were mutatetb bring a 6X Histidine tag

in frame, to allow it to be used for epitope detection and as a purification tag.

A B

HSV tag 6xHls

Ndel

“«
Q
& &
-~

Xbal &
fac oparator /3

S

SDF-ELP in pET25B +
6482 bp

4
5
~
£
&
9
3
B
2,
@,

.

Figure 3.1: Design and cloning of SDFELP. (A) Cloning of SDFHELP was done using

a peT25B+ expression vector. SDF1 was fused to ELP using the Xbal and Ndel
restriction sites. The plasmid with SDELP was mutated to put a 6X Histidine tag in

frame with the proteirsequence. The plasmid diagram was obtained using SnapGene®
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software (from GSL Biotech; available at snapgene.com). (B) Pymol rendition of-SDF1
ELP. SDF1 (in yellow) is separated from ELP (red) by a linker (in blue) comprising 3
repeats of 4 glycines aridserine SDF1 monomer sequence was extracted from Ryu et
al[30] (RSCB Protein Data Bank ID: 2J7Z). The ELP portion was modeled using |

TASSER softwar¢31],[32],[33].

3.3.2 Purification and Characterization of SDFLELP

3.3.2.1SDSPAGE and Western Blot

The bacterial lysate containing the SBEIP product was initially separated using the
histidinetag (6His) on a nickeNTA column (Figire 32A). The final product revealed
multiple bands. We also us¢he ELRdependent aggregation property; after two rounds
of temperature cycling above and below the inverse temperature of 35°C, a single band
was observed (Fige 32B). The purified protein by inverse temperature cycling was
stained with a monoclonaha-SDF1 antibody, showing a clear band at ~31 kDaufeig

3.2C), consistent with the predicted molecular mass of SEIFL

A 1 2 3 Bl cl 2 3

L]
“

Lwoenn

.
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Figure.3.2: Comparativepurity assessnmt of SDFXELP by SDSPAGE.

(A)Representative gel image of protein purified using Nickel NTA Column. (B)
Representative gel image of protein purified using inverse temperature cycling. Lane 1 is
the profile of the purified protein; Lane 2 is the molecular weight (MW) ladder and lane 3
is the corresponding identification of the MW marker. (C) Representative gel image
shown when the purified SDFELP protein using the inverse temperature cycling is
analyzed by Western blot. Lane 1 is the SEEREP band at 31 kDA. Lane 2 is the
molecular veight ladder, and Lane 3 is the corresponding identification of the MW

marker.

3.3.2.2Circular Dichroism (CD)

CD spectra were obtained for SDF1, ELP and SBEP to ascertain if secondary

structure of SDF1 was retained in the fusion proteigure 33 shows epresentative CD

spectra for the 3molecule3he result with SDF1 iUs consi st
hel ibsasets and random co[BO.s Ians tdepicatsed oy
highly disordered structure is observed ba
around 205nmELPprthbhesp®EfLr um Bhued g ecsetss atnhde
appears to have | ess rantdemotot he, sehosdat

SDF1 is preserved when fused to ELP.
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Figure.33:CD spectra of ( A) SDELUWLRHe(aB D shdctia ofahe choleculey wek Bubtiacted from

their respective buffers, and normalized to the path length of the cuvette and their respective concéBDatltisP:

15uM; SDF: 25uM; ELP: 4uM) CD signals with CD Dynodes above 700 were noluided.
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3.3.2.3Patrticle Size and Charge
TEM images of the nanoparticles show a size of approximately 600 nm, which is
corroborated with particle sizing data of 560 + 28 nm obtained from the Zetasizer. The

net charge on the protesurface was measured as approximately +3 mV.
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nanoparticles
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Figure.3.4: Size of SDFIELP Nanoparticle§A) TEM image of a single SDFELP

nanoparticle. Bar = 200 nm; (B) Chromatogram of SIBEP nanoparticles (~600nm)

and 100nm diameter gold nanoparticles run on the Zetasizer.

3.3.3 Binding and Biological Activity
3.3.3.1CXCR4 Receptor Binding Stues using Surface Plasmon Resonance
Binding affinity of the fusion protein to CXCR4 was compared to that of free SDF1, as
well as ELP alone by surface plasmon resonance. ELP alone exhibited very little to no
binding to CXCR4 as compared to the blank refeeethannel, as would be expected
(Figure35A). SDFEELP bound to CXCR4 with a dissociation constans)(Estimated
to 1.14 nM (Figire 35B). The binding of free SDF1 to CXCR4 yielded g & 0.3 nM
(Figure 35C). By way of comparison, values reportedhe literature for SDF1 range

from 1.32 to 6nM 34-36).
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Figure.3.5: Surface plasmon resonance analysis of CXSBR¥1 bindingSDFXELP, SDF1 and ELP were captured on

different channels of a CM4 chip and the binding of different concentrations of CXCR4 (0.74 nM to 60 nM) to the individual
proteins was measured in a single kinetic experiment. The first channel was left blank and used as reference channel. The
reference channel subtracted binding curves were fitted to a one site interaction model. Each step on the sensogram represent
bindingto a specific concentration of CXCR4, starting from the smallest concentration (0.74 nM) and ending at the highest
concentration (60 nM). (A) Sensogram for free ELP and the reference channel, where no binding is expected to occur. N=3.

(B) SDFLELP bindingto CXCR4 fitted sensogram. N=3. (C) Representative binding of free SDF1 to CXCR4 fitted

sensogram.
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3.3.3.2Calcium Flux Study

To characterize the biological activity of SDELP, we measured its effect on
intracellular calcium release HL60 cells.A dose response of SDHELP and free SDF1

in the range of 100 to 1000 nM for each was performed on HL60 cells preloaded with the
cytosolic calcium ion sensitive dye FluoWe noted that SDFELP at 1000nM caused

the highest intracellulazalcium release (Fige 36). Furthermore, SDFELP at 100nM

and 1000nM exhibited slightly higher responses compared to free SDF1 at the same

concentrations.
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Figure.3.6: Dose response using SDELP (and SDF1) on intracellular calcium releasemeasured by Flebin HL60 cells.

(A) Time course of cell manipulations and Fdidluorescence intensity. (B) Flubfluorescence measured 30 s into the assay

minus fluorescence measured at the starting pdir6.
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We then directly compared the effect of SBIEIP at two representative doses (the

highest response of SDELP - 1000nM; a typical dose of SDF1 used in the literature
[37] T 10 nM) to several negative controls, namely ELP alone,¥&GF, and plain

medium. As shown ifrigure 37, ELP and KGHELP triggered amall rise in calcium

levels and plain medium had no effattall. In addition, 1000nM SDFELP caused a
significantly higher intracellular calcium rise as compared to 10 nM SDF1 as well as any

of the negative controls.
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Figure.3.7: Effect of SDF1ELP, SDF1 and plain medium on intracellular calcium releas@easured by Flebin HL60

cells. (A) Time course of cell manipulations and Fufiuorescencitensity. (B) Flue4 fluorescence measured 30 s into the

assay minus fluorescence measured at the starttéshg poi
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SDFLXELP preparations are expected to contain prim&DF1-ELP nanoparticles that

are at equilibrium with monomers. To attempt to determine whether biological activity
was primarily in the monomeric vs. nanoparticle fractions, we separated freshly
aggregated SDFELP by filtration through a 10nm pore merabe, and compared the
calcium rise triggered by the filtrate (assumed to mainly consist of $HDP1
monomers) vs. the material on top of the membrane (assumed to mainly consist of SDF1
ELP nanoparticles). A higher calcium release was obtained from thdraopon
containing the SDIELP nanopatrticles, as compared to the bottom fraction containing the
SDFXELP monomers although the difference was not statistically significaigLire

38).
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Figure. 3.8: Comparison of the effect of SDFELP nanoparticles versus SDELP monomers on intracellular calcium
releaseas measured by Flub in HL60 cells. (A) Time course of calcium concentration as measured by Fluo 4AM

fluorescence(B) Fluo-4 fluorescence measured 30 s into the assay minus fluorescence measured at the starting point. N=6.
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3.34 Stability Studies in Elastase
To investigate the stability of SDFELP in elastase, one of the proteases that are known
to degrade SDF1 in vivi88], we incubated SDFELP and SDF1 in elastase over a
period of 12 days. Samples collected at 4 dégruals were subjected to a Western blot
analysis. We noted that SDIELP remained intact throughout the incubation period

(Figure 39A), while no positive bands were seen for the SDF1 samplesréd@§C).

SDF1
Figure.3.9 Degradation of SDHELP or SDF by elastase. SDELP and SDF1 were
incubated in elastase over a 12 day period. Samples were pulled at 4 day intervals and
subjected to Western blot analysis. (A) Representative blot of &EDPlsamples after

incubation in elastaséB) Lane 1, labelled L is the molecular weight ladder. Lane 2,
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labelled €) is SDF1 with no elastase. (C) Representative blot of SDF1 samples in

elastase. No SDF positive bands are seen in any of the lanes.

3.35 In Vivo Activity
The bioactivity of SDFIELP was tested in vivo using a diabetic mouse model.
Excisional wounds1(x 1 cnf) were created on the back of diabetic mice and were
treated with 1000nM SDFELP nanoparticles in fibrin gels, 1000nM of free SDF1 in
fibrin gels, 1000nM ELP nanopatrticles in fibrin gels, or fibrin gels with plain medium
(used as vehicle control). The closure of the wound was monitored over a period of 42
days.We noted that the wounds treated with SEFRP were more closed than any other
growp at all time points of observatioRigure 310). In fact, by postwounding day 21, the
SDFZXELP treated wounds were about 95% closed, and 100% closed on day 28, while
the mice in the remaining groups did not fully close until day 42. Although the SDF1
group exhibited a trend towards faster closure at postwounding day 14, this group was
essentially the same as the ELP and vehicle control at days 21 and beyond. The ELP and
vehicle control groups followed closely each other during the entire study. Wourabtiss
harvested and stained on day 42 exhibited a continuous epidermis, confirming wound
closure in all groups. However, both the epidermis and dermis were significantly thicker

in the SDFELP group (Figre 311).
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Figure.3.10: Effect of SDFXELP on skin wound closure in diabetic mideull-thickness

excisional wounds were treated with fibrin gel with SEEHIP particles, fibrin gel






























































































































