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1. Introduction

The goal of this study was to develop therapeutics that are retained at the ocular surface and
stimulate corneal wound healing using a biodegradable and biocompatible drug delivery platform
technology to treat combat-related eye injuries. To accomplish this, we set out to use protein engineering to
modify the ocular targeting of a human tear protein called lacritin in fusion with a small library of repetitive
protein-polymers derived from human tropoelastin. During this period of study, we were successfully able to
study receptor-mediated transcytosis of the rabbit and mouse lacrimal glands, as well as possible
therapeutic activity on a human corneal epithelial cell line and on both mouse lacrimal gland cells and
corneal epithelium. These findings have been published as three separate works and we are working to develop
these into a viable therapeutic.

The LG is a specialized exocrine gland responsible for the secretion of proteins and fluid, which
together comprise the aqueous layer of the tear film. This gland is largely comprised of acinar epithelial cells
joined by tight junctions at lateral membranes near cell apices to create lumina lined with apical plasma
membrane [1, 2] Robust exocytotic and transcytotic transport mechanisms in acinar cells facilitate release of
proteins and fluid into the lumina, which drain through ducts to the ocular surface. The LG is critical for
supplying nutrients, antibodies and antibacterial proteins to sustain the integrity of the cornea and ocular surface
system. As a high capacity excretory organ with output directed to the ocular surface, the LG represents an
unexplored target for sustained release of drugs into the tear film for treatment of acute ocular surface trauma.

Once rarely used for medical treatments, protein therapeutics have become more popular because of
their great target specificity and minimum immune response [3]. Here we are utilizing a unique local (intra-
lacrimal) strategy for delivery of biological therapeutics encapsulated in a biocompatible and biodegradable
protein-polymer based nanoparticle delivery system targeted to the LG that will enable sustained release of
drugs, specifically lacritin [4], through endogenous LG transport pathways. Lacritin is a bifunctional protein
secreted naturally by the LG that both stimulates LG acinar secretion [4-6] and is thought to function as a
promitogenic factor for promoting epithelial renewal on the ocular surface [7]. Its cell specificity is generated
by a unique ‘off-on’ switch controlled by heparanase deglycanation of cell surface Syndecan 1(SDC1) [8].
Detected by 2-D PAGE, nano-LC-MS/MS and SELDI studies, lacritin shows a common down regulation in
blepharitis (chronic inflammation of the eyelid) vs. normal tears [9]. LG-targeted delivery of this therapeutic
within our novel delivery system is chosen for its ability to sustain release over the time period immediately
following injury, when it may not be possible to manually administer the therapy directly to the ocular surface
at a frequency sufficient for therapeutic effect. A major shortcoming of current ocular surface-targeted
therapies for diseases or trauma to the anterior segment is that the nasolacrimal ducts efficiently drain tear fluid
from the eye surface, such that the effectiveness of topical treatment is often short-lived. For agents that require
sustained exposure to the ocular surface in treatment of acute infection or trauma, patients must utilize
excessively frequent administration, installation of a cumbersome continual infusion pump, or hospitalization.
None of these options may be available in a combat situation.

To overcome these obstacles, the present study targets lacritin to the LG and tears using a combination
of molecular and physical mechanisms. To facilitate both approaches, we propose to use a novel class of
polypeptides that are biologically inspired from a five amino acid motif identified in tropoelastin, a human
extracellular matrix protein. These elastin-like polypeptides (ELPs) [10] are ideal for LG targeting because they
can: (i) be tuned to self-assemble into multivalent polypeptide nanoparticles to modulate cellular uptake [11,
12], (i1) be seamlessly fused to proteins (in this case, both a targeting protein and a therapeutic protein) without
the need for bioconjugate chemistry [13]; (ii1) undergo slow proteolytic biodegradation [14]; and (iv) be non-
immunogenic [15]. As a platform technology, ELP nanoparticles are unique in that they are entirely genetically
engineered. They provide an innovative and powerful approach to assemble multivalent core-shell nanoparticles
with protein or peptide targeting ligands such as the knob protein, and therapeutic proteins, such as lacritin,
within a single nanoparticle. The ability to co-assemble bi-functional nanoparticles in a controlled manner is of
critical importance to easily and cheaply access more complex nano-architecture with multiple functions [16,
17]. Our strategy to co-assemble LSI-KSI micelle simply takes advantage of the specific targeting property of
Knob domain and prosecretory/mitogenic efficacy of lacritin to achieve novel drug properties.
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3. Overall project summary

During this three-year project, we made substantial progress on the proposed study, which includes making
strides to publish our results from aims 1, 2, and 3. This project has been largely successful in that we have
proceeded to confirm and characterize the transcytosis of the lacrimal gland utilizing both the CAR receptor and
an unknown receptor for the human tear protein lacritin. Further, we demonstrated that engineered variations on
the human tear protein lacritin appear to have prosecretory activity in the mouse lacrimal gland as well as
regenerative potential at the corneal epithelium. We have produced three important publications documenting
this work, and have shared these results at major international meetings. The following report summarizes
findings from years 1-3 resulting from this work.

Aim 1) characterize the transcytotic behavior of knob-ELP nanoparticles in LG.

Our first milestone was to confirm “transcytosis of LG targeted ELP nanoparticles using in vitro cultured
rabbit lacrimal gland acinar cells and ex vivo murine lacrimal gland perfusion”. Over this project we have
extensively characterized the
intracellular trafficking pathways of
transcytosing knob-ELP, as follows. In
milestone 1 we confirmed transcytosis
of LG targeted ELP nanoparticles
using in vitro cultured rabbit lacrimal
gland acinar cells and ex vivo murine
lacrimal  gland  perfusion. @ We
reconfirmed data in the original grant
application with additional controls
and also made a surprising finding.
Previously, we confirmed that knob-
S48148 (KSI), an ELP nanoparticle
targeted against the coxsackie and
adenovirus receptor (CAR) binds to
lacrimal gland acinar cells (LGACs),
which have high expression of CAR
(7). Under this grant, we determined
that these particles do in fact traffic to
low pH compartments; however, only
the KSI nanoparticles continued to Figure 1. ELP nanoparticles traffic to low pH compartments in
traffic to the lumen within LGAC | rabbit LGACs. 30 uM of Rh-coupled SI or KSI were incubated
clusters (Fig. 1). We then proceeded to with rabbit LGACs at 37 °C for 1 hr, and imaged using confocal
investigate the exact mechanisms for | fluorescence microscopy. KSI (red) exhibited significant co-
transcytosis (Fig. 2), which revealed | localization with acidic compartments labelled by LysoTracker
that Rab5A coated vesicles are | green (green) as well as lumenal (*) accumulation. SI showed
responsible for transcytotic transport significant surface binding and also some internalization to acidic
across the LGACs. compartments labelled by LysoTracker green.  Arrowheads
indicate the co-localization of SI or KSI with acidic compartments.
White lines delineate the BLM of LG acinar clusters. *, lumena.
Scale bar indicates 10 um.




Figure 2. Intracellular trafficking of KSI nanoparticles in LGACs. (A) Internalization of KSI to early
endosomes in live rabbit LGACs expressing RFP-Rab5a, a marker of early endosomes. LGACs transduced
with RFP-Rab5a (green) were treated with 30 pM of Cy5-KSI (red) at 37 °C for 1 hr, washed with DPBS
twice, and analyzed by confocal fluorescence microscopy. Arrowheads indicate Cy5-KSI in early
endosomes. (B) LGACs transduced with RFP-Rab5a (green) were pulsed with 30 uM of Cy5-KSI (red) at
37 °C for 10 min, rinsed and followed by a 45 min chase in fresh PCM at 37 °C. The yellow-boxed region is
expanded in time-lapse images shown successively to the right. Arrowheads indicate early endosomes that
include Cy5-KSI at earlier times but show label dissipating at later times of incubation. White lines depict
the periphery of the reconstituted cluster of LGAC obtained by phase contrast imaging. (C) LGACs
expressing mCherry-Rab3D (red) or YFP-Rab27b (red) were pulsed with 30 uM of Cy5-KSI (green) at 37
°C for 10 min and imaged for 45 min in fresh PCM at 37 °C. Internalized KSI did not associate with either
Rab3D or Rab27b in live rabbit LGACs. Data were presented at the indicated time points. White lines depict
the periphery of the reconstituted cluster of LGACs. Arrowheads indicate internalized Cy5-KSI. Scale bars
indicate 5 pm.




We further characterized and quantified the degree of transcytosis by overexpression of the Myosin V b motor
protein tail. Overexpression of this tail has a dominant negative effect, which was successfully able to inhibit
transcytosis across the LGACs (Fig. 3), which is consistent with active transport across the cell.

Figure 3. Overexpression of a dominant negative Myosin Vb tail impairs basolateral-to-apical transcytosis
of KSI in LGACs. (A) Reconstituted rabbit LGACs, co-transduced with AdGFP-actin (green) to delineate
morphology, Ad mCherry Myosin Vb tail DN (red), and Ad helper virus, were incubated with 30 uM of Cy5-
KSI nanoparticles (purple) at 37 °C for 1 hr before analysis. *, lumenal region of LGACs. Scale bar indicates 10
pm. (B) Quantification of fluorescence intensity in lumen and cytosol of LGACs with or without the dominant
negative myosin Vb tail, which inhibits transcytosis. Data were expressed as Mean £ SEM (N=4). (C)
Quantification of fluorescence intensity as a ratio of lumenal to cytosolic fluorescence. Data were expressed as
Mean + SEM (N=4). KSI, 0.83+ 0.24; KSI with inhibition, 0.13 £ 0.05; p value < 0.05.




In milestone 2 we set out to purify 1 gram of ELP KSI nanoparticles sufficient to support the significant in vivo
murine studies in the subsequent aims. This task was accomplished in early April 2013; however, we continue
to produce additional material as required (Fig. 4).

A B

Figure 4. SDS-PAGE of Knob-S48148 (KSI). Purified KSI was
mixed with SDS sample buffer, heated at 95°C for 5 min, and
resolved by SDS-PAGE. The gel was stained with copper chloride
(5g/50ml) and then stained with Coomassie brilliant blue after
removal of copper chloride by de-staining. Molecular weights in the
marker lane are 250, 150, 100, 75, 50, 37, 25, and 20 kDa. A) Copper
Staining; B) Coomassie Staining.

In milestone 3 we initiated in vivo evaluation of ELP nanoparticles and confirmed that transcytosis can be
observed with intra-lacrimal injection using fluorescently tagged ELP nanoparticles. First we attempted
direct intra-lacrimal injection of rhodamine labeled knob S48148 (SI) or knob-S48148 (KSI) nanoparticles. The
lacrimal glands were removed 1h after injection, the glands were fixed, sectioned and analyzed under confocal
microscopy (Fig. 5). The results suggested that knob-mediates cell surface binding to intact lacrimal glands;
furthermore, they appear to stain possible ductal structures within the core of each acinar cluster that is
consistent with transcytosis across the lacrimal gland. These preliminary results were later confirmed with a
similar intra lacrimal injection approach but with detection through TEM instead of the fluorescence label. With
this approach we were able to confirm the presence of KSI in intracellular structures of LGAC as well as in the
acinar lumen (Fig. 6). The untargeted ELP nanoparticle S48148 (SI) was only present in the lateral extra cellular
space. A publication reporting this finding has been published at the Journal of Controlled Release[18].

Figure 5. Potential ductal transcytosis of intact murine
lacrimal gland. ELP nanoparticles (red) without and with the
knob targeting ligand were administered via intra-lacrimal
injection to BALB/c mice. To identify the injection site, a
carboxyfluorescein dextran (green) was co-administered. In
vivo accumulation of knob-S48148 appears to be greater than
S48148. 5 pL of 50 puM rhodamine-labelled S48148 or
rhodamine-labelled knob-S48148 combined with 50 pg/mL CF-
dextran (MW: 10kD) was injected into the LG of BALB/c
mouse. After 60 minutes, the glands were retrieved and frozen
on dry ice. The frozen glands were cut into 10 um thick
sections and mounted on glass slides. Sections were examined
using confocal fluorescence microscopy. The white arrowheads
indicate the endocytosed S48I48 or potentially transcytosed
knob-S48148 nanoparticles. The scale bar represents 10 pum.




Figure 6. Transmission electron microscopy (TEM)-imaging reveals that knob ELP nanoparticles
traffic to vesicles at the apical membrane of the lacrimal gland. Balb/c mouse lacrimal glands (LG)
were administered with free rhodamine, S48148 (SI), or Knob-S48148 (KSI). LGs from 12-week-old
Balb/c mice were given with 50uM of rhodamine (Rh) dye on ELP nanoparticles via intra-lacrimal gland
injection. Black arrows represent either mitochondria (Mito) or epithelial microvilli (mv). Black
arrowheads indicate the ELP nanoparticles. White arrows show the basolateral membrane (BLM) of
LGACs. White boxes, equal to 1 um?, are used to highlight locations of ELP nanoparticles. L, lumen;
SV, secretory vesicles; ER, endoplasmic reticulum. Scale bars are 1 pm. The box-and-whisker plot is
used to summarize identified particle sizes, which are 21.1+0.3 nm (N=178) for SI and 20.2+0.2 nm
(N=205) for Knob SI (KSI). Boxes are expressed as the mean+ SEM and the whisker shows minimum
and maximum values. For SI, the minimum and maximum values are 11.1 and 36.0. For Knob SI, the
minimum and maximum values are 12.4 and 34.4.




Aim 2) characterize Lacritin-ELP fusion proteins and evaluate as therapeutic agents in vitro.

Our effort to complete Aim 2 began with Milestone 4, confirmation of in vitro prosecretory activity of Lac-
ELPs using primary rabbit lacrimal gland acinar cells (LGACs), which was completed. We have continued to
study lacritin, finding that it shows a surprising level of activity in various ocular tissues. In the process, we
have made the discovery that purified lacritin alone, undergoes a proteolytic cleavage of an unknown origin
(Fig. 7). In brief, we removed lacritin from the ELP tag and have demonstrated that it can generate smaller
peptide fragments predicted by cleavage between lysine residues. This biodegradation process occurs with a
half-life about one day; furthermore, it was possible to inhibit it with a cocktail of protease inhibitors (data not
shown). We further characterized the cellular internalization for a plain ELP (V96) compared to a lacritin ELP
(LV96), and found that only LV96 was able to bind and internalize into LGACs. This level of binding was
similar to that observed for free lacritin alone (Fig. 8).

Figure 7. Purified lacritin is susceptible to proteolysis of an unidentified origin. A) Western blot of
purified Lacrt probed with an anti-lacritin antibody (raised against Lacrt lacking 65 amino acids at the amino
terminus) revealed a major band around 18 kDa, which is consistent with that observed previously for
purified Lacrt. B) MALDI-TOF analysis of Lacrt revealed the appearance of major lower molecular weight
fragments (Table 2) upon incubation at 37 °C in PBS. C) Time dependent disappearance of the purified Lacrt
band by was tracked by SDS-PAGE stained with Coomassie blue. D) Lacrt disappearance was quantified and
fitted to a single exponential decay model, which yielded a half-life 23.7 h (R*=0.99).




Figure 8. Fusion with V96 influences uptake of exogenous Lacritin into LGACs. A) Time-dependent
uptake of rhodamine-labeled Lacrt into rabbit LGACs was assessed by live-cell confocal microscopy. After
30 min, significant numbers of fluorescent puncta were detected in the cytosol proximal to the basolateral
membrane (white arrow). More diffuse staining was observed within the lumen encircled by the apical
membrane (white *), which suggest possible transcytosis. After 2 h, basolateral binding became less
uniformly distributed. B) Time-dependent uptake of LV96 revealed a less intense labeling pattern at the
basolateral membranes; however, there were significant levels of intracellular puncta (white arrows).
Diffuse accumulation was detected in the apical lumen by 2 h (white *), although this effect was less
pronounced than for free Lacrt. C) A negative control V96 did not show significant uptake into LGACs.
Scale bar: 10 um. D) Lacrt, LV96 and V96 intensity in LGACs was quantified at three time points. Both
Lacrt and LV96 exhibited significantly (****p<0.0001) higher uptake than V96. Lacrt entered LGACs to a
greater extent than LV96, most obviously at 30 min (****p<(0.0001). Data were analyzed by a two-way
ANOVA followed by Tukey’s multiple comparisons test (n=9).




Figure 9. Lacritin ELP fusion proteins stimulate lacrimal gland acinar cells (LGACsS) in a time and
dose dependent manner. A) Cartoon showing structure ex vivo clusters of LGACs obtained from of rabbits.
These primary cultures remain polarized towards an apical lumen (L). B) Rabbit secretory vesicles (SV)
release f-hexosaminidase in a time and dose dependent manner in response to secretagogues. Percentage of
cell response compared to a positive control that was defined as 100% (Carbachol stimulation). LGACs were
treated with 20 to 0.1 puM of LV96, Lacritin, V96, or control for 1 h at 37 °C. 10 to 20 uM LV96
significantly enhanced p-hexosaminidase secretion compared to the V96 group (p<0.01). Similar
prosecretory effects were observed for 20 uM lacritin (p<0.05). C) Representative time dependent LGAC
response treated with 10 uM LV96, Lacritin, V96, or control. LV96 and Lacritin stimulate B-hexosaminidase
secretion as early as 30 min (p<0.001). D) Representative live-cell imaging of LGACs stained for actin (red)
and syncollin (green). Actin-RFP localizes at the apical membrane surrounding the lumen. Syncollin-GFP is
a marker for apical secretion. 20 uM LV96 induces substantial time-dependent actin remodeling in LGAC
cultures, with increased irregularity in the continuity of apical actin filaments and formation of actin-coated
structures beneath the apical and basal membrane (magenta arrows). White asterisk*: lumen.

Having evaluated the lacritin-ELP fusion in rabbit lacrimal gland acinar cells (Fig. 9), the in vitro mitogenic
activity of the lacritin ELP fusion proteins (Milestone 5) was tested using SV40-transformed human corneal
epithelial cells (HCE-Ts). In year 2, we successfully published a report of these findings [19], which for the first
time demonstrate that lacritin ELPs can form nanoparticles; furthermore, these can stimulate mitogenesis and
calcium dependent signaling in a transformed human corneal epithelial cell line. Having been derived from the
corneal epithelium, these cells retain some endogenous receptors present in the anterior segment of the eye.
First, we demonstrated the transient intracellular concentration of Ca2+ as triggered by Lac-ELPs (Fig. 10A-C).
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As an early secondary messenger
of lacritin-mediated mitogenesis,
Ca2+ signal propagation in
HCE-Ts prompted us to explore
Lac-ELP influence on cell
proliferation/migration. To
investigate this, we developed an
in vitro wound-healing model
based on a scratch applied to a
monolayer of HCE-T cells (Fig.
10D). We then demonstrated the
feasibility of  quantitative
comparison ~among  treating
groups using lacritin  and
epidermal growth factor (EGF)
(Fig. 10E).

Unexpectedly, cell uptake of
exogenous Lac-ELPs was also
observed in HCE-Ts (Fig. 12A).
The structure of Lac-ELPs not
only played a role in intracellular
uptake level (Fig. 12B) but also
influenced the kinetics of
internalization  (Fig.  12C).
Lacritin is reported to be
preferentially  mitogenic  or
prosecretory for the cell types
that it normally contacts during

its glandular outward flow. Its | Figure 10. Lacritin and lacritin ELP fusions induce calcium
effect on cells is thought to be | mediated mitogenesis in a human corneal epithelial cell line (HCE-T)
mediated by  Syndecan-1 | A-C) Lacritin (10 uM) and lacritin ELP nanoparticles (LSI) (40 pMx2)
(SDC1), which can be turned on | triggered a 3-6 fold increase in intracellular Ca*” while the ELP SI, which
or off by deglycanation. The 25 | Jacks lacritin, did not induce signaling. D) Representative images from a
amino acids at the C terminus of | scratch assay on HCE-T cells, which show that lacritin exhibits a scratch
lacritin are necessary for binding | closure effect similar to EGF (5ng/ml) and BPE (50ug/ml). E) The
to deglycanated SDCI; however, | wound distance was quantified and shows that lacritin significantly

fusion to a bulky ELP tag at C- | reduces the scratch width after 24 h compared to plain medium (n=3).
terminus appears to have a slight | ***p<( 05)

effect on reducing the
internalization of lacritin fusion proteins. While this may slightly influence the efficacy, other data suggests that
lacritin appears to efficiently self-cleave from ELPs with a half life on the order of a day (Fig. 7). From a
controlled release perspective, this observation inspired us to further utilize LSI micelle and LV96 coacervate as
local drug depot for sustained release of lacritin payload.
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Figure 12. Fusion to ELP reduces the binding and internalization of lacritin on HCE-T cells. A)
Representative confocal images showing time dependent uptake of Lac-ELPs into HCE-T cells; plain ELPs
SI or V96 did not exhibit uptake effect. Red: rhodamine labeled exogenous Lac-ELPs; Blue: DAPI staining
of nuclei. B) Quantification of HCE-Ts uptake showing at 60 minutes, both LSI and LV96 exhibited
significantly lower uptake level than native Lac (****p<0.0001). Cell uptake of LSI nanoparticles was
stronger than viscous microparticles formed by LV96 (***p<0.001). C) Quantification of imaging data was
obtained by measuring the distance from Lac-ELP particles to the nucleus. At 10 minutes and 60 minutes,
exogenous LV96 significantly trafficked slower than LSI nanoparticles and native Lac (*p<0.05). Images
were quantified using ImageJ (n=9).

We completed milestone 6 to purify of 1 gram of Lacritin-ELP fusion protein for in vivo evaluation. This was
accomplished using the protein purification strategy reported in the original grant application, which is inverse
phase transition cycling (ITC) followed by size-exclusion separation. In year 2, we have continued to produce
additional lacritin-ELPs as needed for study. In particular, we used our second year to investigate the scale-up
of production using a 14 liter bioreactor and a 300 mL bed volume size exclusion chromatography column.
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Aim 3) Evaluate the tear targeting of lacritin using ELP nanoparticles and in vivo efficacy studies.

For Milestone 7, we continued the in vivo characterization of the efficacy of lacritin fusion proteins placed
directly on the ocular surface utilizing a murine corneal epithelial abrasion model. We began with briefly
characterizing plain ELPs that phase separate on the ocular surface. As shown (Fig. 13), a corneal defect was
created on the mouse eye. This defect remains open up to 24 hrs without treatment. Two ELPs were evaluated
to assist this healing. The first was a control nanoparticle, called SI, that does not have lacritin. The other was a
lacritin nanoparticle LSI, which is assembled by a fusion of lacritin to the SI ELP. We found that only LSI was
able to rapidly close the size of the defect (Fig. 13B); furthermore, the histology of the corneal epithelium
healed to a smooth surface with treatment with LSI. Treatment with SI alone resulted in the eventual recovery
of a distorted epithelium above the cornea (Fig. 13C).

Figure 13. LSI nanoparticles heal corneal abrasions on female NOD mice. (A) Representative fluorescein
staining images showing time-dependent healing closure of wounds on the ocular surface. (B) Analysis of
abrasion wound area change using Kruskal-Wallis non-parametric testing showing LSI at both 12 and 24 h
significantly decrease the percentage of initial wound area (PctArea) compared to SI, EGF+BPE, and no
treatment groups (p=0.001, n=4). *PctArea was evaluated by a blind reviewer for objective justification of
wound healing efficacy. (C) H&E staining showing 24 h after wound initiation, corneal epithelium of LSI
treating group completely healed with no observed inflammation. Although reduced fluorescein staining was
observed in SI group, corneal epithelium did not recover fully with a smooth monolayer surface (black arrow).
EP: epithelium; BM: Bowman’s membrane; ST: Stroma; DM: Descenet’s membrane; EN: Endothelium.
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Having determined that the LSI nanoparticle successfully resulted in healing of the corneal epithelium, we next
determined if this effect differed from that of a soluble lacritin-ELP fusion, which we called LS96 (Fig. 14).
LS96 contains lacritin and an ELP; however, the ELP S96 does not undergo ELP-mediated assembly of a
nanoparticle. To our surprise, we found that the LSI nanoparticles closed a corneal defect significantly faster
than the soluble LS96 lacritin control. This result suggests that the lacritin nanoparticles have unique potential
to enhance lacritin-mediated therapies.

Figure 14. LSI nanoparticles heal corneal abrasions faster than a soluble lacritin-ELP control, called
LS96. (A) Representative fluorescein staining images showing healing of abrasions to the corneal epithelium
for NOD mice after 12 h. (B) Analysis of abrasion wound area change using Mann-Whitney U test showing LSI
at 12 significantly decrease the percentage of initial wound area (PctArea) compared to LS96 (p=0.028, n=8).
*PctArea was evaluated by a blind reviewer for objective justification of wound healing efficacy.
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In Milestone 8, we proposed to characterize the delivery and efficacy of lacritin in a mixed nanoparticle
containing both Lacritin-ELP (LSI) plus ELP-knob (KSI). In year 2, we initiated this work by looking at the
intralacrimal injection of a lacritin-ELP fusion (LV96). LV96 does not assemble a nanoparticle in response to
temperature; however, it does phase separate at physiological temperatures. We found that LV96 injected
directly into the mouse lacrimal gland forms a fluorescent depot that is nearly undiminished even 24 hours after
administration (Fig. 15A). In comparison, injection of free lacritin (Lacrt) resulted in a short-lived depot that
rapidly was cleared from the site (Fig. 15C).

Figure 15. Intra-lacrimal injection of Lacrt-ELP fusion protein produces a depot. A,B) Representative
confocal images showing exogenous rhodamine-labeled LV96 forms a depot in the LG of female C57BL/6
mice. LV96 was strongly retained over the 24 h time course, while free Lacrt was not observed after just 4
hours. A) Rhodamine signal alone. B) Merged combination of phase contrast and rhodamine signal. C)
Quantification of average fluorescence intensity in the section of LG centered on the injection, which shows
that LV96 is retained longer than free Lacrt (*p<0.05, **p<0.01). D&E) After injection, depots of LV96
maintained a lower concentration (****<0.0001) at a distance of 300 mm from the depot center; however,
this fluorescence was greater than that detected either in surrounding or untreated acini. Scale bar: 100 pm.
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We further evaluated the potential therapeutic effect
of this lacritin-ELP in the lacrimal glands of non-
obese diabetic mice (NOD), which experience
diminished tear secretion due to an inflammation of
the lacrimal glands (Fig. 16). We found that in both
male and female NOD mice, the injection of the
lacritin ELP called LV96 produced a significant
volume of tears (Fig. 16E,F). The level of tear
production was almost half of that obtained by a
positive control called carbachol (CCh). This acute
injection also was used to evaluate free lacritin.
Under this short duration study, injection of free
lacritin produced a similar tear volume as that
obtained by LV96, which demonstrates that fusion
of lacritin to an ELP does not inhibit its activity.

Milestone 9, In year 3, three manuscripts have been
published reporting our work, entitled “Lacritin-
mediated regeneration of the corneal epithelia by
protein  polymer nanoparticles”[19]”; “Tear-
mediated delivery of nanoparticles through
transcytosis of the lacrimal gland[18]”; and “A
thermo-responsive protein treatment for dry eyes
[20].” Dr. MacKay’s lab has partnered with a
company EyeRx to develop lacritin therapeutics.
We successfully completed an NIH/NEI STTR
grant phase I, and we are investigating the
possibilities for an expanded Phase II submission.

Milestone 10, In years 2 and 3, we have worked
under a related subcontract from EyeRx (LLC) to
study the scaleup and purification of a lacritin ELP.
This resulted from an NIH/NEI sponsored award
facilitated by data generated in Dr. MacKay’s
research group.

N

. Key research accomplishments

* Confirmation of KSI transcytosis in vitro and in
VIvo

* Discovery of cell binding, uptake and possible
transcytosis of lacritin in rabbit LGACs

* Discovery of cell binding and uptake of lacritin
in HCE-T cells

* Confirmation of Lac-ELP structural influence
on cellular uptake

* Confirmation of Lac-ELP in vitro prosecretory
activity based on LGAC [-hexosaminidase
secretion and live cell imaging studies

* Discovery of Lac-ELP in vivo prosecretory

Figure 16. Lacrt-ELP fusion proteins stimulate
tear secretion in NOD mice. A) Representative
pictures showing tear secretion stimulated by 100 uM
LV96 (5 pl) after an intra-lacrimal injection in a male
NOD mouse. Blue arrow: collected tear volume after
30 min. B) Lacrimal glands injected with LV96 were
collected after infusion and visualized using
immunofluorescence to identify Lacrt by anti-C
terminus lacritin antibody. Green: anti-Lacritin
antibody; Red: actin stained using Rho-phalloidin;
Blue: nucleus stained by DAPI. Scale bar: 10 pm. C-
D) Representative H&E staining images of NOD mice
lacrimal gland. C) Severe lymphocytic infiltration was
observed in male NOD mice LG. D) Female NOD
mice exhibited normal morphology. E-F) Tear volume
quantification showing significant enhancement of
tear secretion by LV96 and Lacrt compared to
negative V96 controls (**p<0.01, *p<0.05, n=9). Data
are shown as mean = S.D. and are compared by
ANOVA followed by Tukey’s Post Hoc Test. E) Male
NOD mice; F) Female NOD mice.

activity in NOD mice via a single bolus intra-lacrimal gland injection
* Confirmation of local drug depot formation of for viscous coacervates LV96 and L196
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 Confirmation of dose dependent Ca”" signal mediated by Lac-ELPs in HCE-T cells

* Completion of fusion protein purification that will enable co-assembly and therapeutic studies

* Completion of in vitro mitogenic activity model using HCE-T cells

* Completion of in vivo evaluation of Lac-ELPs activity on the ocular surface

* Initiation of combination transcytosis studies of the lacritin (LSI) and knob (KSI) ELP nanoparticles

5. Conclusions

Development of better drugs requires both safety and efficacy [21]; furthermore, local ocular delivery provides
unique opportunities to enhance the therapeutic index (TI) of ophthalmic drugs by extending local residence
time while minimizing off-target effects and dose frequency [22]. To facilitate this process, we confirmed the
cell targeting and transcytosis properties of Knob-SI nanoparticles and evaluated Lac-ELPs’
prosecretory/mitogenic effect in vitro and in vivo. After successful completion of protein purification, we have
completed the in vivo ocular surface wound healing evaluation. In our third, it proved unnecessary to combine
the Knob targeting with the lacritin construct. Surprisingly, the lacritin nanoparticles demonstrated prosecretory
activity in the lacrimal gland of mice, transcytosis similar to that found for the knob domain, and even showed
evidence of rejuvenation of damaged corneal epithelium in mice. The findings reported here inspire us to
continue the proposed strategy to heal the anterior segment of the eye using targeting and/or local drug delivery
while investigating the underlying mechanisms of this novel platform in the eye.

6. Publications, abstracts, and presentations

a. manuscripts
1. lay press: none
2. peer reviewed scientific journals
I.  Wang W, Despanie J, Shi P, Edman-Woolcott MC, Lin Y-A, Cui H, J. Heur M, Fini E,
Hamm-Alvarez SF, MacKay JA. Lacritin-mediated regeneration of the corneal epithelia by
protein polymer nanoparticles J. Mater Chem B. 2014. DOI: 10.1039/C4TB00979G (PMC
Pending).

II. Wang W, Jashnani A, Aluri SR, Gustafson JA, Hsueh PY, Yarber F, McKown RL, Laurie
GW, Hamm-Alvarez SF, MacKay JA. A thermo-responsive protein treatment for dry eyes. J
Cont Rel. 2015 Feb 10;199:156-67. (PMC4456095)

III.  Hsueh PY, Edman MC, Sun G, Shi P, Xu S, Lin Y-A, Cui H, Hamm-Alvarez SF, MacKay
JA. Tear-mediated delivery of nanoparticles through transcytosis of the lacrimal gland. J
Cont Rel. 2015 Jun 28;208:2-13. (PMC4456098)

3. invited articles: none
4. abstracts
I.  Hsueh P, Edman-Woolcott MC, Sun G, Shi P, Mackay JA, Hamm-Alvarez SF. Intracellular
trafficking and transcytosis of elastin-based nanoparticles displaying adenovirus knob
domain in lacrimal gland acini. Nano Drug Delivery Symposium. San Diego, CA. October,
2013. Poster.

II. Wang W, Shi P, Aluri S, Hsueh P, Edman-Woolcott MC, Ryan D, McKown RL, Laurie GW,
Hamm-Alvarez SF, MacKay JA. Bridging ocular therapeutics and contact lenses via
thermo-responsive protein polymers. Nano Drug Delivery Symposium. San Diego, CA.
October 2013. Poster.

III.  Wang W, Shi P, Aluri S, Hsueh P, Edman-Woolcott MC, Ryan D, McKown RL, Laurie GW,
Hamm-Alvarez SF, MacKay JA. Bridging ocular therapeutics and contact lenses via
thermo-responsive protein polymers. UCLA-USC-Caltech Nanotechnology & Nanomedicine
Symposium, Los Angeles, October 2013. Poster.

IV. MacKay JA, Wang W, Hsueh P, Edman-Woolcott MC, Hamm-Alvarez SF. Ocular delivery
of a model biopharmaceutical, lacritin, using protein polymers. Annual Meeting of the
Society for Controlled Release. Chicago, IL. July, 2014.
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7. Inventions, patents and licenses
1. Patents

I.  MacKay JA, Wang W. Controlled release of ocular biopharmaceuticals using bioresponsive
protein polymers. USC Stevens Institute (USC Ref: 11-692). Filed July 26, 2012. US Patent
App. 13/559,053. WO Patent 2,013,016,578

II. Hamm-Alvarez SF, MacKay JA, Sun G. Methods and Therapeutics Comprising Ligand
Targeted ELPs. USC Stevens Institute (USC Ref: 11-358). Filed February 11, 2013. US
Patent App. 13/764,476.

IlI. MacKay JA, Wang W, Laurie G. Compositions and methods for the delivery of drugs to the

ocular surface by contact lenses. USC Stevens Institute (USC Ref: 13-532). Filed March 31,
2014. US Patent App. 61/806,558

8. Reportable outcomes

* LSI micelle paper manuscript published[19]

* Thermo-responsive lacritin paper manuscript published[20]
e KSI paper manuscript published[18]

* 3 related patents filed

9. Other achievements
nothing additional
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ABSTRACT

Rapid clearance from the tears presents a formidable obstacle to the delivery of peptide drugs to the eye surface.
This impedes therapies for ocular infections, wound healing, and dry-eye disease that affect the vision of millions
worldwide. To overcome this challenge, this manuscript explores a novel strategy to reach the ocular surface via
receptor-mediated transcytosis across the lacrimal gland (LG), which produces the bulk of human tears. The LG
abundantly expresses the coxsackievirus and adenovirus receptor (CAR); furthermore, we recently reported a
peptide-based nanoparticle (KSI) that targets CAR on liver cells. This manuscript reports the unexpected finding
that KSI both targets and transcytoses into the LG acinar lumen, which drains to tear ducts. When followed using
ex vivo live cell imaging KSI rapidly accumulates in lumen formed by LG acinar cells. LG transduction with a my-
osin Vb tail, which is dominant negative towards transcytosis, inhibits lumenal accumulation. Transcytosis of KSI
was confirmed in vivo by confocal and TEM imaging of LG tissue following administration of KSI nanoparticles.
These findings suggest that it is possible to target nanomaterials to the tears by targeting certain receptors on

the LG. This design strategy represents a new opportunity to overcome barriers to ocular delivery.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Controlled drug delivery to the ocular surface seems intuitively
straightforward, yet remains a major challenge. Many drugs are deliv-
ered as topically-added eye drops, leading to dilution of the added
drug due to lacrimation, low contact time caused by rapid tear turnover,
poor penetration through native barriers such as the ocular surface
mucin layer, and rapid drainage of the added drug through the
nasolacrimal ducts [1]. Studies show that applied drug is washed away
within 15-30 s, while less than 5% of the drug administered through
eye drops reaches the target tissue [2]. In addition to the natural clear-
ance barriers limiting drug absorption, treatment of acute ocular surface

Abbreviations: Ad5, adenovirus serotype 5; Ad, adenovirus; AM, apical membrane; BEE,
basolateral early endosome; BLM, basolateral membrane; CAR, coxsackievirus and adenovi-
rus receptor; cryo-TEM, cryogenic transmission electron microscopy; DLS, dynamic light
scattering; DN, dominant negative; EE, early endosome; ELP, elastin-like polypeptide; GFP,
green fluorescent protein; KSI, knob fusion to an ELP diblock copolymer; LG, lacrimal
gland; LGAC, lacrimal gland acinar cell; PCM, Peter's complete medium; RFP, red fluorescent
protein; Rh, rhodamine; SI, ELP diblock copolymer; SV, secretory vesicle; TEM, transmission
electron microscopy; Ty, transition temperature; YFP, yellow fluorescent protein.

* Corresponding author at: Department of Pharmacology and Pharmaceutical Sciences,
University of Southern California, Los Angeles, CA 90033-9121, USA.
E-mail address: jamackay@usc.edu (J.A. MacKay).

http://dx.doi.org/10.1016/j,jconrel.2014.12.017
0168-3659/© 2014 Elsevier B.V. All rights reserved.

disorders such as keratitis [3] as well as chronic diseases including glau-
coma [4] may require addition of eye drops up to hourly, challenging pa-
tient compliance [5]. In many cases, ocular diseases such as scleritis [6]
and fungal 7], bacterial and viral keratitis [8] must be treated systemi-
cally through oral or intravenous drug delivery to get enough drug to
the target area, resulting in significant drug exposure at non-target
sites. To overcome these challenges, various strategies, including inva-
sive and noninvasive approaches [9,10], have been developed to in-
crease ocular bioavailability, improve precorneal residence time, and
prolong therapeutic efficacy after topical applications. The noninvasive
strategies frequently focus on in situ gelling systems and nanoparticle
technologies. Several mucoadhesive and viscosity enhancing polymers,
such as polyacrylic acid- (Carbopol®) and polysaccharide-, including
gellan gum (Timoptic XE®) and xanthan gum (Timolol Gel Forming
Solution®), based polymers [11], have been incorporated into ophthal-
mic formulations now approved by the United States Food and Drug Ad-
ministration. In addition, colloidal dosage forms have also been
developed to increase drug stability, overcome drug efflux in conjuncti-
val cells, and reduce dosing frequency [10]. Invasive strategies include
the developments of eroding and noneroding implants, such as collagen
shields [12] and pumps, have been reported to continuously deliver to
the ocular surface. While promising, these approaches can compromise
vision during treatment. Each strategy has its own advantages and
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drawbacks; furthermore, the choice of strategy depends on the envis-
aged therapeutic use. Thus, there is a need to explore alternative oph-
thalmic drug delivery strategies.

The natural source of tear fluid and proteins is the lacrimal gland
(LG), an exocrine gland composed largely of acinar epithelial cells
(LGACs), polarized epithelial cells that produce and secrete many of
the proteins presented in tears [13]. Tear protein release largely occurs
from mucous and serous secretory vesicles sequestered in the acinar
cells which are mobilized upon stimulation by neurotransmitters re-
leased by parasympathetic and sympathetic innervating neurons [14].
Alternatively, some tear proteins are of serum or paracrine origin and
are secreted into tear fluid through a vesicular transport process called
transcytosis, which involves vesicular transport through the acinar
cells. There are two major transcytosis pathways, nonspecific and
receptor-mediated. Nonspecific transcytosis mainly applies to abundant
macromolecules in plasma [15]. Receptor-mediated transcytosis, on the
other hand, is responsible for the uptake and transport of specific pro-
tein moieties and their peptide constituents across cellular barriers
such as the endothelium or epithelium, and can be utilized for delivery
of receptor-targeted drug molecules [16,17].

An alternative strategy for delivery to the ocular surface might har-
ness the body's own mechanisms in the LG for capturing tear constitu-
ents from the blood and releasing those constituents into tears via
transcytosis. To explore this strategy, this manuscript describes geneti-
cally engineered elastin-like polypeptides (ELPs) targeted to the LG via
the coxsackievirus and adenovirus receptor (CAR). ELPs are composed
of the repeated amino acid sequence (Val-Pro-Gly-Xaa-Gly),,. These bio-
compatible and biodegradable [18] protein polymers assemble a sec-
ondary aqueous phase, known as a coacervate, above a transition
temperature (T;). This T; can be precisely tuned by selection of the hy-
drophobicity of Xaa and the number of repeats, n, of the pentamer se-
quence. When ELPs with different T,;s are combined in the same
polymer, they can assemble stable protein nanoparticles at tempera-
tures between the T, of the two ELPs [19]. ELPs can also be fused to
targeting proteins that retain their cell-binding or drug-binding abilities
[19-22]. This manuscript explores a specific ELP nanoparticle comprised
of the diblock copolymer, SI, which has 48 serine (Xaa = Ser)
pentamers at the amino terminus and 48 isoleucine (Xaa = Ile)
pentamers at the carboxy terminus.

We have previously shown that the LG expresses CAR at one of the
highest levels in the body [23]. CAR is a cell adhesion protein [24]
targeted by the fiber capsid protein of adenovirus serotype 5 (Ad5). Tis-
sues with high surface expression of CAR, including the LG and the liver,
are highly transducible with Ad5, which suggests that under certain
conditions CAR mediates internalization [23]. Although our group was
the first to suggest this entry mechanism in the LG, endocytosis of CAR
is supported by another study [25]. We and others have subsequently
shown that the affinity of fiber protein for CAR can be replicated by
truncations of its terminal domain, called knob. In a previous cell-
culture study using only liver-derived cells, fusion of the knob domain
to SI nanoparticles (KSI) conferred CAR-mediated internalization [19].
In contrast, for the first time this study demonstrates in vivo that KSI
nanomaterials can be endocytosed into the LG and, surprisingly, that a
subpopulation of these nanoparticles are efficiently transcytosed into
the lumen.

2. Material and methods
2.1. Materials and reagents

Terrific broth dry powder growth medium was from MO BIO Labora-
tories, Inc. (Carlsbad, CA). NHS-Rhodamine was from Thermo Fisher Sci-
entific (Rockford, IL). Sulfo-Cy5 NHS ester was from Lumiprobe Corp.
(Hallandale Beach, FL). Copper chloride, isopropyl-beta-p-thiogalacto-
pyranoside, and polyethylenimine were from Sigma-Aldrich (St. Louis,
MO). The knob domain gene sequence cloned into vector pUC57 was

from Integrated DNA Technologies (Coralville, IA). The pET-25b(+)
vector was from Novagen (Madison, WI). LysoTracker® Red DND-99,
fluorescein 10,000 MW dextran (anionic), and CellLight® RFP-Rab5a
BacMam?2.0 reagent were from Life Technologies (Grand Island, NY).
The QIAprep Spin Miniprep Kit and QIAquick Gel Extraction Kit were
from Qiagen (Valencia, CA). Matrigel™ was from Collaborative Bio-
chemicals (Bedford, MA). Doxycycline was from Clontech (Mountain
View, CA). 35 mm glass-bottomed culture dishes were from MatTek
Corp. (Ashland, MA). 4-20% PAGEr Precast Gels were from Lonza
(Rockland, ME). Tissue-Tek® O.C.T™ compound was from Sakura
Finetek USA (Torrance, CA).

2.2. Biosynthesis and characterization of ELPs

Recombinant plasmids encoding the ELP diblock copolymers, SI and
KSI, were synthesized using plasmid recursive directional ligation [26].
The KSI protein polymer consists of a N-terminal 22nd 3-repeat of the
Ad5 fiber shaft (15 amino acids) which is necessary for structural fold-
ing [27], the full-length Ad5 knob domain (GenBank Number:
AB361382.1), a thrombin cleavage site (Gly-Leu-Val-Pro-Arg-Gly-Ser),
and a C-terminal (Val-Pro-Gly-Ser-Gly)4g(Val-Pro-Gly-lle-Gly)4gY (SI),
in order. ELP gene construction was carried out in a pET25b(+) vector
in TOP 10 competent cells followed by protein expression in the BLR
(DE3) Escherichia coli strain. E. coli encoding SI was amplified as report-
ed previously [19]. E. coli expressing KSI was first grown in 5 mL terrific
broth medium supplemented with ampicillin (100 pg/mL) at 37 °C at
250 rpm overnight. 0.5 mL of overnight culture was then incubated
in 1 L of terrific broth containing ampicillin. Isopropyl-beta-p-
thiogalactopyranoside induction was initiated when the optical density
(OD 600 nm) reached 0.5. KSI expression was induced by isopropyl-
beta-D-thiogalactopyranoside (0.5-1 mM) at 25 °C for 6 h. ELPs were
purified using inverse transition cycling [28]. In general, at least five
rounds of cycling were needed to obtain pure ELP samples. The purity
of ELP protein polymers was assessed by SDS-PAGE using 4-20% gradi-
ent gels stained with a 10% (w/v) CuCl, staining solution.

2.3. Dynamic light scattering and zeta potential measurement of ELPs

Hydrodynamic diameters and polydispersity for each construct
were measured using dynamic light scattering (DLS). Samples were
prepared at 25 puM in PBS and filtered through a Whatman Anotop filter
with a 0.02 um pore size at 4 °C. 90 pl of each sample was transferred to a
pre-chilled 384 well microplate, centrifuged at 4 °C to remove air bub-
bles, and covered with 20 pl of mineral oil to prevent evaporation. Sam-
ples were then measured by a Wyatt DynaPro plate reader (Santa
Barbara, CA) over a range of temperature from 10 °C to 37 °Cin 1 °Cin-
crements. Surface charge (zeta potential) of ELP protein polymers was
determined on a Zetasizer (Malvern, Worcestershire, UK). Similarly,
samples were prepared at 25 uM in PBS and passed through a 0.02 pm
filter at 4 °C. 1 mL of each sample was applied to the disposable mea-
surement cell. Zeta potential was estimated from the electrophoretic
mobility across an applied electric current at temperatures above
and below the assembly temperature for the SI and KSI nanoparticles
(Supplementary Table S1).

24. Fluorescent labeling of ELPs

ELP samples were labeled with rhodamine (Rh) or sulfo-Cy5
using N-hydroxysuccinimide chemistry. For Rh and Cy5 conjugation of
ELPs, reactions were performed in 0.1 M sodium bicarbonate solution
(pH 8.3-8.5) at4 °C for 3 h for KSI or overnight for SI, and the conjugated
ELPs were separated by size exclusion chromatography on a PD10
desalting column (GE Healthcare, Piscataway, NJ).
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2.5. Animals and animal procedures

Female New Zealand White rabbits weighing between 1.8 and 2.2 kg
were obtained from Irish Farms (Norco, CA). Male BALB/c mice aged 12-
14 weeks were purchased from Charles River Laboratories (Hollister,
CA). All animal procedures were approved by the University of Southern
California Institutional Animal Care and Use Committee and followed
the Guide for the Care and Use of Laboratory Animals (NIH publication
No. 85-23, Revised 1996). For intra-lacrimal injection of SI and KSI
and evaluation of fluorescence distribution by confocal fluorescence mi-
croscopy, male BALB/c mice were anesthetized with an i.p. injection of
xylazine 8 mg/kg and ketamine 60 mg/kg. The LG was exposed by a
small incision along the axis between the lateral canthus of the eye
and the ear. 5 pl of 50 uM Rh-labeled SI or KSI and 50 pg of fluorescein
10 k dextran were injected directly into the LG using a NanoFil syringe
with a 33 gauge needle (World Precision Instruments, Sarasota, FL).
For analysis of fluorescence distribution by confocal fluorescence
microscopy, the injected LGs were removed after 1 h, placed in Tissue-
Tek® O.C.T™ compound, snap frozen in liquid nitrogen, cut into 10-
um-thick sections, mounted to slides, and stored at — 80 °C. For intra-
lacrimal injection of SI and KSI and evaluation of nanoparticle distribu-
tion by transmission electron microscopy (TEM), male BALB/c mice
were similarly anesthetized and injected with 5 pl of 50 uM Rh-KS],
50 pM Rh-SI, or 5 pl of free rhodamine dye in PBS. The LGs were removed
and processed for TEM as described below.

2.6. Acinar cell isolation and primary culture

Primary acinar cells were collected from LGs from female New
Zealand white rabbits using previously established protocols [29]. The
isolated LGACs were plated on 35 mm glass-bottomed dishes, coated
with Matrigel™ diluted 1:50 in Dulbecco's PBS, at a density of
6.0 x 107 cell/dish and cultured for 2-3 days in Peter's complete medi-
um (PCM) before analysis. Rabbit LGACs prepared in this way reconsti-
tute to form acinus-like structures with distinct basal-lateral and apical
domains, a defined actin network enriched beneath the apical plasma
membrane (AM) and produce mature secretory vesicles located in the
subapical region beneath the lumena [30].

2.7. Adenovirus and baculovirus transduction and real-time fluorescence
imaging

Adenoviral (Ad) constructs used in this study include genes that are
constitutively expressed (e.g. Ad mCherry-myosin Vb tail DN and Ad
YFP-Rab27b) and others which are inducible upon addition of doxycy-
cline (e.g. Ad GFP-actin and Ad mCherry-Rab3D). The inducible Ad con-
structs required co-transduction with the Tet-on Ad helper virus and
addition of doxycycline to express regulatory proteins recognizing the
reverse Tet repressor and allowing expression of the gene of interest.
Transduction of LGACs with Ad constructs was done on the second
day of culture. All Ad constructs were used at a multiplicity of infection
of 5 and analyzed 16-18 h after transfection. To study the internaliza-
tion of KSI, reconstituted rabbit LGACs co-transduced with Ad GFP-
actin and Tet-On Ad helper virus at 37 °C were utilized to highlight
the basolateral membrane (BLM) and apical membrane (AM) regions,
as described previously [31]. To inhibit the transcytosis of KSI, Ad
mCherry-myosin Vb tail DN was utilized, a truncated mutant of myosin
Vb N’-terminally fused with a mCherry fluorescent protein tag [32].
Other constructs were also utilized to label specific intracellular traffick-
ing pathways. To label early endosomes, LGACs were incubated with
Cell Light RFP-Rab5a BacMam 2.0, a modified baculovirus expressing a
fusion construct of the early endosome marker, Rab5a, and red fluores-
cent protein (RFP), at a final concentration of 30 particles per cell on day
2 of culture followed by 16 to 18 h incubation at 37 °C. The transduced
cells could be identified visually by the expressed vesicular red fluores-
cence. For intracellular trafficking studies, these transduced LGACs were

incubated with 30 uM of Cy5-KSI at 37 °C for 60 min before imaging or,
alternatively, pulsed with 30 uM of Cy5-KSI at 37 °C for 10 min. The Cy5-
KSI was then removed and LGACs were chased for 45 min with simulta-
neous imaging by confocal fluorescence microscopy utilizing a Zeiss
LSM 510 Meta NLO imaging system (Thornwood, NY) equipped with
Argon, red HeNe, and green HeNe laser, and a Coherent Chameleon Ti-
Sapphire laser mounted on a vibration-free table.

2.8. Quantification of fluorescence signal

For evaluation of the percentage of fluorescence recovered within
the cellular area versus the lumenal region, the lumenal and cytosolic
areas within each LGAC cluster were selected by defining the regions
of interest. The fluorescence intensities within these regions were ana-
lyzed using Image] v1.43u (US National Institutes of Health, Bethesda,
MD); fluorescence intensity within each region of interest was deter-
mined by calculating the integrated fluorescence intensity corrected
for background. The ratio of fluorescence intensity in the lumen to
that in the cytosol was calculated. For optimal resolution, each fluores-
cent image was converted from an RGB to an 8-bit grayscale image be-
fore analysis. The fluorescent intensities, presented in the X-axis of
Figs. 2, 5 and 6 are expressed as pixels/area.

2.9. Transmission electron microscopy

The morphology of the SI and KSI nanoparticles was observed by
cryogenic transmission electron microscopy (cryo-TEM). ELP solutions
were kept in an ice bath (4 °C) before processing and then raised to
37 °C immediately prior to cryo-TEM sample preparation using an FEI
Vitrobot. A typical procedure involves several steps as described
below. In brief, ~6 L of the sample solution was first loaded on a TEM
copper grid coated with a lacey carbon film, and the grid was placed
in the Vitrobot chamber with controlled temperature and humidity.
After blotting of the excess solution using preset Vitrobot parameters,
the grid containing a thin solution layer (~less than 300 nm) was
plunged into a liquid ethane reservoir that was cooled and surrounded
by liquid nitrogen. After approximately 30 s, the sample was carefully
transferred to a liquid nitrogen Dewar and stored in liquid nitrogen
temperature before imaging. Throughout the imaging process, the
cryo-TEM samples were kept at a temperature below — 170 °C. For
analysis of ELPs in vivo by transmission electron microscopy (TEM)
the LG in male BALB/c mice was injected with Rh-KSI, Rh-SI, or free
rhodamine dye as described above. The LGs were removed and fixed
in half-strength Karnovsky's fixative solution at 4 °C overnight. After
fixation, the samples were carefully minced into 1-mm°> pieces,
rinsed three times in 0.1 M cacodylate buffer, postfixed in 2% osmium
tetroxide on ice for 2 h, and stained en bloc with 1% uranyl acetate over-
night. The samples were dehydrated in serially graded ethanol and infil-
trated in eponate resin prior to embedding. The sections were cut at a
thickness of 75 nm, placed on copper grids and examined at 100 kV.
To compare the size of two types of nanoparticles obtained from cryo-
TEM and TEM, SI and KSI were randomly selected and quantified with
Image].

2.10. Statistics

Values are presented as mean = SD. Data from different experiments
with only two groups were analyzed using an unpaired two-tailed Stu-
dent t-test (GraphPad Prism 5.0.1). Experiments with four groups were
compared with a global ANOVA followed by the Tukey post-hoc test. To
satisfy the homogeneity of variance assumption, the raw intensity
values were transformed by the Log;o function prior to ANOVA. The cri-
terion for statistical significance was p < 0.05.
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3. Results and discussion
3.1. Characterization of ELP diblock copolymer nanoparticles

The immediate goal of this study was to explore the internalization
pathways of ELP nanoparticles displaying the Ad5 fiber knob domain
in LGACs. SI and KSI are diblock copolymer ELPs, consisting of the N-
terminal hydrophilic (Val-Pro-Gly-Ser-Gly)4s moieties and C-terminal
hydrophobic (Val-Pro-Gly-Ile-Gly)4s moieties. Above a critical micelle
temperature, both constructs assemble monodisperse nanoparticles
(PDI < 0.1) with slightly negative zeta potentials (—5.9 to —7.9 mV)
(Supplementary Table S1, Supplementary Fig. S1A). At neutral pH the
amino and carboxy termini of SI carry positive and negative charges re-
spectively; however, nanoparticle assembly has no effect on zeta poten-
tial. As SI lacks charged amino acids, this suggests that SI nanoparticles
are stabilized by steric repulsion provided by the hydrophilic ELP, and
not by electrostatic repulsion. With the addition of the adenoviral
knob protein, KSI showed a slightly negative shift in zeta potential,
which suggests that it may be stabilized by a combination of steric
and electrostatic forces. Since cell surfaces are negatively charged, the
stabilization of KSI may help prevent nonspecific electrostatic adsorp-
tion and promote CAR-mediated specificity. Then, SDS-PAGE was used
to characterize the molecular weights of ELP constructs (Supplementary
Fig. S1B) revealing a molecular mass of ~38 kDa for SI and ~60 kDa for
KSI, consistent with the theoretical molecular masses reported in Sup-
plementary Table 1. The image was analyzed using Image] to reveal
the purity as 98.5% for SI and 94.5% for KSI.

3.2. Dimensions and size homogeneity of ELP nanoparticles with and with-
out the knob domain

We next determined the size homogeneity and morphology of KSI
compared to that of its SI counterpart. The hydrodynamic diameters of
nanoparticles assembled by SI and KSI, determined by dynamic light
scattering (DLS), were 47.1 4+ 1.8 nm and 43.2 4 0.6 nm, respectively
(p <0.0001) (Supplementary Table S1). In prior reports, the addition
of the Ad5 knob domain reduced the critical micelle temperature slight-
ly; however, the hydrodynamic diameter and stability at physiological
temperatures were nearly unaffected by the fusion of Ad 5 knob domain
[19]. Despite the increased molecular weight for monomers of KSI com-
pared to SI, the resulting nanoparticles have nearly identical sizes. This
suggests that KSI nanoparticles stabilize at a lower number of polymers
per particle compared to SL If so, this might result from a larger hydro-
philic fraction for KSI (66% vs. 48% for SI), which could result in a larger
radius of curvature per polymer [33,34].

To explore any confounding difference between SI and KSI nanopar-
ticles, cryo-TEM was employed (Fig. 1A). For this analysis, particles
suspended in PBS were shock-frozen in liquid ethane. The suspension
was supercooled to form a vitrified thin layer so that the particles
could be directly studied in situ. Fig. 1A shows that SI and KSI formed
nearly spherical particles with similar size homogeneity. Particle sizes
of SI and KSI, measured by DLS and cryo-TEM, are presented in Fig. 1B.
The diameter of the KSI nanoparticles (32.0 4 3.5 nm) from cryo-TEM
was similar to that of the SI nanoparticles (32.4 + 4.2 nm) and there
is no statistically significant difference between the two constructs
(Fig. 1B). The particle sizes determined by cryo-TEM are slightly smaller
than the sizes reported from DLS, a difference possibly resulting from
the presence of the hydration layer on the surface of core-shell ELP
nanoparticles. This shell can be detected by DLS but is not visible by
cryo-TEM. A similar phenomenon is observed for soft colloidal nanopar-
ticles but not hard shell particles [35]. Moreover, the hydrodynamic di-
ameter from DLS measures an average that is also influenced by the
slight irregularity in the shape of the particles. Despite the slight differ-
ences in size, morphologies of both KSI and SI from cryo-TEM are gener-
ally consistent with the results from DLS. These observations suggest
that fusion of Ad5 knob domain to the SI core nanoparticle minimally

Fig. 1. Genetic fusion of the Ad5 knob domain to SI has minimal impact on the morphology
of ELP nanoparticles. (A) Cryo-TEM micrographs of ELP nanoparticles with and without
the Ad5 knob domain. (B) A comparison of diameters from ELP nanoparticles imaged by
cryo-TEM and DLS. For cryo-TEM, the average diameters of SI and KSI, measured with
Image], were 32.4 + 4.2 nm and 32.0 + 3.5 nm, respectively. Values are expressed as
mean =+ SD (n = 15). For DLS, the average diameters of SI and KSI were 47.1 + 1.8 nm
and 43.2 + 0.6 nm, respectively. Values are expressed as mean + SD (n = 10).
p value < 0.0001 (Student t-test). Statistical comparison was not performed between
cryo-TEM and DLS techniques because they measured different aspects of particle
formation.

influences the nanoparticle diameter and morphology and that differ-
ences in their cellular trafficking result from receptor-mediated
interactions.

3.3. Internalization and transcytosis of ELP fusions in LG acini

KSI exhibits a fiber knob-dependent and CAR-mediated endocytosis
in transformed mouse hepatocytes; however, prior to this report it was
unknown if these particles would interact with the LG. Similarly to he-
patocytes, cells of the LG abundantly express CAR; therefore, LG CAR
could be an excellent target for the selective delivery of KSI. To explore
this hypothesis, three-dimensional cultures obtained from rabbit LGs
were used to investigate the targeting and internalization of KSI. As doc-
umented in previous studies, isolated primary LGACs assemble into
ovoid clusters after two days in culture, mimicking the acinar-like struc-
tures present in the LG [36]. A schematic of a typical reconstituted aci-
nus comprised of LGACs is shown in Fig. 2A (right) with several
reference points, including a central lumen bounded by the apical mem-
brane (AM) of adjacent cells, mature secretory vesicles (SVs) in the sub-
apical region, beneath the basolateral membrane (BLM).

As shown in Fig. 2A, fluorescently labeled Rh-SI or Rh-KSI was incu-
bated with LGACs transduced with Ad GFP-actin. GFP-actin was used to
delineate the apical lumen of reconstituted LG clusters due to its incor-
poration into the dense sub-apical meshwork of actin filaments proxi-
mal to the lumen. In addition to detection of intracellular puncta,
presumed to be membrane compartments, Rh-KSI was clearly observed
within the lumenal area of LG clusters, compared with control Rh-SI.
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Fig. 2. KSI is internalized and accumulates in the cytosol and lumena of rabbit LGAC expressing GFP-actin. (A) Live cell imaging comparing the intracellular distribution of ELPs with and
without Ad5 knob after 1 h incubation at 37 °C. Green, GFP-actin; red, Rh-conjugated SI or KSI; *, lumenal space; scale bar indicates 10 pm. Schematic diagram on the top right depicts
reconstituted rabbit LGACs shown on the first row (Control), and indicates the presence of apical plasma membrane (AM), secretory vesicles (SV) and the basolateral membrane
(BLM). *, acinar lumen. (B) Quantification of fluorescent intensity in LGACs treated with SI and KSI. ***, p value < 0.005 (ANOVA followed by Tukey post-hoc test). (C) Quantification of
the fluorescence intensity expressed as a ratio of lumenal to cytosolic fluorescence. **, p value = 0.009 (Student t-test). For (B) (C), fluorescence intensity was analyzed using Image].

Data are presented as mean 4 SD (n = 5).

This suggests that an active transport mechanism moves KSI from the
basolateral to the apical membrane in these polarized LGAC cultures.
The confocal fluorescence images of LGAC clusters were quantified by
Image] to compare average fluorescent intensities in cytosol and
lumen (Fig. 2B) and estimate the ratio of nanoparticles between the
lumen to cytosol (Fig. 2C). The fluorescence intensity in the lumen of
acini exposed to KSI was much higher than that in cytosol, while for
acini exposed to SI, the fluorescence intensity in the lumen was lower
than that in the cytosol (p = 0.001). When the lumen intensity was nor-
malized by the cytosolic intensity, the ratio for KSI was significantly
(p = 0.009) higher than for the SI control. This finding suggests that
the addition of the knob domain to SI enhances the basolateral-to-apical
transcytosis of the ELP nanoparticles, which possibly paves a way to uti-
lize the KSI nanoparticle to selectively deliver therapeutic agents to lac-
rimal epithelial cells, tear ducts, and the ocular surface.

3.4. Characterization of KSI intracellular trafficking in LGACs

Previous reports have suggested that the Ad5 knob domain adminis-
tered through intravenous injection is internalized in the liver and
sorted into acidic compartments of hepatocytes for degradation [37].
We hypothesized that the uptake of KSI in rabbit LGACs should involve
the classical endosomal pathway and further that KSI remaining in acini
that did not appear to pass to the lumen would be recovered in acidic
lysosomal compartments. To evaluate this, Rh-SI or Rh-KSI was incubat-
ed with rabbit LGACs at 37 °C for 60 min before confocal fluorescence
microscopy imaging (Fig. 3). LysoTracker green was used as an acidic
compartment marker for late endosomes and lysosomes in LGACs. As

can be seen in Fig. 3, LGACs without any ELP treatment showed no fluo-
rescence signal (absence of red label). LGACs incubated with Rh-SI
showed significant surface association as well as enhanced labeling of
single cells present in the preparation. Some internalization was seen
in puncta that colocalized with LysoTracker-labeled compartments (ar-
rowheads). In contrast, almost no surface labeling of acini was seen for
Rh-KSI which instead mainly internalized to puncta partially co-
localized with LysoTracker green; furthermore, Rh-KSI again showed
significant lumenal accumulation. Based on these findings, we proposed
that the internalized SI and KSI are partially transported to late
endosomes and lysosomes, but that KSI internalization occurs more ef-
ficiently and is further transported via transcytosis.

Early endosomes are well-established recipients of endocytosed ma-
terial in many cell types [38]. In epithelial cells internalized cargos are
first trafficked into basolateral early endosomes (BEEs), where they
can either be transported to common recycling endosomes and apical
recycling endosomes consecutively before the release of cargos into
the apical lumen, or alternatively they may be delivered to late
endosomes and then lysosomes [39]. To investigate whether internal-
ized KSI traffics to BEEs in the LG, reconstituted LGACs, transduced
with the BEE marker, RFP-Rab5a, were incubated with fluorescence la-
beled Cy5-KSI and analyzed by time-lapse confocal fluorescence micros-
copy (Fig. 4 and Supplementary Video S1). Similarly to Rh-KSI, Cy5-KSI
was also trafficked to the lumen of LGACs, indicating that this effect was
dye independent. Fig. 4A shows that the Cy5-KSI was enclosed by
Rab5a-enriched vesicles by 60 min, indicative of the delivery of internal-
ized KSI into Rab5a-enriched BEEs. As seen in Fig. 4B, a pulse-chase ex-
periment with labeled KSI over a time course of 45 min of incubation
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Fig. 3. ELP nanoparticles traffic to low pH compartments in rabbit LGACs. 30 pM of Rh-coupled SI or KSI was incubated with rabbit LGACs at 37 °C for 1 h, and imaged using confocal fluo-
rescence microscopy. KSI (red) exhibited significant co-localization with acidic compartments labeled by LysoTracker green (green) as well as lumenal (*) accumulation. SI showed sig-
nificant surface binding and also some internalization to acidic compartments labeled by LysoTracker green. Arrowheads indicate the co-localization of SI or KSI with acidic compartments.

White lines delineate the BLM of LG acinar clusters. *, lumena. Scale bar indicates 10 um.

showed that the internalization of KSI to BEEs was observed by 10 min.
In particular, the internalized KSI underwent a dynamic continuous ex-
change and redistribution from smaller BEEs to larger BEEs, possibly
through homotypic fusion of early endosomes (Supplementary Video
S1). A loss of fluorescence signal, possibly due to photobleaching or
transfer of some KSI from early endosomes to proximal trafficking com-
partments, was observed at later time points. Combined with data in
Fig. 3, these results suggest that KSI internalized by receptor-mediated
endocytosis was first sorted into Rab5a-enriched BEEs, and then a frac-
tion of this endocytosed material was delivered to late endosomes and
lysosomes.

Having identified the primary routing steps for endocytosed KSI in
LGACs, we next explored the subsequent trafficking steps involved in
release of KSI into the apical lumen. Previous studies from our laborato-
ry have identified at least three pathways for apically directed secretion
of tear proteins in LGACs: the Rab11a/myosin Vb mediated transcytotic
pathway [32] and the Rab3D and/or Rab27b regulated secretory path-
ways [40-42]. Rab3D and Rab27b are predominantly localized to dis-
tinct populations of secretory vesicles in the subapical region of LGAC
that originate from the trans-Golgi network, although a subpopulation
expressing both Rab proteins may exist. To investigate whether the
Rab3D and Rab27b regulated secretory pathways are involved in the re-
lease of KSI into the acinar lumen of LG, LGACs were transduced with ei-
ther YFP-Rab27b or mCherry-Rab3D followed by imaging of cells
subjected to pulse chase uptake experiments. Fig. 5C shows that the in-
ternalized Cy5-KSI (red) did not co-localize with YFP-Rab27b or
mCherry-Rab3D (green), indicating that the secretion of KSI is not me-
diated through secretory vesicles enriched in Rab3D or 27b.

We next evaluated the role of the Rab11a/myosin Vb regulated
transcytotic pathway. We have shown that expression of dominant
negative (DN) myosin Vb tail directly impairs the movement of

transcytotic vesicles and their cargos from Rab11a-enriched apical
endosomes to the apical membrane, thus inhibiting transcytosis in
LGACs [32]. The Rab11a-enriched apical endosome is well established
in the trafficking of another transcytotic cargo receptor, the polymeric
immunoglobulin A receptor, responsible for transcytosis of dimeric
IgA into tears [42]. In Fig. 5, LGACs were transduced with recombinant
adenovirus encoding GFP-actin (green) with or without mCherry-
myosin Vb tail DN (red), an N-terminal mCherry fluorescent protein
fused to a truncated mutant of myosin Vb motor, which associates
with vesicle cargo but does not have motor function. Transduced acini
were then incubated with Cy5-KSI. As can be seen in Fig. 5A, the Cy5
fluorescent signal (purple) recovered within the lumenal regions
surrounded by apical GFP-actin was reduced in LGACs co-transduced
with Ad mCherry-myosin Vb tail DN compared to that with Ad GFP-
actin alone. The fluorescent KSI signal was quantified using Image]
in the cytosol and lumena (Fig. 5B) and the ratio of lumenal to
cytosolic fluorescence was calculated (Fig. 5C). Although the dual trans-
duction of adenovirus slightly reduced the level of KSI internalization
compared to single transduction (Fig. 5B), there is a statistically signifi-
cant (p = 0.031) reduction of the KSI signal calculated from the ratio of
lumen to cytosol (Fig. 5C). In LGACs in which transcytotic trafficking has
been selectively impaired, Cy5-KSI accumulation in the lumenal region
was inhibited, demonstrating that its transport to the lumen was via
the transcytotic pathway.

3.5. Characterization of KSI intracellular trafficking in vivo

To further evaluate the potential of KSI as a targeted vehicle in vivo,
our next step was to confirm the internalization and transcytotic behav-
ior of KSI in a mouse model. First, we confirmed the expression and
biodistribution of CAR in the LG of BALB/c mice by immunofluorescence,
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Fig. 4. Intracellular trafficking of KSI nanoparticles in LGACs. (A) Internalization of KSI to early endosomes in live rabbit LGACs expressing RFP-Rab5a, a marker of early endosomes. LGACs
transduced with RFP-Rab5a (green) were treated with 30 pM of Cy5-KSI (red) at 37 °C for 1 h, washed with DPBS twice, and analyzed by confocal fluorescence microscopy. Arrowheads
indicate Cy5-KSI in early endosomes. (B) LGACs transduced with RFP-Rab5a (green) were pulsed with 30 pM of Cy5-KSI (red) at 37 °C for 10 min, rinsed and followed by a 45 min chase in
fresh PCM at 37 °C. The yellow-boxed region is expanded in time-lapse images shown successively to the right. Arrowheads indicate early endosomes that include Cy5-KSI at earlier times
but show label dissipating at later times of incubation. White lines depict the periphery of the reconstituted cluster of LGAC obtained by phase contrast imaging. (C) LGACs expressing
mCherry-Rab3D (red) or YFP-Rab27b (red) were pulsed with 30 uM of Cy5-KSI (green) at 37 °C for 10 min and imaged for 45 min in fresh PCM at 37 °C. Internalized KSI did not associate
with either Rab3D or Rab27b in live rabbit LGACs. Data were presented at the indicated time points. White lines depict the periphery of the reconstituted cluster of LGACs. Arrowheads

indicate internalized Cy5-KSI. Scale bars indicate 5 um.

which revealed primarily basolateral enrichment with traces at the api-
cal membrane (Supplementary Fig. S2). Rh-SI or Rh-KSI, mixed with
fluorescein 10 k dextran as a marker of fluid phase uptake, was admin-
istered using intra-lacrimal injection. 1 h after injection the LG was re-
trieved and analyzed (Fig. 6A). Although fluorescein 10 k dextran
clearly presented in the LG around the acinar cluster, LGs injected
with Rh-SI displayed weak to no fluorescent signal in cytoplasm or
lumena of LGAC, indicative of little uptake of SI in vivo (Fig. 6A left).
However, in the mice injected with Rh-KSI, KSI puncta appeared inside
the LGACs where fluorescein 10 k dextran was recovered, suggesting
that KSI was internalized. Additionally, the KSI signal was also detected
in the apical region of the LGACs, suggesting that the basolateral to api-
cal transcytosis found in vitro occurs in vivo as well. The images in
Fig. 6A were quantified by Image] in terms of the fluorescent signals
in each LG whole acinus (Fig. 6B) and lumenal region (Fig. 6C). By con-
sidering each LG cluster, KSI displayed a 4-fold increased internalization
in acini relative to SI (p < 0.0001) (Fig. 6B). For those analyzed LG acini,
the fluorescent signal in the apical region of LGACs was >7-fold higher
with KSI relative to SI (p = 0.01) (Fig. 6C). These results suggest that

knob enhances the tissue affinity of SI in vivo, and that internalized
KSI can be transcytosed to the apical region of LGACs and released
into the lumen.

To further confirm the internalization and intracellular trafficking of
SI and KSI, we repeated the intra-lacrimal injections and analyzed the
glands by TEM. The images in Fig. 7 show sections from both apical
and basolateral regions of mouse LG after injection with free rhodamine,
Rh-SI, and Rh-KSI. The rhodamine label (not shown) was utilized to
identify the area around the needle track. LGs injected with free rhoda-
mine were used as a control group. Apical and basolateral membranes
were identified based upon the relative locations of mitochondria, nu-
clei, secretory vesicles, and epithelial microvilli. As shown in Fig. 7, no
particles were observed in the control group administered with free
rhodamine dye (Fig. 7, free dye panels). For LGs injected with Rh-SI, SI
nanoparticles could only be observed in extracellular spaces next to
the basolateral membrane of mouse LG; none of these particles were
seen in the apical region or lumen (Fig. 7, SI panels), consistent with
what we observed in vitro and with fluorescent labeling in vivo. Howev-
er, for LGs injected with Rh-KSI, we observed internalized uniform
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Fig. 5. Overexpression of a dominant negative myosin Vb tail impairs basolateral-to-apical transcytosis of KSI in LGACs. (A) Reconstituted rabbit LGACs, co-transduced with AdGFP-actin
(green) to delineate morphology, Ad mCherry myosin Vb tail DN (red), and Ad helper virus, were incubated with 30 uM of Cy5-KSI nanoparticles (purple) at 37 °C for 1 h before analysis.
*, lumenal region of LGACs. Scale bar indicates 10 pm. (B) Quantification of fluorescence intensity in lumen and cytosol of LGACs with or without the dominant negative myosin Vb tail,

Hok

which inhibits transcytosis.

, p value < 0.005 (ANOVA followed by Tukey post-hoc test). Data were expressed as Mean =+ SD (n = 4). (C) Quantification of fluorescence intensity as a ratio

of lumenal to cytosolic fluorescence. Data are expressed as Mean + SD (n = 4). KSI, 0.83 4 0.48; KSI with inhibition, 0.13 + 0.09; p value = 0.031 (Student t-test).

nanoparticles enclosed in vesicular structures both at the basolateral
and apical membranes of mouse LGs as well as in the lumen (Fig. 7,
KSI panels), again confirming the endocytosis and basolateral-to-
apical transcytosis of KSI. Some KSI nanoparticles were also observed
in autophagosome-like structures close to the basolateral membrane.
The box-and-whisker plot shows that the diameter of SI nanoparticles
(21.1 £ 4.6 nm) is similar to KSI nanoparticles (20.2 4 2.8 nm), consis-
tent with cryo-TEM imaging (Fig. 1).

3.6. Hypothesized trafficking model of Knob-ELP

Based on the data collected previously [19] and in this manuscript,
the following model is proposed for trafficking KSI in LGAC (Fig. 8). En-
docytosis, initiated by the binding of recombinant knob on the KSI nano-
particles to the CAR on the basolateral membrane, is followed by
transport to early endosomes enriched in Rab5. Thereafter, KSI is sorted
into vesicles utilizing myosin Vb motors for delivery to the apical mem-
brane and released into the lumena. Prior studies have shown that
transcytosis of Rab11a vesicles is myosin Vb dependent. [32] The re-
maining KSI is sorted into late endosomes, autophagosomes and
lysosomes.

In this study, we observed a distinct intracellular trafficking pathway
of the KSI nanoparticle in primary cells of the lacrimal gland. Prior stud-
ies of transformed hepatocytes showed that KSI nanoparticles undergo
CAR-dependent internalization and are transported to lysosomes. In
contrast, KSI in the LG is transported to the apical membrane and
lumen through an intact transcytotic pathway. The mechanisms behind
the distinct trafficking behavior in these two cell types remain to be in-
vestigated. Both hepatocytes and LGACs are specialized epithelial cells,

featuring apical-basal polarity maintained by tight junctions via protein
complexes, and are responsible for vectorial transport of ions and sol-
utes across the epithelium. CAR has been identified as a regulator in
tight junction permeability for many years, but its biological function
and trafficking mechanism in mammalian cells remain unknown. How-
ever it is possible that a disparity in CAR function in the hepatocytes and
LGACs may play a role in the different trafficking patterns of KSI-CAR
complexes between hepatocytes and LGACs. CAR splice-variants have
been identified in many tissues [43,44] and each of them may exhibit al-
ternative functions. CAR is expressed as at least two isoforms containing
identical extracellular and transmembrane domains, which predict
identical serotype preference and adenovirus binding, and differ only
in the last 26 (CAR®) or 13 (CAR®®) amino acids of the cytoplasmic do-
main [45]. CAR®™” and CAR®*® share a similar class of PDZ-binding do-
main, but interact with different PDZ-domain containing proteins,
which may trigger distinct signaling and sorting pathways [46]. For ex-
ample, CAR®® interaction with PDZ-domain containing protein MAGI-
1b results in CAR®™® degradation, while this interaction cannot be ob-
served in CAR®*’ [46]. In addition, the cytoplasmic tail of CAR contains
9 lysines which may serve as ubiquitylation sites for endocytosis and
trafficking of CAR to lysosomes for degradation. Deletion of this protein
sequence may abolish ubiquitylation, causing resorting of CAR to the
cell surface or other intracellular compartments [47].

As model systems, we investigated the intracellular trafficking and
transcytosis of KSI nanoparticles in the rabbit LGAC ex vivo and evaluat-
ed the LG retention of KSI nanoparticles in the mouse LG in vivo. Part of
the rationale for using two different species was that the ex vivo system
for LGAC production requires large sources of primary tissue, which can
be obtained from rabbits. In contrast, the mouse LG is easily accessible
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Fig. 6. Comparison of in vivo ELP nanoparticle accumulation in LGs from BALB/c mice. (A) Intra-lacrimal gland injection of Rh-coupled KSI (red) into LGs of 12 week BALB/c mice showed
significant internalization, LG retention, and lumenal accumulation compared to SI (red). Fluorescein 10 k dextran (green) was used as a control and fluid-phase marker. White arrowhead
indicates internalized KSI close to or in the apical/lumenal region of mouse LGACs. Scale bar indicates 10 um. (B) Quantification of fluorescence intensity for internalized SI and KSI. The
fluorescent signals were analyzed in LG acinar clusters and analyzed using Image]. **** p value < 0.0001 (Student t-test). Bar are expressed as mean + SD (n = 5). (C) Quantification of
fluorescence intensity in the subapical membrane and lumenal region of clusters of mouse LGAC. Data are expressed as mean + SD (n = 5). *, p value = 0.01 (Student t-test).

for direct injection, more so than in a rabbit. While significant anatom-
ical diversity exists between species, many ocular elements are con-
served, which suggest the translational potential of these findings. For
example, rabbits have a blink rate every 6 min (10 s~ ') [48]. Mice and
rats share a similar blink rate averaged every 5 min each blink
(12 s— 1), while human has an average blink rate in every 5 s (0.15-
0.2 s~ 1) [49]. These differences partially result from different eyelid
configurations among species. A faster blink rate reduces the precorneal
residence time on the ocular surface, increases the tear drainage, and al-
ters the drug absorption of a topically applied therapeutics across the
cornea in comparison with a slower blink rate [50]. Cornea is a transpar-
ent multilayered epithelium and serves as the primary barrier to drug
absorption, especially for hydrophilic drugs. The corneal thickness
varies with age, disease, external influences (e.g. contact lenses), dam-
age, and species. Recent research has reported that transporters
expressed in the corneal epithelium may involve the transport of
some hydrophilic drugs [51]; however, corneal transporter-mediated
uptake and elimination can vary largely between species. While param-
eters such as these clearly suggest major differences between species in
ocular pharmacokinetics, the KSI targets the CAR receptor, which is
expressed constitutively in the LG across rabbits, mice, and humans
[23]. Thus the fact that KSI trancytoses through the LGAC in two differ-
ent species, suggests the possibility that it may also have this ability in
the human LG.

Two different fluorescent dyes (rhodamine, Cy5) were evaluated as
labels for KSIin this study. The criteria for fluorescent dye selection were
based on two factors: i) the need to label KSI with either red or far red
wavelength emissions compatible with other double and triple label
microscopy studies; and ii) to demonstrate that KSI transcytosis was
conserved across at least two distinct fluorescent probes. Both rhoda-
mine (e.g. TRAMA) and Cyanine dyes (e.g. Cy5) are small molecule de-
rivatives that link to primary amino acids. Rhodamine derivatives

have high photostability and little sensitivity in physiological pH range
and are suitable for multicolor labeling experiments [52]. In compari-
son, sulfo-Cy5 shows comparable photostability, more intense emission,
and increased water solubility. Therefore, sulfo-Cy5 is well suited for the
labeling of proteins that easily denature in the presence of organic co-
solvents sometimes used for labeling reactions. Rhodamine is excited
by green light; however, Cy5 derivatives are excited by red light
(650 nm) and emit in the far-red region (680 nm). Cy5 is well suited
for triple label live-cell microscopy experiments alongside probes
(RFP-Rab5a, mCherry Rab3D, YFP-Rab27b, mCherry myosin Vb tail
DN) with emissions overlapping that of rhodamine. As KSI conjugated
with either rhodamine or sulfo-Cy5 displayed comparable internaliza-
tion and lumenal accumulation in rabbit LGACs, this further supports
the contention that KSI mediates transport across the polarized cells of
the LG.

Herein, we report for the first time a protein polymer nanoparticle
that selectively enters LGAC in vitro and in vivo and undergoes a
basolateral-to-apical transport for secretion into the apical lumen of
LGAC. LGAC lumena drain into lacrimal ducts that delivery tear proteins
and electrolytes to the surface of the eye. This unusual transcytosing
property of the nanoparticle provides a unique capability that may be
exploited for sustained delivery of drugs to the ocular surface for
those diseases that are currently difficult to treat and require continuous
infusion of drug. Transcytosing nanoparticles could be developed for de-
livery i.v. or s.c., or alternatively injected to form a depot in case of acute
infection or trauma.

4. Conclusion
As a model for targeted transcytosis to the tear ducts, this strategy

has the potential to generate new nanomaterials that act at the LG, the
ducts, or the ocular surface. Based on the ELP diblock copolymer
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Fig. 7. Transmission electron microscopy confirms KSI transcytosis in LGs from BALB/c mice. Transmission electron microscopy images compared mouse LGs from 12 week BALB/c mice
administered with free rhodamine dye, SI or KSI by intra-lacrimal injection. Vesicle-enclosed black puncta close to the apical membrane (AM) of mouse LG acini are KSI nanoparticles. L,
lumen; SV, secretory vesicles; M, epithelial microvilli projecting from the AM of LG acini. Scale bars indicate 1 pm. KSI diameters were summarized in a box-and-whisker plot. Particle di-
ameters are expressed as mean =+ SD. n = 178 and 205 for SI and KSI, respectively. For the box-and-whisker plot, the box expresses mean 4 SD and the whisker shows minimum and

maximum values.

template, KSI fusion proteins assemble into stable, monodisperse, and
biodegradable nanoparticles at physiological temperature. Genetic fu-
sion of the Ad5 knob domain to SI minimally affects the morphology
of the particle but significantly enhances its internalization efficiency.
With efficient targeting to CAR on cells of the LG, KSI nanoparticles are
internalized and transported from basolateral to apical membranes.
KSI nanoparticles represent the first engineered delivery vehicle with
potential for selective delivery of therapeutic agents from serum,
through the lacrimal gland acinar cells, and to the tears bathing the oc-
ular surface.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.12.017.
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ABSTRACT

Millions of Americans suffer from dry eye disease, and there are few effective therapies capable of treating these
patients. A decade ago, an abundant protein component of human tears was discovered and named lacritin
(Lacrt). Lacrt has prosecretory activity in the lacrimal gland and mitogenic activity at the corneal epithelium. Sim-
ilar to other proteins placed on the ocular surface, the durability of its effect is limited by rapid tear turnover. Mo-
tivated by the rationale that a thermo-responsive coacervate containing Lacrt would have better retention upon
administration, we have constructed and tested the activity of a thermo-responsive Lacrt fused to an elastin-like
polypeptide (ELP). Inspired from the human tropoelastin protein, ELP protein polymers reversibly phase separate
into viscous coacervates above a tunable transition temperature. This fusion construct exhibited the prosecretory
function of native Lacrt as illustrated by its ability to stimulate 3-hexosaminidase secretion from primary rabbit
lacrimal gland acinar cells. It also increased tear secretion from non-obese diabetic (NOD) mice, a model of auto-
immune dacryoadenitis, when administered via intra-lacrimal injection. Lacrt ELP fusion proteins undergo
temperature-mediated assembly to form a depot inside the lacrimal gland. We propose that these Lacrt ELP fu-
sion proteins represent a potential therapy for dry eye disease and the strategy of ELP-mediated phase separation
may have applicability to other diseases of the ocular surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The lacrimal gland-corneal axis plays a critical role in maintaining
ocular surface health. While the avascular cornea serves as both a pro-
tective barrier and the main refractive element of the visual system,
the lacrimal gland (LG) is the major organ secreting key proteins and
electrolytes into the tear film that bathes the cornea and, through nutri-
ent and antimicrobial proteins, sustains its function [1,2]. Dry eye dis-
ease (DED) is a multifactorial disease of the ocular surface causing
visual disturbance and tear film instability [3] and can be due to either
aqueous tear insufficiency originating with defects in aqueous tear pro-
duction by the LG [4] or evaporative dry eye associated with meibomian
gland insufficiency [5,6]. According to reports, severe DED affects ap-
proximately 5 million Americans above age 50 and its global prevalence
ranges from 5% to 35% of the population [3]. Traditional approaches to

Abbreviations: DED, dry eye disease; ELP, elastin-like polypeptide; Lacrt, lacritin; T, tran-
sition temperature; LG, lacrimal gland; LGACs, lacrimal gland acinar cells; NOD, non-obese
diabetic; CCh, carbachol.

* Corresponding author at: Department of Pharmacology and Pharmaceutical Sciences,
University of Southern California, Los Angeles, CA 90033-9121, United States.
E-mail address: jamackay@usc.edu (J.A. MacKay).

http://dx.doi.org/10.1016/j,jconrel.2014.11.016
0168-3659/© 2014 Elsevier B.V. All rights reserved.

treat DED include topical administration of artificial tears or the conser-
vation of secreted tears using tear plugs [7] and eye-shields [8]. Since
many cases of DED are associated with inflammation [9,10], some treat-
ments for DED have been proposed that inhibit inflammation of the LG
[11]. None of these methods are satisfactory in replacing the lost regula-
tory functions provided by the many components found in normal tears.
To better sustain the health and homeostasis of the ocular surface there
remains a need for efficient, sustained and targeted DED therapy. In
humans, the inferior palpebral lobe of the LG is accessible for injection
beneath the eyelid; furthermore, if coupled with a sustained release
strategy this route of administration might have clinical relevance, sim-
ilar to intra-vitreal injection or subconjunctival injection.

The discovery of the glycosylated human tear protein, lacritin
(Lacrt), provided critical insight into the potential use of regulatory
tear proteins to treat DED [12,13]. Lacrt was found in a systematic oligo-
nucleotide screen of a human LG cDNA library and exhibited LG specific-
expression [ 14]. Subsequent studies have proven its efficacy in stimulat-
ing peroxidase secretion in cultured rat [14], and both lactoferrin and
lipocalin secretion in cultured monkey lacrimal acinar cells [15]. Lacrt
also promotes constitutive tear secretion by New Zealand white rabbits
and Aire KO mice via topical treatment [16,17], proliferation of trans-
formed human corneal epithelial cells [14,18], and restored health of
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transformed human corneal epithelial cells, primary human corneal ep-
ithelial cells [ 19] and primary monkey lacrimal acinar cells [15] that had
been stressed with the inflammatory cytokines interferon-y and tumor
necrosis factor. Interestingly, Lacrt displays growth factor-like behavior;
however, its specificity for target cells of the ocular surface system
results from a unique ‘off-on’ switch controlled by heparanase
deglycanation of the cell surface protein, syndecan-1 [20], which both
exposes and generates a Lacrt binding site [21] as a prerequisite for mi-
togenic signaling. Confirmed by 2-D electrophoresis, mass spectrometry
and surface-enhanced laser desorption/ionization studies, Lacrt [22] is
down regulated in blepharitis (chronic inflammation of the eyelid) vs.
normal tears [23], and most aqueous deficient dry eye [24]. Whether
down regulation of Lacrt provokes disease is a key unresolved question,
but its prosecretory and corneal mitogenic activity suggest that it might
have activity as a protein therapeutic for ocular surface diseases.

Great strides have been made to improve the bioavailability and
simplify the administration of existing drugs, which include depot
formulations that deliver short peptides such as leuprolide and
bioadhesive polymers used in buccal drug-delivery systems [25].
Recently, stimuli-responsive polypeptides have emerged as an attrac-
tive controlled release strategy. One such type of biomaterial is the
elastin-like-polypeptide (ELP) [26]. Biologically inspired from human
tropoelastin, ELPs are composed of a pentapeptide repeat (VPGXG),,
where the ‘guest residue’ X can be any amino acid and n determines mo-
lecular weight. One unique property of ELPs is their inverse phase tran-
sition temperature behavior. ELPs are soluble in aqueous solutions
below their transition temperature (T,) and self-assemble into
various-sized particles above T, [27]. T, can be precisely modulated by
adjusting the number of pentapeptide repeats, 11, and the hydrophobic-
ity of the guest residue, X, which can determine whether the ELP re-
mains a soluble macromolecular drug carrier [28], assembles a
nanoparticle [29], or phase separates into micron-sized coacervates
[30] at physiological temperatures. With their distinctive thermo-
responsive, elastic, and biocompatible properties, ELPs have impacted
fields such as protein purification [31], stimuli responsive hydrogels
[32], tissue engineering [33,34], and targeted cancer treatment [35,36].
Yet, the application of ELPs in ophthalmology has just started [37,38].

To explore the concept of a thermo-responsive drug reservoir as a
potential novel treatment for DED [7], we generated a novel Lacrt-ELP
fusion with T, below physiological temperature. The construct exhibits
thermo-responsiveness of the parent ELPs while retaining prosecretory
efficacy of native Lacrt, as demonstrated by its ability to stimulate dose-
dependent 3-hexosaminidase secretion from primary rabbit lacrimal
gland acinar cells (LGACs). Moreover, the Lacrt-ELP fusion enhanced
tear secretion from the non-obese diabetic (NOD) mouse model of auto-
immune dacryoadenitis when given via intra-lacrimal injection. This
treatment formed a depot that lasted over 24 h inside the LG, which
was confirmed by confocal laser scanning microscopy. Finally, we cap-
tured the intracellular trafficking and transcytosis of exogenous Lacrt
in LGACs using time-lapse confocal fluorescence microscopy, which
was prolonged by fusion to the ELP. These findings support the potential
enhancement of Lacrt therapeutics via the linkage to a thermo-
responsive ELP, which may have broader implications in the treatment
of DED.

2. Material and methods
2.1. Animals

In vitro studies were conducted using LG from Female New Zealand
White rabbits (2.2-2.5 kg) obtained from Irish Farms (Norco, CA). In
vivo studies were conducted using LG isolated from 12-week old
male/female C57BL/6 (Jackson Labs, Bar Harbor/ME, USA) or in house
bred non-obese diabetic (NOD) (Taconic Farms, Germantown/NY,
USA) mice. All procedures performed were in accordance to the univer-
sity approved IACUC protocol.

2.2. Instruments and reagents

Terrific broth dry powder growth medium was purchased from MO
BIO Laboratories, Inc. (Carlsbad, CA). Isopropyl 3-p-1-thiogalactopyran-
oside, OmniPur*. 99.0% min. was purchased from VWR (Visalia, CA).
Amicon Ultra concentrators were purchased from Millipore (Billerica,
MA). Thrombin CleanCleave™ Kit, carbachol (CCh) and insulin-trans-
ferrin-sodium selenite media supplement were purchased from
Sigma-Aldrich (St. Louis, MO). 4-20% Tris-Glycine PAGEr gels were pur-
chased from LONZA (Allendale, NJ). Cell culture reagents were from
Life-Technologies (Carlsbad, CA). Peter's Complete Medium (PCM)
consisted of 50% Ham's F-12 plus 50% DME (low glucose) supplemented
with penicillin (100 U/ml), streptomycin (0.1 mg/ml), glutamine (4 mM),
hydrocortisone (5 nM), transferrin (5 pg/ml), insulin (5 pg/ml),
butyrate (2 mM), linoleic acid (0.084 mg/1), carbachol (1 uM), laminin
(5 mg/1) and insulin-transferrin-sodium selenite (ITS) media supple-
ment (5 pg/ml).

2.3. Biosynthesis of Lacrt-ELP fusions

A sequence encoding human Lacrt without a secretion signal peptide
was designed using the best Escherichia coli codons in EditSeq (DNAStar
Lasergene, WI) [39]. A thrombin cleavage site was encoded between the
Lacrt sequence and ELP tag via insertion at the BseRI site. A custom gene
flanked by Ndel and BamHI restriction digestions sites at the 5’ and 3’
ends was purchased in the pIDTSmart-KAN vector from Integrated
DNA Technologies (IDT) as follows:

5’-CATATGGAAGACGCTTCTTCTGACTCTACCGGTGCTGACCCGGCTC
AGGAAGCTGGTACCTCTAAACCGAACGAAGAAATCTCTGGTCCGGCTG
AACCGGCTTCTCCGCCGGAAACCACCACCACCGCTCAGGAAACCTCTG
CTGCTGCTGTTCAGGGTACCGCTAAAGTTACCTCTTCTCGTCAGGAAC
TGAACCCGCTGAAATCTATCGTTGAAAAATCTATCCTGCTGACCGAAC
AGGCTCTGGCTAAAGCTGGTAAAGGTATGCACGGTGGTGTTCCGGGTG
GTAAACAGTTCATCGAAAACGGTTCTGAATTCGCTCAGAAACTGCTGA
AAAAATTCTCTCTGCTGAAACCGTGGGCTGGTCTGGTTCCGCGTGGTT
CTGGTTACTGATCTCCTCGGATCC-3'.

The gene encoding for V96 was synthesized by recursive directional
ligation in a modified pET25b(+) vector as previously reported [40,41].
The Lacrt-thrombin gene was subcloned into the pET25b(+) vector be-
tween the Ndel and BamHI sites. LV96 gene fusions were synthesized by
ligation of a gene encoding for the ELP V96 via the BseRI restriction site,
resulting in placement of the thrombin cleavage site between Lacrt and
ELP. Correct cloning of the fusion protein gene was confirmed by DNA
sequencing. The amino acid sequences of ELPs used in this study are de-
scribed in Table 1.

2.4. Expression and purification of Lacrt ELP fusion protein

Plain ELP V96 and the Lacrt fusion LV96 were expressed in BLR
(DE3) E. coli (Novagen Inc., Milwaukee, WI). Briefly, V96 was expressed
for 24 h in an orbital shaker at 37 °C at 250 rpm. For LV96, 500 pM Iso-
propyl p-D-1-thiogalactopyranoside (IPTG) was added to the culture
when the OD 600 nm reached 0.5, at which point the temperature
was decreased to 25 °C for protein expression for 3 h. Cell cultures
were harvested and re-suspended in phosphate buffer saline (PBS). Pro-
teins were purified from the clarified cell supernatant by inverse transi-
tion cycling [39] until ELP purity was determined to be approximately
99% by SDS-PAGE stained with CuCl,. Due to partial proteolysis of
LV96 during biosynthesis, fusion proteins were further purified to ho-
mogeneity using a Superose 6 (GE Healthcare Bio-Sciences, Piscataway,
NJ) size exclusion column at 4 °C. After equilibration with PBS (pH 7.4),
10 mg LV96 was loaded onto the column and washed out by isocratic
flow of PBS at 0.5 ml/min. P1, representing LV96 (Supplementary
Fig. S1), was collected and concentrated using an Amicon Ultra
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Table 1
Nomenclature, amino acid sequence, and phase behavior of expressed proteins.
Protein label Amino acid sequence® M.W. Phase behavior®
Exp© Obs Intercept, b Slope, m[°C]
[kDa] [kDa] [°C] [Logio(uM)] ™!
V96 G(VPGVG)o6Y 39.6 39.5 36.1 3.25
LV96 GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELNPLKSIVE 52.5 523 28.6 1.19
KSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLKPWAGLVPRGSG(VPGVG )oY
Lacrt GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELNPLKSIVE 12.8 12.7 NA NA

KSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLKPWAGLVPR

Not applicable (NA).

@ After the start codon, a glycine spacer was added during cloning, which is not present on human Lacrt.
b ELPs in PBS phase separate above a line with slope m and intercept b as defined by Eq. (1).
¢ Expected M.W. was estimated for each sequence, which excludes the methionine start codon.

4" Observed M.W. was measured by MALDI-TOF.

concentrator (10 kD). When desired, free Lacrt was released by throm-
bin cleavage of LV96 fusion protein. Briefly, 300 pl of thrombin bead
slurry (Sigma-Aldrich) was added to 200 mg of purified LV96 and incu-
bated at room temperature for 3 h. After pelleting the thrombin beads at
250 rpm, the solution was warmed up to 37 °C and centrifuged at
4000 rpm for 10 min to remove ELP coacervates. The supernatant was
then concentrated using an Amicon Ultra concentrator with a 3 kD
M.W. cut-off (MWCO). Protein concentrations were determined by
UV-VIS spectroscopy at 280 nm (ggp = 1285 M~ ! cm ™, €1yo5 =
6990 M~ ! em™ !, €lare = 5500 M~ ! cm™!). Protein molecular weight
was further confirmed by MALDI-TOF mass spectrometry (AXIMA As-
surance, Shimadzu).

2.5. Thermal characterization of Lacrt ELP fusion proteins

Self-assembly of purified V96 and LV96 fusion proteins was
characterized by optical density using a DU800 UV-VIS spectrophotom-
eter outfitted with the High Performance Transport and Peltier
Temperature-Controlled Cell Holder (Beckman Coulter, Brea, CA). Con-
sistent with previous reports [27,28,36], optical density was measured
at 350 nm as a function of temperature, a wavelength at which LV96
and V96 contribute little absorption. ELPs (5 to 100 uM) were observed
in PBS under a temperature gradient of 1 °C/min (10 to 45 °C). The cu-
vette provides minimal insulation between the sample and the cell
holder. At this slow temperature gradient, the sample and cell holder
are engineered to remain in close agreement to avoid over or under
heating. The inverse transition temperature (T;) of each solution was
defined as the temperature at which the first derivative of the optical
density with respect to the temperature reached a maximum. The ELP
transition temperature has been observed as a function of concentration
as follows:

T, = b-mLogy[Cyp] (1)

where b is the intercept at a concentration of 1 uM ELP, m is the slope,
and Cg;p is the ELP concentration. Eq. (1) was fit to data obtained for
V96 and LV96 (Table 1).

2.6. Dynamic light scattering

To characterize the assembly process of LV96 coacervates, the hy-
drodynamic radius (R;) was monitored as a function of temperature.
Samples were suspended (25 pM) in PBS and were filtered through
Whatman Anotop 10 syringe filters with a pore size of 0.02 um (GE
Healthcare Bio-Sciences, Piscataway, NJ) at 4 °C. Light scattering data
were collected at regular temperature intervals (1 °C) as solutions
were heated from 5 to 60 °C using a DynaPro-LSR Plate Reader (Wyatt
Technology, Santa Barbara, CA). The results were then analyzed using
a Rayleigh sphere model.

2.7. Stability of Lacrt

To determine the cleavage half-life of Lacrt, the purified proteins
(20 pg) were incubated in PBS at 37 °C for 72 h followed by SDS-PAGE
analysis. Peptide sequence analysis was performed using MALDI-TOF
(AXIMA Assurance, Shimadzu). Cleavage products were assigned by
MALDI-TOF mass by comparison of measured with predicted mass to
charge ratios (m/z) with + 1 charge ionization ([M + H] ). For Western
blotting of purified Lacrt, 50 g purified protein was loaded onto 4-20%
Tris-HCI polyacrylamide gels; with blocking buffer at room tempera-
ture for 1 h and blotted with rabbit anti-N-terminal or anti-C-terminal
(1:200) Lacrt antibody [42] overnight at 4 °C followed by blotting
with IRDye800 Donkey anti-rabbit IgG (H + L) (Rockland) (1:3000) at
room temperature for 1 h. Images were taken using the Odyssey infra-
red imaging system (Li-Cor, Lincoln, NE).

2.8. Cell isolation, culture and treatments

Isolation of primary cultured LGAC from female New Zealand white
rabbits was performed in accordance with the Guiding Principles for
Use of Animals in Research. Specifically, LGACs were isolated from rab-
bit LGAC and cultured by the method of da Costa [43] in Peter's Com-
plete Medium (PCM) medium for 2-3 days.

2.9. Secretion of 3-hexosaminidase

Fresh PCM medium was added to wells containing LGAC and incuba-
tions were continued for an additional 2 h. Baseline samples were then
taken from each well, and the cells were stimulated with 100 M carba-
chol (CCh), Lacrt, V96, or LV96 at various concentrations as indicated for
1 h. After stimulation, the cell supernatant was collected and -
hexosaminidase activity in each aliquot was measured against a
model substrate, methylumbelliferyl-N-acetyl-3-p-glucosaminide. As-
says of catalytic activity were performed in 96-well plates, and reaction
product absorbance was determined with a plate reader at 460 nm
(Tecan Genios Plus; Phenix Research Products, Candler, NC); signals
were analyzed with the manufacturer's software package (Magellan
v6.6; Phenix Research Products). Medium was then aspirated from all
wells and 500 pl 0.5 M NaOH was added into each well and incubated
at4 °C for overnight to lyse the acini and solubilize all protein. Total pro-
tein in each well was measured by the bicinchoninic acid assay (BCA)
assay using a bovine serum albumin standard curve. Secreted 3-
hexosaminidase level was expressed as AOD465 nm (post-pre)/ug
total protein. Each treatment was performed in triplicate and these as-
says were repeated 3 times. The secretion was normalized to the secre-
tion induced by CCh as follows:

BhexTreatment — BheXCChf 100% (2)

BheXsecretion =
ecretion Phexccn, —Phexe, -
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where PheXreatment iS the sample activity, Phexcc, — is the activity re-
leased in the absence of stimulation, and Bhexccp + is the activity re-
leased upon stimulation with CCh.

2.10. Live cell imaging of actin remodeling

LifeAct-RFP adenovirus was generated as described previously [44].
For amplification, QB1 cells, a derivative of HEK293 cells, were infected
with the virus and grown at 37 °C and 5% CO, in Dulbecco's Modified
Eagle's Medium (DMEM, high glucose) containing 10% fetal bovine
serum for 66 h until completely detached from the flask surface. The
Adeno-X™ virus purification kit (Clontech, CA) was used for virus puri-
fication and the Adeno-X™ rapid titer kit for viral titration. LGACs were
transduced at a multiplicity of infection of 8-10 for 2 h at 37 °C and then
rinsed and cultured in fresh medium overnight to allow for protein ex-
pression. Live cell images upon Lacrt/LV96 stimulation were captured
using a Zeiss LSM 510 Meta confocal fluorescence microscopy system.

2.11. Cellular uptake of Lacrt and Lacrt ELP fusion proteins

Lacrt, V96 and LV96 were conjugated with NHS-rhodamine (Thermo
Fisher Scientific Inc, Rockford, IL) via covalent modification of the amino
terminus. Conjugation was performed in 100 mM borate buffer (pH 8.0)
for 2 h (LV96 and Lacrt) or overnight (V96) at 4 °C followed by desalting
on a PD10 column (GE Healthcare Bio-Sciences, Piscataway, NJ) to re-
move free dye. Degree of labeling was estimated following the
manufacturer's instructions as follows:

A
555
Crhoda\mine = € (3)
rhodamine
C o AZSO - (ASSSC Frhodamine) (4)
protein — €protein

where £hodamine = 80,000 M~ ! cm™!; CFipodamine = 0.34. Cellular up-
take was studied on 35 mm glass coverslip-bottomed dishes. Briefly,
after washing with warm fresh medium, LGACs were cultured in medi-
um containing 10 uM of proteins conjugated with rhodamine. After in-
cubation at 37 °C for different time points, the cells were rinsed three
times with room temperature medium and images were acquired
using confocal fluorescence microscopy. The washing step does not con-
serve coacervate particles, which are disrupted below 27 °C, but does
enable the observation of their intracellular uptake and trafficking.

2.12. Intra-lacrimal administration, retention, and tear secretion in mice

For intra-lacrimal injection, mice were anesthetized with an i.p. in-
jection of xylazine/ketamine (60-70 mg + 5 mg/kg), administered a
subcutaneous injection of buprenorphine (0.02 mg/kg), and placed on
a heating pad. After removing fur from the cheek and cleansing the
area with alcohol, a small incision (5 mm) was made to visualize the
LG. 5 pl of 50 uM carbachol (CCh), 100 pM LV96, 100 pM V96 or
100 puM Lacrt was injected into the LG using a 33 gauge blunt
needle. The mice were monitored on the heating pad until fully recov-
ered from anesthesia. For quantification of tear secretion, a glass
capillary (Microcaps Drummond disposable micropipettes 2 pl) was
placed on the lower eyelid of the mice to collect tears (2 LG/each
mouse, 30 min/each gland). To evaluate protein retention in the LG
after intra-lacrimal injection, the incision was closed with a 6.0 synthet-
ic suture (MERSILENE® Polyester Fiber Suture, ETHICON). Mice were
euthanized after different time points, and LG were processed in one
of two ways: i) fixed in 4% paraformaldehyde and 4% sucrose in PBS
for 2-3 h at room temperature followed by cryoprotection in 30% su-
crose at 4 °C overnight before freezing the sample in O.C.T. for immuno-
histochemistry analysis; ii) fixed overnight in 10% neutral buffered

formalin and transferred to 70% ethanol for paraffin-embedded histolo-
gy and staining by hematoxylin and eosin.

2.13. Statistical analysis

All experiments were replicated at least three times. Values are
expressed as the mean + SD. For 3-hexosaminidase secretion, data
were analyzed using two-way ANOVA followed by the Bonferroni
post-hoc analysis (GraphPad Prism). Within each experiment, each
treatment was performed in triplicate and three independent experi-
ments have been performed (n = 9). For LGAC uptake studies, treat-
ments were performed in triplicate and three representative acini in
each plate were evaluated (n = 9). Data were then analyzed using
two-way ANOVA followed by Tukey's post-hoc test (GraphPad Prism).
For mouse tear secretion studies, each treatment was performed on
three mice and three independent experiments were performed (n =
9). The results were analyzed using one-way ANOVA followed by
Tukey's post-hoc test (GraphPad Prism). To evaluate protein retention
in the LG, each time point was repeated in three LGs and a representa-
tive image was shown. Three sections from each sample were imaged
and quantified using Image] (n = 9). Data were then analyzed using
two-way ANOVA followed by the Bonferroni post-hoc analysis
(GraphPad Prism). A p value less than 0.05 was considered statistically
significant.

3. Results
3.1. Construction and purification of a Lacrt ELP fusion protein

We designed the a gene encoding LV96 in the pET25b(+) vector
resulting in the amino acid sequence shown in Table 1. V96 forms vis-
cous coacervates with T, below physiological temperatures of 37 °C
[41] and thus was chosen as the ELP backbone for depot formation.
LV96 was also used to generate free a Lacrt control protein utilizing se-
lective cleavage of a thrombin cleavage site (Fig. 1A). In contrast to the
previously reported intein system for Lacrt purification [14], LV96
fermentation yielded more than 40 mg/I using the inverse transition cy-
cling purification approach followed by size exclusion chromatography
at high purity (Fig. 1B). Interestingly, SDS-PAGE analysis of purified
LV96 (Supplementary Fig. S1) suggested the spontaneous cleavage of
ELP (V96) from the fusion construct, which yielded a combination of fu-
sion protein and the ELP tag after purification. After optimization, a size
exclusion chromatography was used to remove free ELP tags as a final
purification step (Supplementary Fig. S1). Similar to previous reports
[23], free Lacrt ran higher on SDS-PAGE than the expected M.W. of
12 kDa (Fig. 1B); however, its expected mass was confirmed by mass
spectrometry (Table 1).

Optical density was used to characterize the phase behavior for all
three constructs (Table 1), which revealed that only LV96 and V96
phase separate at physiological temperatures (Fig. 1C). The phase sepa-
ration for LV96 was similarly confirmed using confocal microscopy and
also dynamic light scattering (Supplementary Fig. S2) The LV96 phase
transition curve at 25 uM (Fig. 1C) was consistent with the phase tran-
sition behavior of the parent V96 with an ~5 °C decrease. Further char-
acterization of the concentration-temperature phase diagrams shows
that LV96 is less dependent on concentration compared to V96 as fit
by a log-linear regression line (Fig. 1D). Western blotting with antisera
raised against the carboxy terminus of Lacrt (N-65) (Fig. 2A) further
confirmed the successful production of Lacrt as a band that runs near
18 kDa [45]. To explore the stability of purified Lacrt, it was incubated
for up to 2 days at physiological temperatures, which resulted in the ap-
pearance of major fragments (Fig. 2B), which were consistent with pro-
teolysis at lysine residues (Table 2). At physiological temperatures, the
cleavage half-life of disappearance for Lacrt is about one day (Fig. 2D);
furthermore, this cleavage could be inhibited by a protease inhibitor
cocktail (Supplementary Fig. S3). Despite this apparent biodegradation,
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Fig. 1. Purification and thermal characterization of LV96. A) Cartoon of the LV96 fusion protein showing Lacrt at the N-terminus and an ELP tag at the C-terminus, with a thrombin recog-
nition site between the two moieties. B) SDS-PAGE of purified LV96, ELP alone (V96) and free Lacrt. Gels were stained using CuCl,. C) Representative optical density profiles for LV96, V96
and Lacrt at 25 pM as a function of temperature, which indicate a phase separation at 26.8 (LV96) and 31.6 °C (V96) respectively. Lacrt alone remains soluble, and does not increase optical
density. D) A concentration temperature phase diagram was constructed. Best fit lines are indicated that follow Eq. (1) (Table 1).

by optimizing the purification strategy and maintaining proteins on ice,
both Lacrt and LV96 were available at high purity and yields necessary
for further study (Fig. 1B).

3.2. LV96 stimulates 3-hexosaminidase secretion from primary rabbit
LGACs

The concentration-dependent prosecretory activity of recombinant
human Lacrt was first reported using freshly isolated rat lacrimal acinar
cells with peroxidase as the marker of secretory activity [14]. Signaling
was effective in cells exposed to 10 to 20 pM Lacrt as a coating solution
and at 0.8 to 13 nM when presented as soluble Lacrt. The latter was con-
firmed in assays of several cultured human cell lines over a broad dose
range [18]. Yet, Lacrt partially purified from monkey tears is apparently
optimal at 1 pM. Further in vivo studies indicated that 0.8 to 8 uM Lacrt
topically administered either as a single dose or chronically over two
weeks elevated basal tearing of healthy New Zealand White adult fe-
male rabbits [46]. Rabbit LGACs do not secrete peroxidase; therefore,
[3-hexosaminidase secretion, an alternative secretory marker, was mon-
itored from primary rabbit LGACs treated with a similar dose range for
Lacrt or LV96 (Fig. 3). For all secretory studies, the small molecule carba-
chol (CCh) was used as a positive control. CCh acts on a broad spectrum
of muscarinic and nicotinic acetylcholine GPCRs, including targets in the
LG. This non-specificity makes CCh a poor therapeutic; however, as a
positive control it can be used to assess maximal prosecretory capacity
for the LG. With respect to no treatment or CCh, three treatment groups
(Lacrt, LV96 and V96) were evaluated at four concentrations (0.1 to
20 uM) using a two-way ANOVA followed by Bonferroni post-hoc anal-
ysis (GraphPad Prism). Each treatment was performed in triplicate and
three independent experiments were performed (n = 9). Compared to
V96, the LV96 coacervate significantly stimulated secretion at a

concentration of 10 uM (p < 0.01) and 20 uM (p < 0.001) while signifi-
cant Lacrt-triggered stimulation was observed at 20 uM (p < 0.05)
(Fig. 3B); the effects of either Lacrt or LV96 at 1 pM or 0.1 uM were
not statistically significant. This data suggests that receptors exist on
rabbit LGACs that respond to human Lacrt delivered by an ELP fusion.

In response to secretagogues, LGACs exocytose mature secretory
vesicles containing tear proteins at their apical membranes for release
into the acinar lumen, an event that involves F-actin remodeling around
secretory vesicles at the luminal region [47]. Motivated to understand
the cellular mechanisms of LGAC secretory activity in response to
LV96, cellular morphology was tracked in live LGACs transduced with
adenovirus Ad-LifeAct-RFP to observe changes in F-actin filament rear-
rangement at the apical and basolateral membranes during exocytosis
(Fig. 3C). CCh acutely increased significant F-actin filament turnover
and promoted transient actin coat assembly around apparent fusion in-
termediates within 10 min, as previously reported [47]. In contrast,
LV96 exhibited a slower and sustained effect on F-actin remodeling,
which triggered increased irregularity in the actin filaments
around the lumen and formation of actin-coated structures be-
neath apical membranes (white arrows) after 26 min. No signifi-
cant remodeling of actin filaments was observed in the V96
control group. This data confirms that LV96, even when incubated
above its phase transition temperature, induces F-actin remodeling
in rabbit LGACs, which is consistent with their secretion of B-
hexosaminidase (Fig. 3B).

3.3. Fusion with V96 influences cellular uptake of exogenous Lacrt into
LGACs

Secreted by LGAC, transported via ducts and deposited onto rapidly
renewing ocular surface epithelia, Lacrt is thought to be preferentially
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Fig. 2. Purified lacritin is susceptible to proteolysis of an unidentified origin. A) Western blot of purified Lacrt probed with an anti-Lacrt antibody (raised against Lacrt lacking 65 amino acids
at the amino terminus) revealed a major band around 18 kDa, which is consistent with that observed previously for purified Lacrt. B) MALDI-TOF analysis of Lacrt revealed the appearance
of major lower molecular weight fragments (Table 2) upon incubation at 37 °C in PBS. C) Time dependent disappearance of the purified Lacrt band by was tracked by SDS-PAGE stained
with Coomassie blue. D) Lacrt disappearance was quantified and fitted to a single exponential decay model, which yielded a half-life of 23.7 h (R? = 0.99).

mitogenic or prosecretory for the cell types that it normally contacts
during its glandular outward flow, such as the corneal, limbal and con-
junctival epithelial cells, meibomian and LG epithelium, retina, and ret-
inal pigmented epithelium/choroid [48]. Yet, no previous studies have
captured the real-time binding and transport of Lacrt in live cells. Here-
in, live-cell confocal microscopy was used to document the time-
dependent uptake of exogenous Lacrt and LV96 in rabbit LGACs
(Fig. 4). Binding of native Lacrt to the basolateral membrane of LGAC

was observed from 10 min of exposure (Fig. 4A). Significant levels of
fluorescent puncta were observed in the cytosol after 30 min. Interest-
ingly, there was an increase in accumulation in the apical lumen
(white *), which suggests possible transcytosis of Lacrt from the
basolateral to the apical membranes in LGACs. Similarly, LV96 was ob-
served in intracellular puncta within LGACs, while LV96 treated cells
showed lower levels of basolateral staining than Lacrt (Fig. 4B). The un-
modified ELP, V96, did not undergo significant internalization into these

Table 2
Representative Lacritin cleavage sequences identified by MALDI-TOF.
Fragment Amino acid sequence® Exp. M.W.? Obs. M.W.€
[kDa] [kDa]
1 GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELN 12.84 12.96
PLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLKPWAGLVPR
2 GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELN 11.84/11.97 12.00
PLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLK
3 GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELN 11.25/11.38 11.35/11.47/11.50
PLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKK
4 PNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELNPLKSIVEKSILLTEQALAK 6.42 6.36

¢ Underlined sequence: Syndecan-1 binding site.
b Expected M.W. (kDa) for fragments was calculated by DNAStar Lasergene Editseq.
€ Observed M\W. (kDa) was measured by MALDI-TOF.
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Fig. 3. Lacrt-ELP fusion proteins are prosecretory in LGACs. A) A cartoon depicts structure for ex vivo clusters of LGACs obtained from rabbits. These primary cultures form an apical lumen
(L) that is bounded by a thick network of actin filaments. SV: secretory vesicles. B) Rabbit secretory vesicles (SV) release 3-hexosaminidase in a dose dependent manner in response to
secretagogues. The percentage of cellular secretion for each treatment (Eq. (2)) has been normalized to a positive control defined by CCh-stimulation, which is defined as 100%. LGACs
were treated with 0.1 to 20 pM of LV96, Lacrt, V96, or no treatment for 1 h at 37 °C. 10 and 20 pM LV96 significantly enhanced secretion compared to the V96 group (**p <0.01), and a
similar effect was found with 20 pM Lacrt (*p < 0.05). Data were shown as mean = S.D. and analyzed by ANOVA followed by Bonferroni's post-hoc test. C) Live-cell confocal microscopy
was performed using LGACs labeled for F-actin (red). Actin-RFP is enriched beneath the apical membrane surrounding the lumen. Shortly after 10 min, increased irregularity of apical actin
filaments and actin-coated secretory vesicle (SV) formation beneath the apical membrane (white arrows) were observed in CCh treated cells (100 uM). Similarly LV96 (20 uM) induced
time-dependent actin remodeling after 26 min, which increased the irregularity of apical actin filaments and formation of secretory vesicles (white arrows). No significant remodeling of
actin filaments was observed in a V96 treated control group. Apical lumen are indicated (white *). Scale bar: 10 um.

cells (Fig. 4C). This fluorescent signal was quantified using image analy-
sis and analyzed using a two-way ANOVA followed by Tukey's Post-hoc
test (GraphPad Prism). At 10 min, both Lacrt and LV96 exhibited higher
cellular uptake than V96. After 30 min, Lacrt underwent significantly
higher uptake into LGACs (****p < 0.0001) than LV96 (Fig. 4D). After
2 h accumulation of Lacrt and LV96 in the acini was similar, although
red puncta were slightly more prevalent in the Lacrt treated cells. The
lower intracellular accumulation relative to free Lacrt is possibly caused
by its phase separation, which could delay endocytosis [20].

3.4. LV96 stimulates tear secretion from non-obese diabetic (NOD) mice

To explore Lacrt's efficacy as a secretagogue in a murine model, Lacrt
and LV96 were administered into non-obese diabetic (NOD) mice via
intra-lacrimal injection and assessed for tear secretion (Fig. 5A). NOD
mice have been established as a model for type-1 insulin-dependent di-
abetes mellitus [49] and one of the most utilized models for the study of
DED symptomatic of Sjogren's syndrome [50-52], which is character-
ized by reduced production of aqueous tears [53] and autoimmune infil-
tration of LGs and salivary tissues [54]. Paradoxically, although Sjégren's
syndrome is more prevalent in female patients, the 10-12 week male
NOD mice feature earlier symptoms of autoimmune inflammation in

LG, including severe lymphocytic infiltration (Fig. 5C), decreased pro-
duction of lacrimal fluid, significant extracellular matrix degradation
and increased expression of matrix metalloproteinases [55]. At 10-12
weeks of age female NOD mice maintain normal LG morphology
(Fig. 5D); however, they do develop severe pathology in salivary tissues
[54].

Using 10-12 week old NOD mice, four treatments were compared in
an acute tear secretion study: CCh, V96, LV96 and Lacrt. Within each ex-
periment, treatments were performed on three mice, and this experi-
ment was repeated three times (n = 9). In each mouse, both LGs
were treated. The tears were collected for 30 min from each eye and
pooled to obtain the volume secreted per mouse. Results were then an-
alyzed using a one-way ANOVA followed by Tukey's post-hoc test
(GraphPad Prism). Immunohistochemistry revealed that intra-lacrimal
injection of LV96 generates a local depot that is positive for human
Lacrt immediately after injection (Fig. 5B). This depot was independent-
ly observed following intra-lacrimal injection into healthy mice, which
revealed significantly more staining for LV96 than for free Lacrt (Supple-
mentary Fig. S4). In normal mice, there was a small increase in tear vol-
ume for LV96 compared to the negative control V96; however, it was
not significant (Supplementary Fig. S4). In contrast, for the NOD disease
model LV96 and free Lacrt produced strong prosecretory activity in both
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Fig. 4. Fusion with V96 influences uptake of exogenous Lacrt into LGACs. A) Time-dependent uptake of rhodamine-labeled Lacrt into rabbit LGACs was assessed by live-cell confocal mi-
croscopy. After 30 min, significant numbers of fluorescent puncta were detected in the cytosol proximal to the basolateral membrane (white arrow). More diffuse staining was observed
within the lumen encircled by the apical membrane (white *), which suggest possible transcytosis. After 2 h, basolateral binding became less uniformly distributed. B) Time-dependent
uptake of LV96 revealed a less intense labeling pattern at the basolateral membranes; however, there were significant levels of intracellular puncta (white arrows). Diffuse accumulation
was detected in the apical lumen by 2 h (white *), although this effect was less pronounced than for free Lacrt. C) A negative control V96 did not show significant uptake into LGACs. Scale
bar: 10 um. D) Lacrt, LV96 and V96 intensity in LGACs was quantified at three time points. Both Lacrt and LV96 exhibited significantly (****p <0.0001) higher uptake than V96. Lacrt entered
LGACs to a greater extent than LV96, most obviously at 30 min (***p < 0.0001). Data were analyzed by a two-way ANOVA followed by Tukey's post-hoc test (n = 9).

males and females (Fig. 5E, F). Compared to CCh stimulation (100%),
LV96's prosecretory effect was 40.9% in males and 50.0% in females,
both significantly higher than V96 treatment (p < 0.01). Lacrt's efficacy
was 29.6% in males and 42.9% in females. This data confirms the surpris-
ing in vitro finding (Fig. 3) that the phase separation of LV96 does not in-
hibit Lacrt-specific activity. Due to the acute nature of this assay, it was
not expected that LV96 would produce a greater tear volume than free
Lacrt.

To differentiate the in vivo potential of LV96 and free Lacrt, it was
necessary to follow the LG up to a day after intra-lacrimal injection. In
humans, the inferior palpebral lobe of the lacrimal gland is accessible
for injection beneath the eyelid, which makes it a clinically relevant lo-
cation for sustained release formulations. Unfortunately, in a murine
model injection of the lacrimal gland requires surgical exposure of the
injection site. This invasive procedure near the eye makes it challenging
to attribute differences in basal tear production to the formulations.
Therefore, to obtain evidence supporting the sustained retention of
LV96, as compared to free Lacrt, the LG biodistributions of rhodamine
labeled LV96 and Lacrt were assessed as a function of time at 2, 4, and
24 h after intra-LG injection (Fig. 6). Typically, eight slices (thickness:

8 umy/slice) of each sample with an interval of 80 um were imaged to re-
flect the protein distribution in the whole LG. Each treatment and time
point has been repeated in three independent LGs. Fluorescence inten-
sity of the entire view or within a defined area was quantified using
Image]. As shown in Figs. 6, 2 h after implantation LV96 remained in a
deposit at the site of injection, which was more intense compared to
Lacrt alone (Fig. 6A, B). This effect was quantified by image analysis
(Fig. 6C). After 24 h LV96 coacervates remained obvious and showed lit-
tle decrease in fluorescent intensity. In contrast, signal from free Lacrt
was undetectable after 2 h (Fig. 6C). In addition, the depot maintains sig-
nificant signal both at the center of the injection and also at a reference
point taken 300 pm away (Fig. 6D, E). Between 4 and 24 h the intensity
taken at the reference point changed minimally, which suggests the pos-
sibility that fluorescent LV96 is being released from the depot. In con-
trast, free Lacrt was not observed anywhere within the gland at 4 or 24 h.

4. Discussion

The eye is now a frequent target for development of new drugs, es-
pecially novel biological therapies [56] due to the increased numbers of
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Fig. 5. Lacrt-ELP fusion proteins stimulate tear secretion in NOD mice. A) Representative
pictures showing tear secretion stimulated by 100 uM LV96 (5 pl) after an intra-lacrimal
injection in a male NOD mouse. Blue arrow: collected tear volume after 30 min.
B) Lacrimal glands injected with LV96 were collected after infusion and visualized using
immunofluorescence to identify Lacrt by an anti-C terminus Lacrt antibody. Green: anti-
Lacrt antibody; Red: actin stained using Rho-phalloidin; Blue: nucleus stained by DAPL
Scale bar: 10 um. C-D) Representative H&E staining images of NOD mouse lacrimal glands.
C) Severe lymphocytic infiltration was observed in male NOD mice LG. D) Female
NOD mice exhibited normal morphology. E-F) Tear volume quantification showing signif-
icant enhancement of tear secretion by LV96 and Lacrt compared to negative V96 controls
(™p<0.01,*p<0.05,n =9). Data are shown as mean =+ S.D. and are compared by ANOVA
followed by Tukey's Post Hoc Test. E) Male NOD mice; F) Female NOD mice.

patients with aging, ocular allergies and DED [57]. Local ocular delivery
provides unique opportunities to enhance the therapeutic index of oph-
thalmic drugs by extending local residence time while minimizing off-
target effects and dose frequency [58]. Over the past several decades,
protein therapeutics have become highly successful because of their
high target specificity, reduced interference with normal biological pro-
cesses and minimal immune responses to human self-proteins [59]. The
discovery of Lacrt offers a new therapeutic opportunity for DED and an
alternative to conventional approaches [12]. Its basic structural features
[12], prosecretory and mitogenic significance [14], as well as associated
downstream signaling transduction mechanisms [18,20] have been
gradually elucidated over the past decade.

As a proof of concept, this study characterizes a thermo-responsive
Lacrt-ELP fusion protein for extended retention. The ELP V96 was
fused to Lacrt to confer multiple functions: i) re-engineer Lacrt with
the ability to form an intra-lacrimal depot at physiological tempera-
tures; ii) to maintain Lacrt-mediated cell signaling. Together, these
properties support the further development of Lacrt or other biologicals
into sustained-release biopharmaceuticals for ophthalmology. The tran-
sition temperature (Fig. 1C, D) and thermo-responsive assembly of
LV96 (Supplementary Fig. S2) supports the hypothesis that Lacrt fused

to an ELP exhibits similar phase separation and self-assembly properties
relative to the parent ELP. Significantly enhanced (3-hexosaminidase se-
cretion and actin remodeling from primary rabbit LGACs (Fig. 3) and in-
creased tear secretion from both male and female NOD mice (Fig. 5)
corroborated the prosecretory activity of LV96, even above its phase
transition temperature. Despite having similar prosecretory activity,
cellular internalization studies revealed a distinctly slower pattern of
uptake for LV96 coacervates compared to free Lacrt (Fig. 4). Based on
this assessment, the microbiodistribution of LV96 following intra-
lacrimal administration was characterized via indirect immunofluores-
cence (Fig. 5B, Supplementary Fig. S4) and by covalent labeling
(Fig. 6). These data definitively show that Lacrt fused to an ELP main-
tains significantly more fluorescence than free Lacrt at all times post-
injection. In other disease models, it was recently shown that phase sep-
aration of ELPs in a tumor slowed the local half-life of clearance by more
than an order of magnitude [60]. Similarly, extended control over blood
glucose level was observed using a depot of a therapeutic ELP [61]. Thus,
the ocular data presented here support the hypothesis that Lacrt fused
to an ELP remains prosecretory both in vitro and in vivo; furthermore,
its ability to form a local depot is consistent with previous literature in
other disease models.

Interestingly, Lacrt demonstrated a susceptibility to protease degra-
dation based on MALDI-TOF analysis (Fig. 2B) and time-dependent
analysis of degradation by SDS-PAGE (Fig. 2C), which together suggest
that native Lacrt has a cleavage half-life of about one day at 37 °C
(Fig. 2D). The biodegradation of Lacrt was consistent with the genera-
tion of peptides that were cleaved between lysine residues found in
human Lacrt (Table 2). Trypsin-like serine proteases cleave peptide
bonds next to lysine or arginine residues, with serine performing the
nucleophilic attack and negatively charged aspartic acid controlling
the specificity [62-64]. In silico analysis by the Protease Specificity Pre-
diction Server suggested Lacrt's serine protease sensitivity liberates
the C-terminal amphipathic a-helix intact for downstream co-
receptor binding to syndecan-1 (Table 2) [65]. Recent reports suggest
that this proteolysis releases an a-helical carboxy terminal peptide
from Lacrt that displays bactericidal activity, which may represent an in-
nate defensive immunity on the ocular surface [66]. The cleavage may
be regulated by serine proteases, as specific protease inhibitors
(chymostatin, leupeptin) or boiling were reported to inhibit proteolysis.
This report confirms that this proteolytic activity can be inhibited by a
standard cocktail of protease inhibitors (Supplemental Fig. S3). This
proteolysis was also observed for LV96 during purification (Supplemen-
tal Fig. S1). To maintain a single band by SDS-PAGE for purified LV96
(Fig. 1B), sample aliquots were frozen after purification and thawed
on ice. Future studies are required to determine the source of this prote-
olysis, which may be attributed to either: i) trace proteases from bacte-
rial fermentation; or ii) the possibility that Lacrt exhibits autolytic
activation similar to trypsin [67]. In addition, the impact of glycosylation
or other regulatory mechanisms to control the cleavage of native Lacrt
remain to be determined.

Previously, Lacrt's in vivo prosecretory activity has been reported
using New Zealand white rabbits via topical administration [16]. Re-
cently, Vijmasi and coworkers tested Aire-knockout mice and proved
that a long-term topical Lacrt treatment promoted tear secretion, re-
stored ocular surface integrity, and reduced CD4 + T cell infiltration of
the LG [17]. Aire-knockout mice are an aqueous-deficient dry eye
mouse model that is deficient in the autoimmune regulator (Aire)
gene. This model was derived from the non-obese diabetic (NOD) and
Balb/c mice background. Here we found that the NOD mouse strain
also was highly responsive to the effect of exogenous Lacrt (Fig. 5); fur-
thermore these effects were significantly greater than those observed in
a normal mouse (Supplementary Fig. S4). The disparities associated
with the NOD disease mice and the C57BL/6 healthy mouse models sug-
gest that features of aqueous tear deficiency may sensitize the diseased
LG to therapy with Lacrt. Although the molecular mechanism for Lacrt's
prosecretory signaling remains under study, its carboxy-terminus is
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Fig. 6. Intra-lacrimal injection of Lacrt-ELP fusion protein produces a depot. A, B) Representative confocal images showing exogenous rhodamine-labeled LV96, which forms a depot in the
LG of female C57BL/6 mice. LV96 was strongly retained over the 24 h time course, while free Lacrt was not observed after just 4 h. A) Rhodamine signal alone. B) Merged combinations of
phase contrast and rhodamine signal. C) Quantification of average fluorescence intensity in the section of LG centered on the injection, which shows that LV96 is retained longer than free
Lacrt (*p < 0.05, “*p < 0.01). D & E) After injection, depots of LV96 maintained a lower concentration (**** < 0.0001) at a distance of 300 um from the depot center; however, this fluores-
cence was greater than that detected either in surrounding or untreated acini. Scale bar: 100 pm.

known to bind specifically to heparanase activated syndecan-1 [20].
Vijmasi and coworkers hypothesized that via topical administration,
Lacrt may play a functional role in maintaining corneal innervation dur-
ing homeostasis, interrupting or mitigating the inflammatory cycle, and
thus protecting the LG from focal infiltration of auto-antigen primed
CD4+ T cells [17]. This report provides the first in vivo evidence of
Lacrt's prosecretory effect upon direct interaction with the LG. Further
investigations regarding syndecan-1 and heparanase expression level
in different mice LGs, Lacrt's affinity towards receptors expressed in
the LG, its neuronal stimulation mechanism and differences among var-
ious mice strains will be necessary to better understand the mechanism
of Lacrt therapies.

Exhibiting prosecretory, mitogenic, cytoprotective and bactericidal
functions, Lacrt may recruit different signaling pathways for each of
these activities. For example, previous reports have explored intracellu-
lar Ca® ™ changes in response to Lacrt, which is readily evident in the
corneal epithelium [39]. Being an important early messenger in signal
transduction cascades, Ca®™ can indicate different signals by changing
its transient cytosolic oscillation frequency [68]. In the LG acinar cells,
cholinergic agonists stimulate protein secretion by binding to receptors
in the basolateral membrane of secretory cells and activating phospho-
lipase C to break down phosphatidylinositol bisphosphate into 1,4,5-
inositol trisphosphate (1,4,5-IP3) and diacylglycerol (DAG). 1,4,5-1P3

causes intracellular release of Ca?, which works together with calmod-
ulin and further activates specific protein kinases that may be involved
in secretion [69]. Interestingly, of all the treatment groups tested herein,
only carbachol (CCh) triggered cytoplasmic Ca> ™ concentration change
in LGACs (Supplementary Fig. S5), while no significant signals were ob-
served in EGF, Lacrt or LV96 treatment groups. Consistent with this ob-
servation, Sanghi and coworkers discussed a similar loss of Ca®™
activation in Lacrt's prosecretory activity pathway [14]. Although Lacrt
and LV96 only exhibited 10-30% of the control CCh response in the 3-
hexosaminidase secretion assay (Fig. 3B), these findings are consistent
with the possibility that Lacrt may recruit alternative pathways for its
prosecretory function. While CCh acts on a broad spectrum of muscarin-
ic acetylcholine G-protein coupled receptors (GPCRs) as well as nicotin-
ic acetylcholine receptors (ligand-gated ion channels), Lacrt's signaling
pathway may be more specific.

This specificity may be due to its involvement with deglycanated
syndecan-1, which enables it to act on an as of yet unidentified GPCR
[12]. The carboxy-terminal amphipathic a-helix of Lacrt has been
reported to associate with co-receptor syndecan-1, which thus regu-
lates functional specificity [20] and maintains corneal epithelium ho-
meostasis [19]. New data suggested that the same region undergoes
proteolytic processing and demonstrates crucial bactericidal activity in
tears [66]. Similar to our recent reports in SV40-transduced human
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corneal epithelial cells (HCE-Ts) [39], Lacrt triggers a cascade of mito-
genic events involving Gai or Goo-PKCo-PLC-Ca? T -calcineurin-
NFATC1 and Gai or Goeo-PKCa-PLC-phospholipase D (PLD)-mTOR
pathways [18].

The concept of a ‘reservoir drug’ [70] is intended to tackle the prob-
lem of inefficient target delivery and rapid payload clearance. By
modulating the precise location and residence time of the therapeutic
agent, side effects (such as those produced by CCh) can be reduced
and efficacy may be enhanced [71]. ELPs have shown promise as reser-
voir scaffolds [30,34], and now provide an emerging alternative to PLGA
[72] or catechol-based gels [73]. Prior to this study, it was unclear if
polymer modification and phase separation would sterically hinder
Lacrt and thus impair its activity. Thus, we have now verified both in
vitro and in vivo that LV96 is equivalent in potency to free Lacrt. More-
over, the phase separation of the V96 tag slows cellular uptake and pro-
motes retention in the LG. Based on this report, and of those noted
above for free Lacrt, we can propose a mechanism of action for an
LV96 drug depot (Supplementary Fig. S6); however, additional studies
will be required to confirm this model. Further study of Lacrt ELP fusions
are require required that explore the local and systemic pharmacokinet-
ics as well as the molecular mechanisms of Lacrt release, receptor-
mediated binding, and cellular signaling involved with tear secretion.

5. Conclusion

Achieving sustained delivery of therapeutic proteins is one of the
major challenges of ophthalmology. In pursuing this goal, ELPs were
fused with the model dry eye disease biopharmaceutical, Lacrt. Lacrt-
ELP fusion proteins demonstrated thermo-responsive phase separation,
similar to that exhibited by the parent ELPs. They also gained the
prosecretory activity of human Lacrt. ELP modification influenced cell
uptake speed, enhanced local retention time in the LG, and provided
Lacrt-mediated signaling. If successful, this approach may be useful to
deliver a variety of proteins to ocular targets.
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The avascular corneal epithelium plays an important role in maintaining normal vision and protecting the
corneal interior from environmental infections. Delayed recovery of ocular wounds caused by trauma or
refractive surgery strengthens the need to accelerate corneal wound healing and better restore the
ocular surface. To address this need, we fused elastin-like polypeptide (ELP) based nanoparticles SI with
a model mitogenic protein called lacritin. Lacritin fused at the N-terminus of the Sl diblock copolymer is
called LSI. This LSI fusion protein undergoes thermo-responsive assembly of nanoparticles at
physiologically relevant temperatures. In comparison to ELP nanoparticles without lacritin, LSI showed
potent signs of lacritin specific effects on a human corneal epithelial cell line (HCE-T), which included
enhancement of cellular uptake, calcium-mediated signaling, and closure of a scratch. In vivo, the
corneas of non-obese diabetic mice (NOD) were found to be highly responsive to LSI. Fluorescein
imaging and corneal histology suggested that topical administration of LS| onto the ocular surface
significantly promoted corneal wound healing and epithelial integrity compared to mice treated with or
without plain ELP. Most interestingly, it appears that ELP-mediated assembly of LS| is essential to
produce this potent activity. This was confirmed by comparison to a control lacritin ELP fusion called
LS96, which does not undergo thermally-mediated assembly at relevant temperatures. In summary,
fusion of a mitogenic protein to ELP nanoparticles appears to be a promising new strategy to
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1. Introduction

Eye injury is reported to be the second most common cause of
visual impairment in the United States after cataracts.” Back in
2006, emergency room (ER) visits for eye injuries represented
1.4% of all ER visits." To maintain corneal transparency and
rigidity, the corneal epithelium serves as an important barrier
between the external environment and the delicate internal
ocular tissues.” Although the corneal epithelium normally
recovers rapidly from damage, certain clinical conditions
including diabetic retinopathy, herpes simplex virus infection,
neurotrophic keratopathy, and corneal transplants result in
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bioengineer more potent biopharmaceuticals with potential applications in corneal wound healing.

delayed wound healing, often precipitating sight-threatening
complications.® Thus, there remains a need for more effective
therapies to facilitate epithelial healing on the ocular surface.
Moreover, recovery times following popular refractive proce-
dures, such as photorefractive keratectomy (PRK) and laser in
situ keratomileusis (LASIK), directly rely on the patients’ corneal
wound healing response; however these procedures may lead to
haze, dry eye disease, nerve damage, and Diffuse Lamellar
Keratitis.*

Corneal epithelium recovery after injury involves apoptosis,
migration, proliferation, and differentiation of multiple cells in
a cascade mediated by cytokines, growth factors, and chemo-
kines.* Naturally present in the anterior segment of the eye and
responsible for the migration and proliferation of corneal
epithelial cells, growth factors have become a class of promising
therapeutic candidates in treating visual impairments.® An
enhanced wound healing effect has been observed in primate
models and clinical trials via topical treatment with epidermal
growth factor (EGF),*” keratinocyte growth factor,® nerve growth
factor,’ etc. As such, it would be of great clinical value to ratio-
nally bioengineer growth factor-like proteins into therapies
using a robust formulation process. Successful earlier trials
include increased tensile strength of full thickness corneal
wounds after topical epidermal growth factor (EGF) treatment"®

J. Mater. Chem. B
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and better ulcer healing in diabetic patients from platelet-
derived growth factor-BB in a topical gel formulation."* One
novel candidate to stimulate wound healing on the ocular
surface is the mitogen known as lacritin.” Lacritin is the most
severely downregulated protein in contact lens related dry eye
and is similarly deficient in blepharitis (a common inflamma-
tion of the eyelid)."® Previous in vitro tests have shown that, on
the ocular surface, lacritin triggers Ca®>" wave propagation,™ in
addition to promoting the survival of primary and cultured
human corneal epithelial cells stressed with interferon-y, tumor
necrosis factor,” and benzalkonium chloride,"”” indicative of
both mitogenic and cytoprotective activity. This cell targeting
specificity is triggered by a unique ‘off-on’ switch controlled by
heparanase deglycanation of the cell surface protein, syndecan-
1, which exposes a lacritin binding site as a prerequisite for its
downstream mitogenic signaling.**"”

Although topical application of ophthalmic products has
remained the most popular and well-tolerated administration
route for patient compliance, the bioavailability of eye drops is
severely hindered by blinking, baseline and reflex lacrimation,
and nasolacrimal drainage.’ One solution to enhance the
therapeutic index of topical treatments is through the applica-
tion of polymeric nanoparticles as drug carriers.*** Polymeric
nanoparticles displaying therapeutic ligands at the corona can
interact with complex biomolecular architectures through
multiple simultaneous interactions (multivalency) and exhibit
the well-defined sizes required for efficient tissue penetration.*
One such material capable of being employed as the scaffold are
thermo-responsive elastin-like polypeptides (ELPs).>* ELPs are
composed of the repetitive pentapeptide motif (Val-Pro-Gly-Xaa-
Gly), and exhibit unique reversible inverse phase transition
temperatures, T, below which they solubilize and above which
they phase separate.”® T; can be modulated through guest
residue (Xaa) selection and changes in the number of pen-
tameric repeats, n.>**® We have previously reported the
successful bioengineering of diblock ELP nanoparticles to
suppress tumor growth with rapamycin binding at both the
corona as well as in the core;*” uptake of ELP nanoparticles
displaying adenovirus knob domain into hepatocytes and
acinar cells has also been described.*® Moreover, Callahan and
coworkers have demonstrated enhanced intratumoral spatial
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distribution of ELP nanoparticles via triple stimuli** while
MacEwan and coworkers observed controlled cellular uptake in
HeLa, MCF7, and primary HUVEC cells using local Arg density
modulation on ELP nanoparticles.*® Collectively, these studies
illustrate the potential of ELP nanoparticles to enhance both
local and systemic therapeutic effects as a drug carrier.
Inspired by the motivation to further explore lacritin's
function on the ocular surface, enhance its bioavailability, and
better target the corneal epithelium, we utilized a diblock ELP
(SI) nanoparticle scaffold to bioengineer LSI nanoparticles with
multivalent presentation of lacritin at the surface (Table 1). The
thermo-responsiveness and self-assembly of LSI nanoparticles
was investigated by UV-Vis turbidity analysis, dynamic light
scattering (DLS), and transmission electron microscopy (TEM).
LSI exhibited mitogenic activity in vitro as confirmed by Ca®*
wave propagation and scratch wound healing using SV40-
transduced human corneal epithelial cells (HCE-Ts). To further
explore the in vivo efficacy of LSI nanoparticles, we created
abrasion wounds on the ocular surface of female NOD mice
mimicking the PRK procedure and topically treated the eye with
two doses of LSI nanoparticles within 12 h after the surgery. The
LSI treated group exhibited significantly faster wound healing
compared to SI, epidermal growth factor (EGF), and bovine
pituitary extract (BPE) co-treatment, and no treatment. To
address the importance of multivalency, we also included a
control lacritin ELP fusion that does not undergo thermally
mediated assembly, called LS96. Murine corneal abrasion
recovery study strongly supported enhanced healing efficacy of
LSI nanoparticles over LS96 in a 12 h timeframe. Histology
analysis revealed that, after LSI treatment, no significant
corneal inflammation was observed and the reconstituted
ocular surface appeared as smooth as pre-procedure following
24 h. For the first time, we have successfully bioengineered
multivalent self-assembling LSI nanoparticles based on the
thermo-responsive SI nanoparticle scaffold, confirmed its in
vitro mitogenic activity using HCE-Ts, and corroborated the
efficacy using a novel murine corneal abrasion model. This
report provides the first in vivo verification of lacritin's wound
healing potential and can be further applied to rationally
bioengineer other peptide therapeutics into self-assembling

Table 1 Nomenclature, amino acid sequence, and physicochemical property of expressed proteins

Expected Observed
Protein label ~ Amino acid sequence” MW.? (kDa) MW.°(kDa) Ty%(°C) T (°C)
SI G(VPGSG) 45(VPGIG)5Y 39.65 39.54 32.3 73.1
LSI GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAK 52.61 52.21 18.7 n.d.
VTSSRQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLL
KKFSLLKPWAGLVPRGSG(VPGSG),5(VPGIG),sY
LS96 GEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTA 51.36 51.15 n.d. n.d.

KVTSSRQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQK

LLKKFSLLKPWAGLVPRGSG(VPGSG)osY

“ After the start codon, a glycine spacer was added during cloning which is not present on human lacritin. > Expected M.W. (kDa) was calculated by
DNAStar Lasergene Editseq. © Observed M.W. (kDa) was measured by MALDI-TOF. ¢ T, (°C) was defined at the point of the maximum first derivative
of 25 uM protein solution turbidity change at 350 nm in phosphate buffer saline (PBS). n.d. not detected.
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nanoparticles for treating visual impairments using the ELP
delivery system.

2. Materials and methods

2.1. Materials and equipment

TB DRY® Powder Growth Media was purchased from MO BIO
Laboratories, Inc. (Carlsbad, CA). NHS-rhodamine was
purchased from Thermo Fisher Scientific (Rockford, IL). SV40-
Adeno vector transformed cornea cells (RCB 2280, HCE-T) were
purchased from Riken Cell Bank, Japan. Keratinocyte-SFM
medium supplied with Bovine Pituitary Extract (BPE) and pre-
qualified human recombinant Epidermal Growth Factor 1-53
(EGF) was purchased from Gibco Invitrogen (Life Technologies,
NY). Calcium Indicator Fluo-4, AM, cell permeant was
purchased from Life Technologies (NY). Algerbrush Il with a 0.5
mm burr was purchased from The Alger Company, Inc., TX. In
vivo studies were conducted using in house bred 12 week female
non-obese diabetic (NOD) (Taconic Farms, Germantown/NY,
USA) mice. All procedures performed were in accordance with
IACUC approval and oversight.

2.2. Construction of LSI nanoparticles

Genes encoding for ELPs (SI) were synthesized by recursive
directional ligation in pET25b(+) vector as previous reported.” A
sequence encoding human lacritin without secretion signal
peptide was designed using the best E. coli codons in EditSeq
(DNAStar Lasergene, WI). A thrombin cleavage site was
designed between the lacritin sequence and ELP tag via inser-
tion at the BseRI site. Lacritin gene flanked by Ndel and BamHI
restriction digestions sites at the 5 and 3’ ends was purchased
in the pIDTSmart-KAN vector from Integrated DNA Technolo-
gies (IDT) as follows:
5'-CATATGGAAGACGCTTCTTCTGACTCTACCGGTGCTGACC
CGGCTCAGGAAGCTGGTACCTCTAAACCGAACGAAGAAATCTC
TGGTCCGGCTGAACCGGCTTCTCCGCCGGAAACCACCACCACC
GCTCAGGAAACCTCTGCTGCTGCTGTTCAGGGTACCGCTAAAG
TTACCTCTTCTCGTCAGGAACTGAACCCGCTGAAATCTATCGTT
GAAAAATCTATCCTGCTGACCGAACAGGCTCTGGCTAAAGCTG
GTAAAGGTATGCACGGTGGTGTTCCGGGTGGTAAACAGTTCAT
CGAAAACGGTTCTGAATTCGCTCAGAAACTGCTGAAAAAATTCT
CTCTGCTGAAACCGTGGGCTGGTCTGGTTCCGCGTGGTTCTG
GTTACTGATCTCCTCGGATCC-3'.

The above gene was subcloned into the pET25b(+) vector and
the LSI gene was synthesized by ligation of ELP SI gene via the
BseRI restriction site. Correct cloning of the fusion protein gene
was confirmed by DNA sequencing. LSI fusion proteins were
expressed in BLR (DE3) E. coli (Novagen Inc., Milwaukee, WI) for
24 h in an orbital shaker at 37 °C at 250 rpm and purified via
inverse phase transition cycling as previously reported.*

2.3. Characterization of LSI phase behavior and
nanoparticle formation

The phase diagram for LSI fusion protein was characterized by
optical density change at 350 nm as a function of solution
temperature using a DU800 UV-Vis Spectrophotometer
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(Beckman Coulter, Brea, CA). T, was defined at the point of the
maximum first derivative. Self-assembly of nanoparticles was
measured using dynamic light scattering (DLS) using a
DynaPro-LSR Plate Reader (Wyatt Technology, Santa Barbara,
CA). Light scattering data were collected at regular temperature
intervals (1 °C) as solutions were heated from 5 to 50 °C. The
results were analyzed using a Rayleigh sphere model and fitted
into a cumulant algorithm based on the sum-of-squares value.
The critical micelle temperature (CMT) was defined as the
lowest temperature at which the Ry, is significantly greater than
the average monomer Rj,.

2.4. TEM imaging of LSI nanoparticles

The TEM imaging was carried out on a FEI Tecnai 12 TWIN
microscope (Hillsboro, OR) at 100 kV. Briefly, a 100 pM solution (5
pL) was initially deposited on a copper grid with carbon film
(CF400-Cu, Election Microscopy Sciences, Hatfield, PA). After
removing the excess amount of solution with filter paper, the
samples were negatively stained with 2% uranyl acetate, followed by
removing excess uranyl acetate after 30 s. The samples were then
dried under room temperature for at least 3 h before use in imaging.

2.5. SV40-immortalized human corneal epithelial cell (HCE-
T) culture

Sv40-immortalized HCE-T cells (Riken Cell Bank, Japan) were
grown in keratinocyte-SFM media (KSFM, Life Technologies,
Rockville, MD) containing bovine pituitary extract (BPE, 50 pg
ml ") and epidermal growth factor (EGF, 5 ng ml "). Cell
passages 4-6 were used for Ca®* imaging, scratch and uptake
assays in 35 mm coverslip-bottomed dishes. To optimize
responsiveness upon stimuli, cells were starved with EGF and
BPE free medium for 24 h before experimentation.

2.6. Ca’' imaging

HCE-Ts were rinsed twice with Ca®>" and Mg>" free phosphate
buffer saline (PBS) and incubated at 37 °C for 20 m in fresh KSFM
medium containing 2.5 uM calcium probe Fluo-4 AM (Invitrogen
Life technologies, NY). The cells were then rinsed twice with
NaCl Ringer buffer (145 mM NacCl, 5 mM KCl, 1 mM CacCl,, 1 mM
KH,PO,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES,
osmolarity 300, pH 7.4) and kept in the same buffer at room
temperature for 30 m. For Ca>" free medium, 1 mM Ca** was
replaced with 0.5 mM EGTA. The cells were illuminated at 488
nm, and their emission was monitored every 3.15 s at 510 nm
using Zeiss LSM 510 Meta confocal microscope system. The field
of interest contained 24 to 45 cells, and the fluorescent intensity
change was calculated for each region with image-analysis
software. Ca®* dynamics were evaluated using the changes in
fluorescence intensity of Fluo-4AM. The data are presented as
percentage change in fluorescence intensity at each time point
(F,) to the first time point (F,) reading: (F; — Fo)/Fo x 100%.

2.7. Invitro scratch closure assay

For a scratch assay, confluent HCE-T monolayers were scraped
in a straight line to create a scratch wound with a p200 pipet
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tip.*” Cells were rinsed with KSFM medium without BPE or EGF
to remove debris and then incubated with fresh KSFM medium
containing BPE (50 ug ml™') and EGF (5 ng ml™'), LSI, or
medium without growth factors (No treat). Phase contrast
images of the wound at the beginning and after 24 h treatment
were captured using Zeiss LSM 510 Meta confocal microscope
system.

2.8. Exogenous cell uptake assay

SI and LSI nanoparticles were conjugated with NHS-thodamine
(Thermo Fisher Scientific Inc, Rockford, IL) via covalent modi-
fication of the amino terminus. Conjugation was performed in
100 mM borate buffer (pH 8.0) for 2 h (LSI) or overnight (SI) at
4 °C followed by desalting on a PD10 column (GE Healthcare,
Piscataway, NJ) to remove free dye. Briefly, after the cells were
rinsed with fresh medium without BPE and EGF, 10 uM
rhodamine labeled proteins were added into the dish. After
incubation at 37 °C for different time points, the cells were
rinsed and images were acquired using Zeiss LSM 510 Meta
confocal microscope system.

2.9. Murine corneal abrasion and recovery study

Briefly, 12 week female NOD mice were anesthetized with an i.p.
injection of xylaxine/ketamine (60-70 mg + 5 mg kg ') and
placed on a heating pad. After cleaning the ocular surface with
eye wash (OCuSOFT, Inc., TX), the corneal epithelium of the
right eye was removed down to the basement membrane using
an algerbrush II (The Alger Company, Inc., TX); the left eye was
left intact as a contra lateral control. Mice were allowed to heal
for 24 h with 2 doses (5 pl) of KSFM medium containing BPE (50
pg ml™") and EGF (5 ng ml™"), 100 uM LSI, 100 pM SI, or no
treatment at 12 h intervals. After staining the ocular surface
with 5 pl 0.6 mg ml~" fluorescein (Akorn, IL), images of the
abrasion wound were captured using a Moticam 2300 camera
after 12 h and 24 h.

2.10. Statistics

All experiments were replicated at least three times. Maximum
fluorescence intensity change in Ca®-mediated fluorescence
was analyzed using a non-paired ¢-test. Scratch wound healing
quantification was analyzed using a one-way ANOVA followed by
Tukey's post hoc test. HCE-T uptake was analyzed using two-way
ANOVA followed by Bonferroni post-test and murine corneal
epithelium recovery from abrasion wound were analyzed using
Kruskal-Wallis non-parametric ANOVA. Corneal wound healing
comparison between LSI and LS96 after 12 h treatment was
analyzed using Mann-Whitney U test. A p value less than 0.05
was considered statistically significant.

3. Results and discussion

3.1. The ELP lacritin fusion called LSI forms thermo-
responsive nanoparticles

Lacritin moderates homeostasis through receptor-mediated
events across the anterior segment of the eye.” In principle, it is
possible to further enhance the activity of receptor-mediated
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events through the deliberate formation of multivalent protein
polymer nanoparticles (Fig. 1A).2**** While targeting ligands
have been explored using ELP based nanoparticles similar to SI
(Table 1), to the best of our knowledge, this approach has never
been used to modulate the activity of a cell signaling protein
such as lacritin. To explore this possibility, LSI and LS96 (Table
1) were cloned into a pET25(+) vector, expressed in E. coli, and
purified using inverse phase transition cycling (Fig. 1B). As
shown in Fig. 1A, a chemically synthesized gene encoding lac-
ritin was fused to the ELP diblock copolymer called SI and
expressed as a fusion protein called LSI. LSI was expected to
undergo thermally-mediated assembly similar to SI and form
nanoparticles above its phase transition temperature (7), while
LS96, with lacritin gene fused to the soluble macromolecule
S96, was developed as a control that does not phase separate
until significantly above physiological temperatures. After con-
firming the purity and molecular weight of expressed proteins,

Fig. 1 Construction of a thermo-responsive nanoparticle decorated
with a mitogenic protein. (A) A gene encoding lacritin was fused to an
ELP diblock copolymer called Sl and expressed as a protein called LSI.
LSl undergoes temperature-dependent assembly of a nanoparticle
above its phase transition temperature (T). (B) After purification, gel
electrophoresis (SDS-PAGE) was used to confirm the molecular
weight for expressed LSI and SI. (C) An optical density profile was
obtained upon heating purified polymers in phosphate buffered saline
(25 uM). SI shows two inflections, where the first represents the
assembly of a nanoparticle (Ty;) and the second represents the bulk
phase separation (Ty,) of that nanoparticle. In contrast, LSI shows only a
single inflection and does not undergo bulk phase separation. (D)
Optical density data was compiled to create a concentration—
temperature phase diagram for LSl and SI. Dashed lines indicate the fit
of T to the following equation: Ty = m log1[Cgp] + b Where Cg pis the
concentration, m is the slope, and b is the transition temperature at 1
uM. For Ty of LSI, b =19.69 °C and m = —0.64 °C (log 10[uM])~L. For Ty
of Sl. b = 65.06 °C, m = —22.56 °C (log 10[uM])™™. For T, of SI, b =
77.98 °C, m = —3.72 °C (log 10[pM]) L.
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Fig. 2 LSl and S| assemble nanoparticles at physiological tempera-
tures. (A) Dynamic Light Scattering (DLS) was performed during
heating, which shows that SI assemble nanoparticles with a Ry, of 22.3
+ 1.1 nm at 37 °C. Below Ty LSI form 30-40 nm structures; however,
above T, these reconstitute into stable 147 + 36 nm nanoparticles at
37 °C. (B and C) TEM images of (B) SI and (C) LSI nanoparticles, with
average diameter of 36.5 £ 5.8 nmand 67.1 + 11.5 nm accordingly. The
scale bar represents 100 nm.

their phase diagrams were characterized using optical density
as a function of temperature (Fig. 1C). While monomeric ELPs
undergo a single phase transition from solubility to coacervate,
certain ELP diblock copolymers display two steps of assembly in
response to heating: (i) soluble monomers assemble into stable
nanoparticles above Tiy; and (ii) at a higher temperature, T},, the
nanoparticles themselves coacervate (Fig. 1D). For ELPs such as
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SI, Ty, is thus defined as the critical micelle temperature (CMT)
above which nanoparticles are favorable (32.3 °C at 25 pM). Ty,
or the bulk phase transition temperature, represents the
temperature at which these nanoparticles further assemble into
coacervates.* In striking contrast to its SI scaffold, LSI only
shows one phase transition at 18.4 °C (25 pM). Moreover, LSI
illustrated less concentration dependent phase transition
compared to the SI scaffold, as demonstrated by a decreased
slope when T was fit by the equation:

T = mlog[Cgrp] + b, 1)

where Cgpp is the concentration, m is the slope, and b is the
transition temperature at 1 uM (Fig. 1D). Eqn (1) permits the
estimation of T; over a broad range of concentrations, which
may be encountered in vivo. In our recent reports, suppression
of the ELP concentration dependence correlates with assembly
mediated by the fusion domain itself, which we have reported in
fusion between a single chain antibody and also a disintegrin.**

Based on the unexpected observation that LSI exhibits a
single phase transition, dynamic light scattering (DLS) was used
to determine whether particles form above or below this Ti.
Both constructs were thus compared by DLS to monitor the

Fig. 3 LS| nanoparticles stimulate Ca®*-mediated signaling in corneal
epithelial cells. HCE-T cells were treated with Fluo-4AM to detect
calcium-mediated signaling and imaged using live cell confocal
microscopy. The upper images are representative of the peak intensity
following the administration of either LSI or SI (40 puM). The lower
plot presents the fluorescence intensity as a function of time in
ten individual cells. The percentage change in fluorescence intensity,
F:, compared to the initial time point, Fy, was estimated as follows: F; =
(Fe — Fo)/Fo x 100%. (A) LSI nanoparticles were administered twice,
each time triggering a 3-6 fold increase in intracellular Ca%*. (B) In
contrast, the same concentration of Sl did not elicit a significant effect
(¥****p < 0.0001, n = 10). The scale bar represents 20 pm. Maximum
fluorescence intensity changes were analyzed using an un-paired t-test.
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temperature dependent assembly process (Fig. 2A). Surpris-
ingly, LSI preassembled into 30-40 nm nanoparticles even
below T;. Above T, it began to favor larger nanoparticles ranging
from 130-140 nm. Consistent with our previous reports, SI
remained as 20-30 nm micelles at physiologically relevant
temperatures (Fig. 2A). In combination with the optical density
data, this suggests that lacritin itself mediates partial assembly
of small aggregates that proceed to assemble larger structures
above the T,; mediated by SI. To further examine the dominant
structures formed by LSI and SI, we observed their morphol-
ogies when dried from room temperature using transmission
electron microscopy (TEM). Consistent with DLS, while SI
formed a mono-dispersed micelle structure with an average

View Article Online

Paper

diameter of 36.5 + 5.8 nm (Fig. 2B) and LSI formed larger
nanoparticles that exhibit average diameters of 67.1 &+ 11.5 nm
(Fig. 2C). Regardless, both SI and LSI appear capable of forming
nanostructures; therefore, we proceeded to investigate the
potential for these lacritin functionalized nanoparticles to
participate in lacritin-mediated signaling and healing relevant
to the corneal epithelium.

3.2. LSI nanoparticles exhibit mitogenic activity using SV-40
transduced human corneal epithelial cells

Upon injury, one of the earliest reactions of many epithelial
cells is a transient Ca®>" wave spreading across the monolayer

Fig. 4 LS| nanoparticles mediate scratch closure in corneal epithelial cells. HCE-T cells were grown to confluence on tissue culture polystyrene,
scratched, and imaged for 24 h to observe the rate of closure. (A) At low concentrations, 10 nM LS| nanoparticles completely closed the scratch.
This finding was similar to that obtained by a positive control containing epidermal growth factor (EGF) (5 ng ml™) and bovine pituitary extract
(BPE) (50 ng ml™Y). In contrast, the no treatment group (medium only) failed to close the scratch. The scale bar represents 100 um. (B) The scratch
closure at 24 h was quantified to show that LS| nanoparticles induce an effect similar to control EGF and BPE. The no treatment group retained
more than 80% of initial scratch width. Each treatment condition was performed in triplicate and four representative distances in each well were
measured for statistical analysis (***p < 0.001, n = 12). Data were analyzed by a blind reviewer. Images were quantified using ImageJ and analyzed
using one-way ANOVA followed by Tukey's post-test.
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cell sheet.*® The Ca** wave triggers downstream signaling
pathways responsible for cell migration, proliferation and other
events associated with wound repair.®***” Sanghi et al. first
reported lacritin's ability to stimulate Ca®*" wave propagation
throughout HCE-Ts while initially exploring its efficacy on the
ocular surface.”® Further studies have confirmed that this Ca®*
signal is associated with lacritin's protection of HCE cells
stressed with benzalkonium chloride® and maintenance of
cultured corneal epithelia homeostasis.' To confirm whether
LSI maintains mitogenic activity of lacritin, we tested both
calcium transients and scratch wound healing assays based on
the reported HCE-T model.*® We first tested intracellular Ca**
wave propagation in HCE-T cells loaded with Fluo-4 AM under
either LSI or SI treatment. The fields of interest containing 24 to
45 cells were chosen and the fluorescent intensity change of ten
individual cells was calculated using LSM 510 image-analysis
software. Percentage change in fluorescence intensity at each
time point (F,) to the first time point (F,) reading: (F; — Fy)/F, X
100% was used to quantify Ca®* signal. The signal triggered by
SI was negligible, evoking only a 0.054 £ 0.049 fold maximum
fluorescence intensity change compared to baseline. The addi-
tion of LSI nanoparticles, however, resulted in a significantly
rapid calcium influx into the cells with a maximum fluorescence
intensity 4.399 £ 1.043 fold of F, (p < 0.0001, Fig. 3). Moreover,
HCE-T cells appeared to have ‘memory’ for exogenous LSI
treatment, as treating the same group of cells for the second
time with the same concentration resulted in a broader peak for
Ca®" influx, which extended peak duration from 40 to 70 s
(Fig. 3A). Downstream of Ca®>" mediated signaling,*® HCE-Ts are
known to initiate more rapid motility and proliferation,****
which can be visualized during the closure of a scratch made on
a confluent sheet of cells. To visualize the in vitro effect of LSI,
we applied a scratch to a sheet of cells and captured the time-
lapse healing process (Fig. 4A). Each treatment was performed
in triplicate and four independent wound distances in each well
were measured for analysis. After 24 h of treatment, a very low
concentration of LSI (10 nM) significantly accelerated scratch
wound healing compared to plain medium without growth-
factors (***p < 0.001). This effect was comparable to a positive
control containing BPE and EGF.

3.3. LSI nanoparticles undergo uptake into HCE-Ts

Encouraged by LSI's in vitro mitogenic activity, we further
explored whether exogenous LSI can enter the HCE-Ts. The cells
were thus incubated with NHS-rhodamine labeled LSI and SI
nanoparticles for different time points and representative
images were shown in Fig. 5. Consistent with lacritin-mediated
uptake, LSI underwent cell uptake into HCE-Ts in a time
dependent manner (Fig. 5A). Significant cell entry was observed
10 m following incubation, and after 1 h, LSI nanoparticles
accumulated within the peri-nuclear region. Upon quantifica-
tion, LSI exhibited significantly higher cytosolic fluorescence
than SI nanoparticles (p < 0.0001, Fig. 5B). Nanomaterials of
different sizes, shapes, and charges have been widely used in
biomedical imaging, tissue targeting, and cell uptake.**** More
recently, the use of nanoparticles to crosslink membrane
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Fig. 5 Lacritin mediates nanoparticle uptake in corneal epithelial cells.
HCE-T cells were incubated with rhodamine labeled LSI or SI nano-
particles and imaged using confocal microscopy. (A) Representative
images show time dependent uptake of LSI while SI nanoparticles do
not internalize to the same degree. Red: rhodamine labeled LS| and SI;
blue: DAPI staining of nuclei. The scale bar represents 10 um. (B) For
cell uptake quantification, each treatment was repeated three times
and three representative cells on each plate were chosen for analysis
purpose. Remarkably, LS| exhibits significantly higher uptake level than
SI (****%p < 0.0001, n = 9) at 60 m. Images were quantified using
Imaged and analyzed via two-way ANOVA followed by a Bonferroni
post-hoc t-test.

receptors more efficiently to regulate downstream signaling has
attracted enormous attention, especially in antibody mediated
receptor crosslinking.**** This data suggests that LSI may be
useful as a platform to not only stimulate lacritin-mediated
mitogenesis, but could also have applications in the targeted
delivery of other agents (antibodies, small molecules) to the
cells of the cornea.
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3.4. LSI nanoparticles heal a corneal abrasion on non-obese
diabetic (NOD) mice
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into NOD mice after femoral artery ligation to increase collat-
eral circulation under cyclic mechanical stimulation.*”

Based on the above reports, the NOD mouse model was
selected for evaluation of the in vivo activity of LSI nanoparticles.
Briefly, a circular abrasion wound with a diameter of around 2
mm was created on the right eye of the animal with an alger-
brush II without damaging the limbal region.*** Immediately
after imaging, 5 ul of 100 uM LSI nanoparticles, SI nanoparticles,
or control EGF + BPE were topically administered to the ocular
surface, and this treatment was repeated once 12 h after wound
initiation. Images of the wound were captured at time 0, 12 h,
and 24 h using fluorescein staining under cobalt blue light
(Fig. 6A). The initial wound healing comparison study included 4
mice under each treatment group, with the left eye intact as a
contralateral control. After experimentation, wound-healing
images were analyzed using Image]. Mean fluorescein intensity,
wound area, total fluorescein (total = mean fluorescein intensity
x wound area), fluorescein percentage of initial value, wound
area percentage of initial value (PctArea), and total fluorescein
percentage of initial value were determined by a blind reviewer
and compared between groups at 12 h and 24 h using Kruskal-
Wallis non-parametric testing. No significant inflammation or
any other adverse effects were observed upon treatments.

While evidence for lacritin's mitogenic activity have been
confirmed,'*** the in vivo mitogenic potential of lacritin has not
been previously reported. As such, our in vitro results inspired
us to investigate the activity of LSI nanoparticles on the ocular
surface. To do so, we proceeded to investigate their in vivo
efficacy via the easiest and most well-tolerated delivery
approach-topical eye drops. In this study, we developed a
corneal epithelial abrasion model on female NOD mice to
assess the wound-healing effect of LSI nanoparticles. Non-obese
diabetic (NOD) mice are frequently used as an animal model for
impaired wound healing in humans. For example, Darby and
coworkers have previously compared the skin wound healing
process in non-obese diabetic (NOD) mice and C57BL/6 mice.
Reduced cell proliferation, retarded onset of the myofibroblast
phenotype, reduced procollagen I mRNA expression, and aber-
rant control of apoptotic cell death were observed in NOD
group.* Alternatively, Rich and coworkers used NOD mice as an
impaired wound healing model to study the pathogenesis of
Staphylococcus aureus infection.*® Also, Lee and coworkers have
implanted alginate hydrogels loaded with model drug VEGF

Fig. 6 Lacritin-decorated nanoparticles heal abrasions in the corneal epithelium of mice. An algerbrush Il was used to create a 2 mm defect in
the corneal epithelium of female non-obese diabetic (NOD) mice, which were monitored using fluorescein staining at 0, 12 and 24 h with or
without treatment by LSI, SI, and a positive control EGF + BPE. (A) Representative images showing the time-lapse healing of the defect on the
corneal epithelium. (B) The area of the wounds as a percent of the initial wound area (PctArea) was determined by a blind reviewer to ensure
objectivity. A Kruskal-Wallis non-parametric test was used to compare groups. These revealed that LS| at both 12 and 24 h significantly (***p =
0.001, n = 4) decreased the percentage of initial wound area (PctArea) compared to SI, EGF + BPE, and no treatment groups. (C) After 24 h,
corneas were fixed, sectioned across the defect, and stained by hematoxylin and eosin. The corneal epithelium of the LSI treatment group
revealed normal pathology, absent of inflammation. Although reduced fluorescein staining was observed at late times in the Sl group, the
epithelium did not recover fully, as evidenced by its irregular surface (black arrows). EP: epithelium; BM: Bowman's membrane; ST: stroma; DM:
Descenet's membrane; EN: endothelium.
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Notably, LSI at both 12 and 24 hours significantly decreased the
percentage of initial wound area (PctArea) compared to SI (p =
0.001), EGF + BPE (p = 0.001), and no treatment groups (p =
0.001), suggesting that LSI is the best formulation to accelerate
recovery of the corneal epithelium (Fig. 6B). To corroborate the
fluorescein imaging result, we further processed the corneal
epithelium after 24 h for histology analysis (Fig. 6C). Briefly,
corneas were fixed, sectioned across the defect, and stained by
hematoxylin and eosin. Pathology of corneal epithelium (EP);
Bowman's membrane (BM); stroma (ST); Descenet's membrane
(DM); endothelium (EN) was evaluated. Remarkably, the corneal
epithelium of the LSI treatment group showed complete
recovery with a smooth, reconstituted surface, absent of
inflammation. While the fluorescein test revealed partial resis-
tance to staining at 24 h in the SI group, the regenerated corneal
epithelium did not complete differentiation as illustrated by a
rough, irregular ocular surface (black arrows).

Having demonstrated that the mitogenic lacritin protein
remains active when decorated on a protein polymer nano-
particle, we next investigated whether ELP-mediated particle
assembly is required to achieve this result. To address the
significance of ELP assembly in vivo, the efficacy of LSI nano-
particles can be directly compared with a thermally non-

Fig. 7 ELP-mediated assembly is essential for the in vivo activity of LSI
nanoparticles. To determine whether the potency of LS| nanoparticles
depends on ELP-mediated assembly of S|, a control lacritin fusion called
LS96 (Table 1) was expressed. (A) Optical density measurements
confirmed that LS96 lacks any detectable phase transitions at 25 uM in
phosphate buffer saline (PBS). (B) Under the same conditions, Dynamic
Light Scattering (DLS) was performed at 37 °C, which confirmed that LSI
assembles nanoparticles with a Ry, of 147.0 + 35.8 nm, while LS96
produced particles with a Ry, of 37.0 £ 8.8 nm, which is similar to that
observed for LS| below T; (Fig. 2A). (C) A 2 mm corneal defect was
induced in female NOD mice, treated with LSI or LS96, stained by
fluorescein at 12 h, and quantified by a blind reviewer. A representative
image shows superior integrity of the ocular surface treated with LSI
after 12 h. (D) Comparison of the PctArea was made by the non-para-
metric Mann-Whitney U test, which confirms that LS| at 12 h signifi-
cantly decreases the wound area compared to LS96 (*p < 0.05, n = 8).
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responsive lacritin fusion protein called LS96 (Table 1). Both LSI
and LS96 contain the lacritin sequence followed by an ELP
containing 96 total pentameric repeats; however, the ELP
previously characterized as S96 **** does not phase separate
until above physiological temperatures. Optical density
measurements, in fact, revealed that LS96 does not display any
observable phase transitions in phosphate buffered saline
(Fig. 7A). In addition, DLS confirmed that LSI has a much larger
hydrodynamic radius than LS96 at 37 °C (Fig. 7B). Using these
two related formulations of lacritin ELPs, the corneal defect
study in NOD mice was both to confirm the ability of LSI to close
the epithelium after 12 h and compare this closure with that of
LS96. To better evaluate our experimental observation, we
further increased the sample size to eight mice per group, with
all right eyes receiving the abrasion procedure. Interestingly,
LSI healed the abrasion wound significantly (p < 0.05) faster
than the non thermo-responsive LS96 fusion (Fig. 7D). This
finding directly supports the contention that ELP-mediated
assembly is involved with the enhancement of LSI. To the best
of our knowledge, this is the first definitive study showing that
ELP-mediated assembly can be used to boost the activity of a
mitogenic peptide.

4. Conclusions

To accelerate the corneal wound healing process, this manuscript
describes a multivalent ELP nanoparticle as a means of delivering
a candidate biopharmaceutical, the mitogen lacritin, to the
ocular surface. This lacritin ELP fusion, LSI, displays thermo-
responsive self-assembly properties similar to the unmodified SI
nanoparticle and presents accessible lacritin at its corona at
physiologically relevant temperatures. LSI nanoparticles trigger
calcium dependent cell signaling, internalize into cells, and
facilitate scratch closure in monolayers of a human corneal
epithelial cell line (HCE-Ts). When topically applied on the ocular
surface of NOD mice following removal of the corneal epithelium,
LSInanoparticles promoted faster wound healing compared to SI
and untreated groups. Most importantly, the LSI nanoparticles
produce faster regeneration of the corneal epithelium compared
to a control lacritin ELP fusion, called LS96, that does not
undergo thermally-mediated assembly. Overall, this study high-
lights the potential of ELPs as nanoparticle scaffolds to effectively
deliver protein therapeutics to the ocular surface and repair
abrasion wounds. This strategy may have utility in developing
other candidate peptides into biopharmaceuticals. To maximize
the conversion of biologically active peptides into drugs, this
manuscript suggests that it may be beneficial to induce their
multivalent presentation on a nanoparticle; furthermore, ELP
protein polymers have emerged as a new strategy to directly
bioengineer these particles at the genetic level.

Abbreviations

PRK Photorefractive keratectomy
LASIK Laser in situ keratomileusis
TEM Transmission electron microscopy
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ELPs Elastin-like polypeptides

T, Transition temperature

CMT Critical micelle temperature

HCE- SV40-Adeno vector transformed human corneal
T epithelial cell

NOD Non-obese diabetic

BPE  Bovine pituitary extract

EGF Epidermal growth factor
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COMPOSITIONS AND METHODS FOR THE DELIVERY OF DRUGS TO THE
OCULAR SURFACE BY CONTACT LENSES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C. § 119(e) of U.S. Provisional
Application Serial No. 61/806,558, filed March 29, 2013, the contents of which is hereby

incorporated by reference into the present disclosure.
BACKGROUND

[0002] Accounting for approximately 90% of all ophthalmic medications, topical ophthalmic
solutions (eye drops) have long been the most commonly used method of ocular drug delivery.
However, eye drops are generally considered an inefficient drug delivery system that is
characterized by a transient overdose, followed by a relatively short period of effective
therapeutic concentration, and then a prolonged period of insufficient concentration or

underdosing.

[0003] Ophthalmic ointments, an alternative to liquid eye drops, have a longer contact time
with the cornea and possibly provide higher chance for drug absorption than a solution due to
their high viscosity. Nevertheless as each drop is diluted, the majority of the active agent is
washed away by reflex tearing, blinking, or drained through the nasolacrimal system so that only
1 to 7% of an eye drop is absorbed by the eye. To remedy this problem, collagen shields have
been proposed to absorb and then slowly release a wide variety of medications. In one
application, these shields are applied after surgical procedures involving the corneal epithelium
promote re-epithelialization and delivery antibiotic prophylaxis. However, collagen shields are
not widely used for daily drug delivery because they lack optical clarity, are difficult to self-

insert, are uncomfortable to the patient, and degrade quickly.

[0004] Beyond providing millions of people with glasses-free vision correction, contact lenses
have been proposed as a more comfortable way to therapeutically manage ocular anterior
segment disorders. Indications for using soft contact lenses therapeutically include protecting a
compromised ocular surface, pain management, and promoting epithelialization or wound
closure. Many studies report that contact lenses improve the corneal penetration and
bioavailability of topically applied pharmaceutical agents using two approaches. In the first
method, lenses are soaked in the drug solution for a period of time and then placed on the eye,
resulting in a high initial release, followed by a slower, long-term release during hours to days of
lens wearing. This method is commonly employed with antibiotics and non-steroidal anti-

inflammatory drugs (NSAIDs) postoperatively, and with antibiotics for severe infections.



Alternatively, a topical drug can be applied over the lens while the lens is in sifu. This approach
is necessary when a patient wears a contact lens as a protective device (bandage lens) following
a corneal injury or a serious infection, in which case a lens is used as a shield or bandage lens to
promote wound repair. The lens absorbs drug from the tear film and then acts as a reservoir,
slowly releasing the drug into the tears as the overall concentration of the drug in the tear film
declines. Both these approaches prolong the contact time of the drug with the cornea and thus
improve penetration of drugs into the cornea. Ongoing research of drug-eluting contact lenses
includes copolymerizing the contact lens’ hydrogel material (p-HEMA) with other polymers,
such as PLGA; releasing drug from microemulsions contained in hydrogel prototype lenses;
molecularly imprinted hydrogels, and immobilizing drug-containing liposomes onto the surface
of contact lenses. However, achieving sustained, long-term drug delivery at the normal
physiological temperature, pH, and salinity of human eye still remains a challenge. Furthermore,
it would be desirable to develop contact lens drug carriers that are relatively simple in design:
which do not require complicated and expensive manufacturing processes; which do not impair
or interfere with the patient's vision; and which do not require a substantial change in the

practice patterns of ophthalmologists.
SUMMARY

[0005] To develop new treatments and delivery mechanisms for ocular diseases, new drug
vehicles are required that are biocompatible, biodegradable and easily modified with bioactive
peptides. An emerging approach to this challenge employs protein polymers to drive reversible
assembly of nanostructures. As one example, the elastin-like-polypeptides (ELPs) possess
unique phase transition behavior, which mediates self-assembly of nanoparticles. As they are
composed from amino acids, protein polymers and ELPs may be produced either by chemical

synthesis or by biological expression from an engineered gene expressed by a host cell.

[0006] This document discloses the useful interaction between biocompatible polymeric used
for contact lenses and therapeutic materials composed from protein polymers, such as ELPs, that
adhere to promote long-term delivery of peptide therapeutics for the enhanced treatment of

ocular diseases and disorders.

[0007] Thus, in one aspect, this disclosure describes a biocompatible, polymeric material that
comprises, or alternatively consists essentially of, or yet further consists of a biocompatible,
polymeric material and an ELP. In one aspect, the polymeric material is a material comprising
one or more of poly(hydroxyl ethyl methacrylate), methacrylic acid, N-vinyl pyrrolidone,
cyclohexyl methacrylate, N,N-dimethyl acrylamide or a contact lens material, non-limiting

examples of such are provide in Table 1 although any suitable biocompatible, polymeric material
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may be used and therefore, the disclosure is not so limited. In one aspect the ELP is attached to
the polymeric material in a random fashion or alternatively, attached in a pre-determined design
such one or more concentric rings, or only in the center of the polymeric material or
alternatively, only around the periphery of the polymeric material, or alternatively in swirls or
stamped blocked or rectangular geometries. In one particular aspect, the ELP is attached to the

polymer in one or more concentric rings.

[0008] The ELP component of the polymeric material can be any ELP known in the art which
includes those obtained from either chemical or biological synthetic rountes. In one aspect, the
ELP is a diblock polypeptide. Non-limiting examples of such include one or more of the ELPs
described herein, which optionally includes one or more of SEQ ID NOS: 1 to 6, or a biological
equivalent of each thereof. In a further aspect, the polymeric material-ELP is combined with a
pharmaceutically acceptable carrier, such as saline or the like, to maintain the polymeric

material’s biocompatible characteristics.

[0009] In a further aspect, the polymeric material further comprises, or consists essentially of,

or yet further consists of a detectable label, e.g., a fluorophore or a detectable dye.

[0010] In one aspect, the polymeric material and ELP further comprises a therapeutic agent
bound to the ELP or encapsulated within the ELP. Non-limiting examples of a therapeutic agent
include a peptide, a protein, an antibody, an antibody fragment or a small molecule. In a
different aspect, the therapeutic acts as a growth factor, an anti-microbial agent or a non-
steroidal anti-inflammatory drug. In a further aspect, an effective amount of the therapeutic is
bound to the ELP and polymeric material. In different further aspects, the polymeric material-
ELP is combined with a pharmaceutically acceptable carrier, such as saline or the like, to
maintain the therapeutic agent’s effectiveness and/or the polymeric material’s biocompatible

characteristics.

[0011] Methods to link or encapsulate a therapeutic agent to the ELP are described in
International Application No.: PCT/US2013/64719, filed October 11, 2013, incorporated by
reference herein. In one embodiment, the therapeutic agent is fused to the ELP by covalent
attachment to a cleavable peptide sequence located between the therapeutic agent and the ELP In
one aspect, the cleavable peptide sequence is a thrombin cleavable peptide sequence which
comprises the amino acid sequence GLVPRIGS (SEQ ID NO.: 7), or a biological equivalent
thereof, wherein a biological equivalent is a sequence having at least 80% sequence identity, or
alternatively at least 90% sequence identity, or alternatively at least 95 % sequence identity to
SEQ ID NO: 7, or a sequence that hybridizes under conditions of high stringency to the

polynucleotide that encodes the sequence or its complement.
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[0012] In one aspect, the therapeutic agent is the lacritin protein, a fragment of lacritin, or a
biological equivalent thereof. This strategy is used to delivery other peptide therapeutics
including growth factors, including but not limited to Epidermal Growth Factor (EGF),
transforming growth factor beta (TGF-f), human growth factor (HGF). In one embodiment, the
lacritin comprises SEQ ID NO.: 8 or 10, or a biological equivalent of each thereof, which is
covalently fused to the ELP either directly or via a cleavable peptide sequence located between
the therapeutic agent and the ELP. . To biologically express a fusion peptide between an ELP
and a therapeutic, DNA encoding a cleavable peptide sequence is inserted between that encoding
for the therapeutic agent and ELP sequence. Using conventional molecular biology
methodology, the resulting gene fusion can be cloned into a plasmid that encodes for antibiotic
resistance and transformed into prokaryotic or eukaryotic host cells, including but not limited to
BLR(DE3) competent cells, Origami™™ B competent cells, or HEK-293 cells. Transformants
expressing the fusion protein can be isolated using antibiotic selection, such as ampicillin,
kanamycin, or gentamycin. Alternatively, the cleavage sequence can be added between ELPs
and the therapeutic peptide that are produced using solid-phase peptide synthesis. Alternatively,
cleavage sequence can be added after/before therapeutic agent protein sequence using solid-
phase peptide synthesis. In one aspect, the cleavable peptide sequence is a thrombin cleavable
peptide sequence which comprises the amino acid sequence GLVPRIGS (SEQ ID NO. 7), or a
biological equivalent thereof (as defined herein). A non-limiting example of the lacritin-ELP
amino acid sequence comprises the amino acid sequence of SEQ ID NO: 9 or a biological

equivalent thereof.

[0013] This disclosure also provide the isolated polynucleotides that encode the polypeptide
ELPs as described above which can be contained within an expression vector for recombinant
expression in a host cell. Accordingly, the isolated host cells comprising the isolated
polynucleotides and/or ELP polypeptides, that in one aspect contain the therapeutic peptide, are
within the scope of this disclosure. Methods to prepare the ELP alone or in combination with
the therapeutic are within the scope of this disclosure and described herein. Methods to prepare
the polymeric material of this disclosure is further provided, as is the method comprising
absorbing, conjugating, or coating a polymeric material with the ELP, alone or in combination

with the therapeutic agent.

[0014] The polymeric materials as described herein are useful for delivering a therapeutic
agent, the method comprising contacting the polymeric material topically or internally, with a
subject to be treated. As used herein, the term “subject” intends an animal, such as a mammal,

e.g., a canine, an equine, a rabbit, or feline, or a human patient. In one aspect, the polymeric


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=8&cad=rja&uact=8&ved=0CEgQFjAH&url=http%3A%2F%2Fwiki.answers.com%2FQ%2FAre_there_plasmids_in_prokaryotic_and_or_eukaryotic_cells&ei=zpI4U7rIEay02wWPxYHABg&usg=AFQjCNEx8l0s72dIX8-SID0sDyBOsf5tmA

material is in contact with the ocular surface of an eye. Thus, the polymeric material is useful in
methods for treating an ocular disease, comprising contacting the polymeric material with the
eye of a patient in need of such treatment. Non-limiting examples of an ocular disease that can
be treated by this method includes without limitation dry eye, age-related macular degeneration,
diabetic retinopathy, retinal venous occlusions, retinal arterial occlusion, macular edema,
postoperative inflammation, infection, dryness, uveitis retinitis, proliferative vitreoretinopathy

and glaucoma.

[0015] This disclosure also provides a kit comprising one or more polymeric materials, alone

or in combination with a therapeutic agent and instructions for use as described herein.

BRIEF DESCRIPTION OF THE FIGURES

[0016] FIGS. 1A-D show NHS-Rhodamine labeled V96 (Rho-V96) selectively phase
separated onto Proclear Contact lens. A) Rho-V96 on SDS-PAGE. B) Reversible temperature
dependent phase transition behavior of Rho-V96 at 500uM. C) Fluorescence image of contact
lenses after Rho-V96 phase separation. D) Contact lens modification process at 37°C. *1.
Proclear Compatibles contact lens (CooperVision); 2. Dailies (CIBA Vision); 3. Acuvue
OASYS (Johnson & Johnson Vision Care); 4. Acuvue Advance Plus (Johnson & Johnson Vision

Care). Pictures were captured using Bio-Rad VersaDoc MP System.

[0017] FIGS. 2A-D show that the protein polymer architecture controls rate of release from
contact lenses. A) A therapeutic protein, lacritin, fused to an ELP. B) ELPs adhere and release
from contact lenses. C) Representative thodamine-ELP labeled Proclear contact lenses. D)
Confocal laser scanning microscopy of rhodamine-labeled ELPs incubated with contact lenses at
37 °C. Soluble ELPs (Rho-S96) washed away immediately. ELP nanoparticles (Rho-S48148)
form embedded puncta within the lens. ELP coacervate (Rho-V96) uniformly stains the lens,

which was retained at high levels after 3 days. Scale bar: 50 um.

[0018] FIGS. 3A-E show the ELP phase transition extended retention time of Rho-V96 on
contact lens. A) Proclear contact lenses were incubated with equal concentration of Rho-V96
(100uM) at 4°C and 37°C for overnight. 37°C incubation showed significantly higher ELP
retention than 4°C. B) Proclear contact lens incubated in Rho-V96 (100uM) at 37°C was cut
into two halves and incubated at 37°C or 4°C ddH20 for overnight. Contact lens incubated at
37°C exhibited higher Rho-V96 retention. C, D&E) Rho-V96 phase separation onto Proclear
contact lens is a reversible process. Three individual lenses were modified with Rho-V96 at
37°C, gently washed in PBS at 37°C and incubated in 2ml PBS for one week (168h). Equal

amount of sample (100 ul) was taken out from incubating solution at each time point (Oh, 30 min,



1h, 2h, 4h, 8h, 12h, 24h, 48h, 96h, 168h). After one week, lenses were incubated in 1.5 ml fresh
PBS at 4°C for 24 h (Wash 1) with gentle shaking. Washing step was repeated once in another
1.5 ml fresh PBS at 4°C for 24h (Wash 2) with gentle shaking. After measuring fluorescence of
all collected samples using fluorescent plate reader (D), samples were concentrated to equal
volume using Amicon Ultra protein concentrator (3kD cut-off). Equal volume of samples was
loaded onto 4-20% gradient gel and imaged using Bio-Rad VersaDoc MP System (C). Protein
retention ratio was characterized using ImageJ (E). 96.2+1.8% of total fluorescence and

99.1£2.3% of total protein was retained on the lens after one week incubation at 37°C.

[0019] Figures 4A and B show that ELP selectively phase separate onto Proclear
compatibles™ contact lens. A) Among four types of contact lens tested, rhodamine labeled V96
selectively phase separated onto Proclear compatibles™ contact lens. 1: Proclear compatibles'™;
2: Dailies (AquaComfort Plus); 3: Acuvue OASYS; 4: Acuvue Advance Plus. B) Different
shapes of rhodamine labeled V96 on Proclear compatibles™ contact lens. Upper: white light;

lower: fluorescence.

[0020] Figures S A to E show 7; and temperature dependent affinity of ELPs towards
Proclear Compatible™ contact lens. A) Representative picture showing different affinity of V96
and S96 to the lens at 37°C and 4°C after 24 h incubation. B) Total fluorescence intensity
quantification result showing ELPs’ attachment to the lens was 7; and temperature dependent. C)
Group one exhibited high retention on the lens after one week incubation at 37°C. D) Group two,
three and four showed similar release pattern and can fit into same two-phase decay model. E)
Group five illustrated different release kinetics from group one, with significant lower plateau.
*#%p<0.001; grey line: predicted values using one phase decay model; grey dash line: predicted

values using two phase decay model.

[0021] Figures 6A to G show spatiotemporal HCE-T cell uptake. A) Representative pictures
showing time dependent uptake of Lac and Lac-V96 into HCE-T cells. B-C Quantification result
showing V96 tag modulated cell uptake speed and amount of exogenous Lac. D) Cartoon
showing rho-Lac-V96 “ring” modified contact lens with three representative regions. 1: rtho-Lac-
V96 fully covered cell region; 2: cell region half covered by rho-Lac-V96; 3: cell region not
covered by the lens. E-G) Representative pictures showing HCE-T cell uptake of rho-Lac-V96 in

three regions delivered by contact lens. Red: rhodamine; Blue: DAPI staining of nuclei.



DETAILED DESCRIPTION
Definitions

[0022] The practice of the present invention will employ, unless otherwise indicated,
conventional techniques of tissue culture, immunology, molecular biology, microbiology, cell
biology and recombinant DNA, which are within the skill of the art. See, e.g., Sambrook et al.,
(1989) Molecular Cloning: A Laboratory Manual, 2nd edition; Ausubel et al., eds. (1987)
Current Protocols In Molecular Biology; MacPherson, B.D. Hames and G.R. Taylor eds., (1995)
PCR 2: A Practical Approach; Harlow and Lane, eds. (1988) Antibodies, A Laboratory Manual;
Harlow and Lane, eds. (1999) Using Antibodies, a Laboratory Manual; and R.I. Freshney, ed.
(1987) Animal Cell Culture.

[0023] All numerical designations, e.g., pH, temperature, time, concentration, and molecular
weight, including ranges, are approximations which are varied ( +) or ( - ) by increments of 1.0
or 0.1, as appropriate. It is to be understood, although not always explicitly stated that all
numerical designations are preceded by the term “about”. It also is to be understood, although
not always explicitly stated, that the reagents described herein are merely exemplary and that

equivalents of such are known in the art.
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[0024] As used in the specification and claims, the singular form “a,” “an” and “the” include

plural references unless the context clearly dictates otherwise.

[0025] As used herein, the term “comprising” is intended to mean that the compositions and
methods include the recited elements, but do not exclude others. “Consisting essentially of”
when used to define compositions and methods, shall mean excluding other elements of any
essential significance to the combination when used for the intended purpose. Thus, a
composition consisting essentially of the elements as defined herein would not exclude trace
contaminants or inert carriers. “Consisting of” shall mean excluding more than trace elements of
other ingredients and substantial method steps. Embodiments defined by each of these transition

terms are within the scope of this invention.

[0026] The term "purified protein or peptide" as used herein, is intended to refer to a
composition, isolatable from other components, wherein the protein or peptide is purified to any
degree relative to its naturally-obtainable state. A purified protein or peptide therefore also refers

to a protein or peptide, free from the environment in which it may naturally occur.

[0027] The term “therapeutic agent” refers to an agent or component capable of inducing a
biological effect in vivo and/or in vitro, such as for example an anti-inflammation agent, an

antibiotic, a polypeptides and diverse protein/antibody therapeutic libraries via encapsulation or



recombinant protein expression, a small molecule, a nucleic acid, a protein, antibody, antibody
fragment or a polypeptide. Strategies for incorporation of therapeutic agents are described in
International Patent Appl. No: PCT/US2013/64719, filed October 11, 2013. Non-limiting
examples of therapeutic agents include lactrintin, cyclosporin A, ketorolac, nepafenac,
bromfenac; antibiotics such as Bacitracin, Erythromycin; growth factors such as Epidermal
Growth Factor (EGF), Transforming Growth Factor Beta (TGF-), Hepatocyte Growth Factor
(HGF); protease inhibitors such as Matrix Metallopeptidase 2 (MMP-2) or Matrix
Metallopeptidase 9 (MMP-9). The biological effect may be useful for treating and/or preventing

a condition, disorder, or disease in a subject or patient.

[0028] As used herein, the term “biological equivalent thereof” is used synonymously with
“equivalent” unless otherwise specifically intended. When referring to a reference protein,
polypeptide or nucleic acid, the term intends those having minimal homology while still
maintaining desired structure or functionality. Unless specifically recited herein, it is
contemplated that any polynucleotide, polypeptide or protein mentioned herein also includes
equivalents thereof. For example, an equivalent intends at least about 60%, or 65%, or 70%, or
75%, or 80 % homology or identity and alternatively, at least about 85 %, or alternatively at least
about 90 %, or alternatively at least about 95 %, or alternatively 98 % percent homology or
identity and exhibits substantially equivalent biological activity to the reference protein,
polypeptide or nucleic acid. Alternatively, a biological equivalent is a peptide encoded by a
nucleic acid that hybridizes under stringent conditions to a nucleic acid or complement that
encodes the peptide. Hybridization reactions can be performed under conditions of different
“stringency”. In general, a low stringency hybridization reaction is carried out at about 40°C in
about 10 x SSC or a solution of equivalent ionic strength/temperature. A moderate stringency
hybridization is typically performed at about 50°C in about 6 x SSC, and a high stringency
hybridization reaction is generally performed at about 60°C in about 1 x SSC. Hybridization
reactions can also be performed under “physiological conditions” which is well known to one of
skill in the art. A non-limiting example of a physiological condition is the temperature, ionic

strength, pH and concentration of Mg”" normally found in a cell.

[0029] A polynucleotide or polynucleotide region (or a polypeptide or polypeptide region)
having a certain percentage (for example, about 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or
97%) of “sequence identity” to another sequence means that, when aligned, that percentage of
bases (or amino acids) are the same in comparing the two sequences. The alignment and the
percent homology or sequence identity can be determined using software programs known in the

art, for example those described in Current Protocols in Molecular Biology (Ausubel et al., eds.



1987) Supplement 30, section 7.7.18, Table 7.7.1. Preferably, default parameters are used for
alignment. A preferred alignment program is BLAST, using default parameters. In particular,
preferred programs are BLASTN and BLASTP, using the following default parameters: Genetic
code = standard; filter = none; strand = both; cutoff = 60; expect = 10; Matrix = BLOSUM®62;
Descriptions = 50 sequences; sort by = HIGH SCORE; Databases = non-redundant, GenBank +
EMBL + DDBJ + PDB + GenBank CDS translations + SwissProtein + SPupdate + PIR. Details
of these programs can be found at the following Internet address: ncbi.nlm.nih.gov/cgi-

bin/BLAST.

[0030] “Homology” or “identity” or “similarity” refers to sequence similarity between two
peptides or between two nucleic acid molecules. Homology can be determined by comparing a
position in each sequence which may be aligned for purposes of comparison. When a position in
the compared sequence is occupied by the same base or amino acid, then the molecules are
homologous at that position. A degree of homology between sequences is a function of the
number of matching or homologous positions shared by the sequences. An “unrelated” or “non-
homologous” sequence shares less than 40% identity, or alternatively less than 25% identity,

with one of the sequences of the present invention.

[0031] An “equivalent” is used in the alternative with “biological equivalent” of a
polynucleotide or polypeptide refers to a polynucleotide or a polypeptide having a substantial
homology or identity to the reference polynucleotide or polypeptide. In one aspect, a
“substantial homology” is greater than about 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or
98% homology.

[0032] As used herein, “expression” refers to the process by which polynucleotides are
transcribed into mRNA and/or the process by which the transcribed mRNA is subsequently
being translated into peptides, polypeptides, or proteins. If the polynucleotide is derived from

genomic DNA, expression may include splicing of the mRNA in an eukaryotic cell.

[0033] The term “encode” as it is applied to polynucleotides refers to a polynucleotide which
is said to “encode” a polypeptide if, in its native state or when manipulated by methods well
known to those skilled in the art, it can be transcribed and/or translated to produce the mRNA for
the polypeptide and/or a fragment thereof. The antisense strand is the complement of such a

nucleic acid, and the encoding sequence can be deduced therefrom.

[0034] “Regulatory polynucleotide sequences” intends any one or more of promoters, operons,
enhancers, as known to those skilled in the art to facilitate and enhance expression of

polynucleotides.



[0035] An “expression vehicle” is a vehicle or a vector, non-limiting examples of which
include viral vectors or plasmids, that assist with or facilitate expression of a gene or

polynucleotide that has been inserted into the vehicle or vector.

[0036] A “delivery vehicle” is a vehicle or a vector that assists with the delivery of an
exogenous polynucleotide into a target cell. The delivery vehicle may assist with expression or

it may not, such as traditional calcium phosphate transfection compositions.

[0037] A “composition” is intended to mean a combination of active agent and another
compound or composition, inert (for example, the polymeric material of this disclosure, a solid

support or pharmaceutically acceptable carrier) or active, such as an adjuvant.

[0038] A “pharmaceutical composition” is intended to include the combination of an active
agent with a carrier, inert or active (e.g., the polymeric material of this disclosure), making the

composition suitable for diagnostic or therapeutic use in vitro, in vivo or ex vivo.

[0039] ““An effective amount” refers to the amount of an active agent or a pharmaceutical
composition sufficient to induce a desired biological and/or therapeutic result. That result can be
alleviation of the signs, symptoms, or causes of a disease, or any other desired alteration of a
biological system. The effective amount will vary depending upon the health condition or
disease stage of the subject being treated, timing of administration, the manner of administration

and the like, all of which can be determined readily by one of ordinary skill in the art.

[0040] As used herein, the terms "treating," "treatment" and the like are used herein to mean
obtaining a desired pharmacologic and/or physiologic effect. The effect may be prophylactic in
terms of completely or partially preventing a disorder or sign or symptom thereof, and/or may be
therapeutic in terms of a partial or complete cure for a disorder and/or adverse effect attributable

to the disorder.

[0041] As used herein, to “treat” further includes systemic amelioration of the symptoms
associated with the pathology and/or a delay in onset of symptoms. Clinical and sub-clinical

evidence of “treatment” will vary with the pathology, the subject and the treatment.

[0042] “Administration” can be effected in one dose, continuously or intermittently throughout
the course of treatment. Methods of determining the most effective means and dosage of
administration are known to those of skill in the art and will vary with the composition used for
therapy, the purpose of the therapy, the target cell being treated, and the subject being treated.
Single or multiple administrations can be carried out with the dose level and pattern being
selected by the treating physician. Suitable dosage formulations and methods of administering

the agents are known in the art.
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[0043] The agents and compositions of the present invention can be used in the manufacture of
medicaments and for the treatment of humans and other animals by administration in accordance

with conventional procedures, such as an active ingredient in pharmaceutical compositions.

[0044] As used herein, the term “detectable label” intends a directly or indirectly detectable
compound or composition that is conjugated directly or indirectly to the composition to be
detected, e.g., N-terminal histidine tags (N-His), magnetically active isotopes, e.g., '">Sn, ''’Sn
and '"”Sn, a non-radioactive isotopes such as *C and "°N, polynucleotide or protein such as an
antibody so as to generate a "labeled" composition. The term also includes sequences
conjugated to the polynucleotide that will provide a signal upon expression of the inserted
sequences, such as green fluorescent protein (GFP) and the like. The label may be detectable by
itself (e.g. radioisotope labels or fluorescent labels) or, in the case of an enzymatic label, may
catalyze chemical alteration of a substrate compound or composition which is detectable. The
labels can be suitable for small scale detection or more suitable for high-throughput screening.
As such, suitable labels include, but are not limited to magnetically active isotopes, non-
radioactive isotopes, radioisotopes, fluorochromes, luminescent compounds, dyes, and proteins,
including enzymes. The label may be simply detected or it may be quantified. A response that
is simply detected generally comprises a response whose existence merely is confirmed, whereas
a response that is quantified generally comprises a response having a quantifiable (e.g.,
numerically reportable) value such as intensity, polarization, and/or other property. In
luminescence or fluorescence assays, the detectable response may be generated directly using a
luminophore or fluorophore associated with an assay component actually involved in binding, or
indirectly using a luminophore or fluorophore associated with another (e.g., reporter or

indicator) component.

[0045] Examples of luminescent labels that produce signals include, but are not limited to
bioluminescence and chemiluminescence. Detectable luminescence response generally
comprises a change in, or an occurrence of, a luminescence signal. Suitable methods and
luminophores for luminescent labeling assay components are known in the art and described for
example in Haugland, Richard P. (1996) Handbook of Fluorescent Probes and Research
Chemicals (6th ed.). Examples of luminescent probes include, but are not limited to, aequorin

and luciferases.

[0046] Examples of suitable fluorescent labels include, but are not limited to, fluorescein,
rhodamine, tetramethylrhodamine, eosin, erythrosin, coumarin, methyl-coumarins, pyrene,

Malacite green, stilbene, Lucifer Yellow, Cascade BlueTM, and Texas Red. Other suitable
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optical dyes are described in the Haugland, Richard P. (1996) Handbook of Fluorescent Probes
and Research Chemicals (6™ ed.).

[0047] In another aspect, the fluorescent label is functionalized to facilitate covalent
attachment to a cellular component present in or on the surface of the cell or tissue such as a cell
surface marker. Suitable functional groups, including, but not are limited to, isothiocyanate
groups, amino groups, haloacetyl groups, maleimides, succinimidyl esters, and sulfonyl halides,
all of which may be used to attach the fluorescent label to a second molecule. The choice of the
functional group of the fluorescent label will depend on the site of attachment to either a linker,

the agent, the marker, or the second labeling agent.

[0048] The term "contact lens" refers to the entire product that is placed in contact with the
cornea. Non-limiting examples of commercially available contact lenses are listed in Table 1.
Generally, contact lenses comprise a central lens with a diameter of 7-9 mm. The central lens of
conventional contact lenses contains front and back surface curvatures that combine to create the
optical power of the lens (after accounting for lens thickness and refractive index of the lens
material). In addition to the central lens, contact lenses also conventionally comprise an outer
region. The outer region is located between the edge of the central lens and the edge of the
contact lens. Conventionally, the outer region of a contact lens is designed to provide a
comfortable fitting of the lens to the eye, and causes minimal physiological disruption to the
normal functioning of the eye. The contact lenses utilized in the present disclosure may be
customized or conventional contact lenses designed based on the unique low and high order
aberrations of each individual eye. Conventional contact lenses correct low order aberrations
(myopia, hyperopia and astigmatism), whereas customized contact lenses also correct high order
aberrations including optical characteristics such as coma, spherical aberration and trefoil.
Preferably, the forces applied to the eye by the upper and/or lower eyelid are dispersed so that
the optical characteristics of the eye are unchanged by downward gaze or near work. Contact
lenses used in the present disclosure may also be corrective (i.e. corrects a vision defect) or non-
corrective (i.e. no correction of vision defect). In certain embodiments, the contact lens may be
non—corrective and serve as a drug carrier for the efficient delivery of therapeutic agents and
proteins to the eye of a patient in need thereof. U.S. patent publication 2011/0230588 describes
methods of making hydrogel or soft contact lenses. Table 1 shows a summary of contact lenses
commercially available. Both traditional and p-HEMA hydrogel contact lenses and silicone

hydrogel contact lenses are included within this disclosure.
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Table 1: Contact lens material characteristics

Commercial Polymer composition Listed Measured Oxygen FDA
Name (supplier) water water permeability | category
content | volume® (barrers")
(Y0) (mL)
Optima FW Polymacon p- 38 0.01048 9 Group |
(Bausch & Lomb, | HEMA/NVP/CMA (non-ionic,
Rochester, NY) low water
content)
Focus Night & Lotrafilcon A 24 0.00448 140 Group I
Day (Ciba Vision, | DMA/Siloxane macromer (non-ionic,
Duluth, GA) low water
content)
Softlens 66 Alphafilcon A p- 66 0.0231 30 Group 11
(Bausch & Lomb, | HEMA/NVP/CMA (non-ionic,
Rochester, NY) high water
content)
Proclear Omafilcon A p- 59 0.01741 22 Group 11
Compatibles HEMA/phosphorylcholine (non-ionic,
(Biocompatibles, high water
Norfolk, VA) content)
PureVision Balafilcon A Siloxane 36 0.00956 99 Group III
(Bausch & Lomb, | macromer/NVP (ionic, low
Rochester, NY) water
content)
Acuvue/Surevue | Etafilcon A p-HEMA/MA | 58 0.01588 21 Group IV
(Johnson & (ionic, high
Johnson, water
Jackonsonville, content)
FL)
Focus Monthly Vifilcon A p- 55 0.01588 19 Group IV
(Ciba Vision, HEMA/MA/NVP (ionic, high
Duluth, GA) water
content)

p-HEMA, poly(hydroxyl ethyl methacrylate); MA, methacrylic acid; NVP, N-vinyl pyrrolidone;
CMA, cyclohexyl methacrylate; DMA, N,N-dimethyl acrylamide.
* Volume of water in the contact lens as obtained by subtracting the wet lens from the dry lens

weight.

® 1 barrer= 10" (cm’mL O,)/s mL mm Hg), obtained from the contact lens package inserts.
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[0049] By "biocompatible," it is meant that the components of the delivery system will not
cause tissue injury or injury to the human biological system. To impart biocompatibility,
polymers and excipients that have had history of safe use in humans or with GRAS (Generally
Accepted As Safe) status, will be used preferentially. For a composition to be biocompatible,

and be regarded as non-toxic, it must not cause toxicity to cells.

[0050] The term "polymeric material", refers a material comprising a polymer matrix and a
plurality of interconnecting pores. Non-limiting examples of polymeric materials include
polymers comprising unsaturated carboxylic acids, such as methacrylic acid and acrylic acid;
(meth)acrylic substituted alcohols, such as 2-hydroxyethylmethacrylate and 2-
hydroxyethylacrylate; vinyl lactams, such as N-vinyl pyrrolidone; (meth)acrylamides, such as
methacrylamide and N,N-dimethylacrylamide, poly(hydroxyl ethyl methacrylate); N-vinyl
pyrrolidone; and cyclohexyl methacrylate.

[0051] The term "fuse," "fused" or "link" refers to the covalent linkage between two
polypeptides in a fusion protein. The polypeptides are typically joined via a peptide bond, either
directly to each other or via an amino acid linker. Optionally, the peptides can be joined via

non-peptide covalent linkages known to those of skill in the art.

[0052] The term "cleavable peptide" refers to a peptide that may be cleaved by a molecule or
protein. By way of example, cleavable peptide spacers include, without limitation, a peptide
sequence recognized by proteases (in vitro or in vivo) of varying type, such as Tev, thrombin,
factor Xa, plasmin (blood proteases), metalloproteases, cathepsins (e.g., GFLG, etc.), and
proteases found in other corporeal compartments. In some embodiments employing cleavable
peptides, the fusion protein (i.e. therapeutic protein) may be inactive, less active, or less potent

as a fusion, which is then activated upon cleavage of the spacer in vivo.

[0053] As used herein, the term “elastin-like peptide (ELP) component” intends a polypeptide
that forms stable nanoparticle (also known as a micelle) above the transition temperature of the
ELP. In another aspect, the ELP component comprises, or alternatively consists essentially of,
or yet further consists of the polypeptide S48148 having the sequence G(VPGSG)n(VPGIG)nY
(SEQ ID NO: 1)or a biological equivalent thereof, wherein n is an integer that denotes the
number of repeats, and can be from about 6 to about 192, or alternatively from about 15 to 75, or
alternatively from about 40 to 60, or alternatively from about 45 to 55, or alternatively about 48),
wherein in one aspect, S48148 comprises, or alternatively consists essentially of, or yet further
consists of the amino acid sequence G(VPGSG)43(VPGIG)43Y, or a biological equivalent
thereof. A biological equivalent of polypeptide S48148 is a peptide that has at least 80%
sequence identity to polypeptide S48148 or a peptide encoded by a polynucleotide that
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hybridizes under conditions of high stringency to a polynucleotide that encodes polypeptide
S48148 or its complement, wherein conditions of high stringency comprise hybridization
reaction at about 60°C in about 1 x SSC. The biological equivalent will retain the characteristic
or function of forming a nanoparticle (also known as a micelle) when the biological equivalent is
raised above the transition temperature of the biological equivalent or, for example, the

transition temperature of S48148.

[0054] In another aspect, the ELP comprises, or alternatively consists essentially of, or yet
further consists of, the polypeptide (VPGSG)n (SEQ ID NO: 5) or a biological equivalent
thereof, wherein n is an integer that denotes the number of repeats, and can be from about 6 to
about 192, or alternatively from about 15 to 125, or alternatively from about 50 to 110, or
alternatively from about 90 to 100, or alternatively about 96 (VPGSG)ys (SEQ ID NO: 2) or a
biological equivalent of each thereof. A biological equivalent of polypeptide is a peptide that
has at least 80% sequence identity to SEQ ID No: 2 or a peptide encoded by a polynucleotide
that hybridizes under conditions of high stringency to a polynucleotide that encodes SEQ ID
NOS: 2 or 5, or the respective complements, wherein conditions of high stringency comprise
hybridization reaction at about 60°C in about 1 x SSC. The biological equivalent will retain the
characteristic or function of forming a nanoparticle (also known as a micelle) when the
biological equivalent is raised above the transition temperature of the biological equivalent or,

for example, the transition temperature of SEQ ID NOS: 2 or 5.

[0055] In another aspect, the ELP comprises, or alternatively consists essentially of, or yet
further consists of, the polypeptide (VPGVG)n (SEQ ID NO: 6) or a biological equivalent
thereof, wherein n is an integer that denotes the number of repeats, and can be from about 6 to
about 192, or alternatively from about 15 to 125, or alternatively from about 50 to 110, or
alternatively from about 90 to 100, or alternatively about 96) (VPGIG)ys (SEQ ID NO: 3) or a
biological equivalent of each thereof. A biological equivalent of polypeptide is a peptide that
has at least 80% sequence identity to SEQ ID NOS: 3 or 6, or a peptide encoded by a
polynucleotide that hybridizes under conditions of high stringency to a polynucleotide that
encodes SEQ ID NOS: 3 or 6, or its complement, wherein conditions of high stringency
comprise hybridization reaction at about 60°C in about 1 x SSC. The biological equivalent will
retain the characteristic or function of forming a nanoparticle (also known as a micelle) when the
biological equivalent is raised above the transition temperature of the biological equivalent or,

for example, the transition temperature of SEQ ID NOS: 3 or 6.

[0056] In another aspect, the ELP comprises, or alternatively consists essentially of, or yet

further consists of, the repeated pentapeptide sequences, (VPGXG), (SEQ ID NO: 4)ora
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biological equivalent thereof, derived from human tropoelastin, where X is the “guest residue”
which is any amino acid and n is the number of repeats. In one aspect, n is an integer from about
6 to about 192, or alternatively from about 15 to 75, or alternatively from about 40 to 60, or
alternatively from about 45 to 55, or alternatively about 48). A biological equivalent of
polypeptide (VPGXG), is a peptide that has at least 80% sequence identity to polypeptide, or a
peptide encoded by a polynucleotide that hybridizes under conditions of high stringency to a
polynucleotide that encodes polypeptide (VPGXG), or its complement, wherein conditions of
high stringency comprise hybridization reaction at about 60°C in about 1 x SSC. The biological
equivalent will retain the characteristic or function of forming a nanoparticle (also known as a
micelle) when the biological equivalent is raised above the transition temperature of the

biological equivalent or, for example, the transition temperature of (VPGXG), .
Elastin-like polypeptides (ELPs)

[0057] This disclosure relates to polymeric materials and contact lenses comprising genetically
engineered polypeptide nanoparticles. To develop new treatments for ocular diseases, new drug
carriers are required that are biocompatible and easily modified with bioactive peptides. An
emerging solution to this challenge utilizes genetically engineered polypeptides to drive the

assembly of nanostructures.

[0058] Elastin-like-polypeptides (ELPs) are a genetically engineered polypeptide with unique
phase behavior (see for e.g. S.R. MacEwan, et al., Biopolymers 94(1) (2010) 60-77) which
promotes recombinant expression, protein purification and self-assembly of nanostructures (see
for e.g. A. Chilkoti, et al., Advanced Drug Delivery Reviews 54 (2002) 1093-1111). In one
aspect, the ELP is as described above, e.g., any one or more of SEQ ID NOS: 1 to 6 or a

biological equivalent thereof.

[0059] In another aspect the ELP is composed of repeated pentapeptide sequences, (VPGXG),
(SEQ ID. NO: 4) derived from human tropoelastin, where X is the “guest residue” which is any
amino acid and n is the number of repeats or a biological equivalent thereof. In one aspect, n is
an integer from about 6 to about 192, or alternatively from about 15 to 75, or alternatively from
about 40 to 60, or alternatively from about 45 to 55, or alternatively about 48). A biological
equivalent of polypeptide (VPGXGQ), is a peptide that has at least 80% sequence identity to
polypeptide, or a peptide encoded by a polynucleotide that hybridizes under conditions of high
stringency to a polynucleotide that encodes polypeptide (VPGXG), or its complement, wherein
conditions of high stringency comprise hybridization reaction at about 60°C in about 1 x SSC.
The biological equivalent will retain the characteristic or function of forming a nanoparticle

(also known as a micelle) when the biological equivalent is raised above the transition
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temperature of the biological equivalent or, for example, the transition temperature of
(VPGXGQ),. In one embodiment, X is any amino acid except proline. This peptide motif
displays rapid and reversible de-mixing from aqueous solutions above a transition temperature,
T:. Below Ty, ELPs adopt a highly water soluble random coil conformation; however, above T,
they separate from solution, coalescing into a second aqueous phase. The T; of ELPs can be
tuned by choosing the guest residue and ELP chain length as well as fusion peptides at the
design level (see for e.g. MacEwan SR, et al., Biopolymers 94(1): 60-77). The ELP phase is
both biocompatible and highly specific for ELPs or ELP fusion proteins, even in complex
biological mixtures. Genetically engineered ELPs are monodisperse, biodegradable, non-toxic.
Throughout this description, ELPs are identified by the single letter amino acid code of the guest
residue followed by the number of repeat units, n. For example, S48148 represents a diblock
copolymer ELP with 48 serine (S) pentamers ([VPGSG]a4s, SEQ ID. NO: 5) at the amino
terminus and 48 isoleucine (I) pentamers ([ VPGIG]ss, SEQ ID. NO: 6) at the carboxy terminus.
A “diblock” as used herein refers to an ELP with two blocks of repeated polypeptide sequence.
For example, the diblock (VPGSG) 45 (VPGIG) 45 (SEQ ID. NO: 1) comprises 48 repeated units
of a polypeptide having the sequence VPGSG (SEQ ID NO: 5) and 48 repeated units of a
polypeptide having the sequence VPGIG (SEQ ID. NO: 6). In one embodiment, the ELP
component comprises a polypeptide with the sequence of SEQ ID. NO: 1. In each of the above

embodiments, the ELP can comprise a biological equivalent thereof.

[0060] In further embodiments, the ELP component comprises, consists essentially of, or yet
consists of, a polypeptide with the sequence (VPGSG)43(VPGIG)sg (SEQ ID. NO: 1),
(VPGSG)gs (SEQ ID. NO: 2) or (VPGVG)es (SEQ ID. NO: 3) or a biological equivalent or each
thereof.

[0061] Described herein are ELP fusion proteins, which can be self assembled into

nanoparticles. The diameter of the nanoparticle can be from about 1 to about 1000 nm or from
about 1 to about 500 nm, or from about 1 to about 100 nm, or from about 1 to about 50 nm, or
from about 20 to about 50 nm, or from about 30 to about 50 nm, or from about 35 to about 45

nm. In one embodiment, the diameter is about 40 nm.

[0062] In one embodiment, the ELP component may further comprise a therapeutic agent.
ELP fusion proteins are able to conjugate small molecules, such as, for example,
chemotherapeutic agents, anti-inflammation agents, antibiotics and polypeptides and other water
soluble drugs. In addition, the ELP nanoparticles are useful for carrying DNA, RNA, protein
and peptide-based therapeutics.
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[0063] ELPs have potential advantages over chemically synthesized polymers as drug delivery
agents. First, because they are biosynthesized from a genetically encoded template, ELPs can be
made with precise molecular weight. Chemical synthesis of long linear polymers does not
typically produce an exact length, but instead a range of lengths. Consequently, fractions
containing both small and large polymers yield mixed pharmacokinetics and biodistribution.
Second, ELP biosynthesis produces very complex amino acid sequences with nearly perfect
reproducibility. This enables very precise selection of the location of drug attachment. The drug
can be selectively placed on the corona, buried in the core, or dispersed equally throughout the
polymer. Third, ELP can self assemble into multivalent nanoparticles that can have excellent
site-specific accumulation and drug carrying properties. Fourth, because ELP are designed from
native amino acid sequences found extensively in the human body they are biodegradable,
biocompatible, and tolerated by the immune system. Fifth, ELPs undergo an inverse phase
transition temperature, Ty, above which they phase separate into large aggregates. By localized
heating, additional ELP can be drawn into the target site, which may be beneficial for increasing

drug concentrations.

[0064] A therapeutic agent such as a drug, for example, may be attached to the ELP through
cysteine, lysine, glutamic acid or aspartic acid residues present in the polymer. In some
embodiments, the cysteine, lysine, glutamic acid or aspartic acid residues are generally present
throughout the length of the polymer. In some embodiments, the cysteine, lysine, glutamic acid
or aspartic acid residues are clustered at the end of the polymer. In some embodiments of the
presently described subject matter, therapeutics are attached to the cysteine residues of the ELP
using thiol reactive linkers. In some embodiments of the presently described subject matter,
therapeutics are attached to the lysine residues of the high molecular weight polymer sequence
using NHS (N-hydroxysuccinimide) chemistry to modify the primary amine group present on
these residues. In some embodiments of the presently described subject matter, therapeutics are
attached to the glutamic acid or aspartic acid residues of the ELP using EDC (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide Hydrochloride) chemistry to modify the carboxylic acid

group present on the ELP residues.

[0065] The therapeutic associated with the ELP may be hydrophobic or hydrophilic. For
hydrophobic drugs, attachment to the terminus of the ELP may facilitate formation of the
multivalent nanoparticle. The number of drug particles attached to the ELP can be from about 1
to about 30, or from about 1 to about 10, or about 1, 2, 3,4, 5,6, 7, 8,9, or 10. In some

embodiments, the attachment points for a therapeutic are equally distributed along the backbone
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of the ELP, and the resulting drug-ELP is prevented from forming nanoparticle structures under

physiological salt and temperature conditions.

[0066] In certain embodiments, the therapeutic agent is an anti-microbial agent or a non-
steroidal anti-inflammatory drug. As used herein, the term "anti-microbial" is meant to include
prevention, inhibition, termination, or reduction of virulence factor expression or function of a
microbe. "Prevention" can be considered, for example, to be the obstruction or hindrance of any
potential microbial growth. "Termination" can be considered, for example, to be actual killing
of the microbes by the presence of the composition. "Inhibition" can be considered, for example,
to be a reduction in microbial growth or inhibiting virulence factor expression or function of the
microbe. As used herein, the term "anti-microbial agent" is meant to encompass any molecule,
chemical entity, composition, drug, therapeutic agent, or biological agent capable of preventing
or reducing growth of a microbe, or capable of blocking the ability of a microbe to cause disease.
An example of an anti-microbial agent is an antibiotic. The term includes small molecule
compounds, antisense reagents, siRNA reagents, antibodies, enzymes, peptides, organic or

inorganic molecules, natural or synthetic compounds and the like.

[0067] In a further embodiment, the therapeutic agent is a non-steroidal anti-inflammatory
drug. The term "non-steroidal anti-inflammatory drug," usually abbreviated to NSAIDs, but also
referred to as nonsteroidal anti-inflammatory agents/analgesics (NSAIAs) or nonsteroidal anti-
inflammatory medicines (NSAIMs), are a class of drugs that provide analgesic and antipyretic
(fever-reducing) effects, and, in higher doses, anti-inflammatory effects. The term
"nonsteroidal" distinguishes these drugs from steroids, which, among a broad range of other
effects, have a similar eicosanoid-depressing, anti-inflammatory action. As analgesics, NSAIDs
are unusual in that they are non-narcotic. Non-limiting examples of NSAIDs include aspirin,

ibuprofen, and naproxen.

[0068] The methods, lenses, and compositions of the present invention are effective against
bacteria including, for example, gram-positive and gram-negative cocci, gram positive and gram
negative straight, curved and helical/vibroid and branched rods, sheathed bacteria, sulfur-
oxidizing bacteria, sulfur or sulfate-reducing bacteria, spirochetes, actinomycetes and related
genera, myxobacteria, mycoplasmas, rickettsias and chlamydias, cyanobacteria, archea, fungi,
parasites, viruses and algae. In particular, the present invention is useful against the
Pseudomonas species of bacteria, e.g., Pseudomonas aeruginosa, and other microbes that are

found in the eye.

[0069] In addition to therapeutics, the ELPs may also be associated with a detectable label that

allows for the visual detection of in vivo uptake of the ELPs. Suitable labels include, for

19



example, fluorescein, rhodamine, tetramethylrhodamine, eosin, erythrosin, coumarin, methyl-
coumarins, pyrene, Malacite green, Alexa-Fluor®, stilbene, Lucifer Yellow, Cascade Blue. TM.,
and Texas Red. Other suitable optical dyes are described in Haugland, Richard P. (1996)
Molecular Probes Handbook.

[0070] In certain embodiments, the ELP components include polymeric or oligomeric repeats
of the pentapeptide VPGXG (SEQ ID. NO: 4), where the guest residue X is any amino acid, that
in one aspect, excludes proline. X may be a naturally occurring or non-naturally occurring
amino acid. In some embodiments, X is selected from alanine, arginine, asparagine, aspartic
acid, cysteine, glutamic acid, glutamine, glycine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, serine, threonine, tryptophan, tyrosine and valine. In some

embodiments, X is a natural amino acid other than proline or cysteine.

[0071] The guest residue X may be a non-classical (non-genetically encoded) amino acid.
Examples of non-classical amino acids include: D-isomers of the common amino acids, 2, 4-
diaminobutyric acid, a-amino isobutyric acid, A-aminobutyric acid, Abu, 2-amino butyric acid,
v-Abu, e-Ahx, 6-amino hexanoic acid, Aib, 2-amino isobutyric acid, 3-amino propionic acid,
ornithine, norleucine, norvaline, hydroxyproline, sarcosine, citrulline, homocitrulline, cysteic
acid, t-butylglycine, t-butylalanine, phenylglycine, cyclohexylalanine, B-alanine, fluoro-amino
acids, designer amino acids such as  -methyl amino acids, C o -methyl amino acids, N a. -

methyl amino acids, and amino acid analogs in general.

[0072] Selection of X is independent in each ELP structural unit (e.g., for each structural unit
defined herein having a guest residue X). For example, X may be independently selected for
each structural unit as an amino acid having a positively charged side chain, an amino acid
having a negatively charged side chain, or an amino acid having a neutral side chain, including

in some embodiments, a hydrophobic side chain.

[0073] In each embodiment, the structural units, or in some cases polymeric or oligomeric
repeats, of the ELP sequences may be separated by one or more amino acid residues that do not
eliminate the overall effect of the molecule, that is, in imparting certain improvements to the
therapeutic component as described. In certain embodiments, such one or more amino acids also
do not eliminate or substantially affect the phase transition properties of the ELP component

(relative to the deletion of such one or more amino acids).

[0074] The ELP component in some embodiments is selected or designed to provide a T;
ranging from about 10 to about 80°C, such as from about 10 to about 60°C, or from about 38 to

about 45°C. The transition temperature, in some embodiments, is above the body temperature of
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the subject or patient (e.g., >37°C) thereby remaining soluble in vivo, or in other embodiments,
the Ty is below the body temperature (e.g., <37°C) to provide alternative advantages, such as in

vivo formation of a drug depot for sustained release of the therapeutic agent.

[0075] The T, of the ELP component can be modified by varying ELP chain length, as the Tt
generally increases with decreasing MW. For polypeptides having a molecular weight
>100,000, the hydrophobicity scale developed by Urry et al. (PCT/US96/05186, which is hereby
incorporated by reference in its entirety) is preferred for predicting the approximate T, of a
specific ELP sequence. However, in some embodiments, ELP component length can be kept
relatively small, while maintaining a target T, by incorporating a larger fraction of hydrophobic
guest residues (e.g., amino acid residues having hydrophobic side chains) in the ELP sequence.
For polypeptides having a molecular weight <100,000, the T may be predicted or determined by
the following quadratic function: Tt=M0+M1X+M2X2 where X is the MW of the fusion protein,
and My=116.21; M;=-1.7499; M,=0.010349.

[0076] While the T; of the ELP component, and therefore of the ELP component coupled to a
therapeutic component, is affected by the identity and hydrophobicity of the guest residue, X,
additional properties of the molecule may also be affected. Such properties include, but are not

limited to solubility, bioavailability, persistence, and half-life of the molecule.
Therapeutic peptides

[0077] In certain embodiments of the disclosure, the ELP component further comprises a
therapeutic protein. The term "therapeutic protein" as used herein is a protein that may be used
to treat a disease, particularly an ocular disease. Non-limiting examples of therapeutic proteins
include lacritin, anti-VEGF proteins or antibodies or therapeutics, such as afibercept (Eylea®),
bevacizumab (Avasin®), pegaptanib (Macugen®) or ranibuzumab (Lucentis®); Rab Escort
Protein-1(REP-1, described in Ophthalmic Genetic. (2012) Jun;33(2):57-65); Retinitis
Pigmentosa Related 65 (described in Hum Gene Ther. Clin Dev.( 2013) Mar:24(1):23-8); ATP-
binding cassette transporter abc4 (ABC4, described in . (Nat Genet. 1997 Mar;15(3):236-46);
and MYO7A (associated with The Usher Syndromes (“USH”) (Ophthalmology. 2014
Feb;121(2):580-7. ). The therapeutic protein may also be an antibody that provides therapy for a
condition of the eye. When therapeutic proteins and/or therapeutic agents are added to the
polymeric material or contact lens of the disclosure, they are typically added in an effective

amount or a therapeutically effective amount.

[0078] In one embodiment, the therapeutic protein is lacritin or a biological equivalent thereof.

Lacritin is a glycoprotein encoded in humans by the LACRT gene. Lacritin is a secreted protein
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found in tears and saliva. Lacritin also promotes tear secretion and proliferation of some
epithelial cells. Lacritin is thus a prosecretory mitogen. Functional studies suggest a role in
epithelial renewal of some nongermative epithelia. By flowing downstream through ducts, it
may generate a 'proliferative field'. Lacritin also promotes secretion. This raises the possibility
that lacritin may have clinical applications in the treatment of dry eye, the most common eye
disease. The lacritin protein sequence is known in the art. For example, the GenBank Accession
Nos.: NP_150593 and AAG44392.1 represents the lacritin sequence. The sequence associated

with this GenBank Accesion number is herein incorporated by reference in its entirety.

[0079] In one embodiment, lacritin comprises the amino acid sequence of SEQ ID NO: 8 or a

biological equivalent thereof:

EDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQ
ELNPLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLKPWA
(SEQ ID. NO: 8). A biological equivalent is as described above.

[0080] In a further embodiment, the lacritin ELP comprises the amino acid sequence of SEQ

ID NO: 9 or a biological equivalent thereof as described above:

MGEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSS
RQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLKP
WAGLVPR|GSG(VPGXG)n1(VPGX,G)n2 Y (SEQ ID NO: 9); wherein X, and X, represent a
guest residue as defined herein and nl and n2 represents the repeat number of pentamers

(VPGXG) (SEQ ID NO: 4) as described above.

[0081] In a further embodiment, lacritin comprises the amino acid sequence of SEQ ID NO: 10

or a biological equivalent thereof:

MKFTTLLFLAAVAGALVYAEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTA
QETSAAAVQGTAKVTSSRQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPGGKQFIEN
GSEFAQKLLKKFSLLKPWA (SEQ ID NO: 10).

[0082] The following polynucleotide sequence represents an example of a lacritin
polynucleotide sequence:

5.
CATATGGAAGACGCTTCTTCTGACTCTACCGGTGCTGACCCGGCTCAGGAAGCTGG
TACCTCTAAACCGAACGAAGAAATCTCTGGTCCGGCTGAACCGGCTTCTCCGCCGGA
AACCACCACCACCGCTCAGGAAACCTCTGCTGCTGCTGTTCAGGGTACCGCTAAAGT
TACCTCTTCTCGTCAGGAACTGAACCCGCTGAAATCTATCGTTGAAAAATCTATCCT
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GCTGACCGAACAGGCTCTGGCTAAAGCTGGTAAAGGTATGCACGGTGGTGTTCCGG
GTGGTAAACAGTTCATCGAAAACGGTTCTGAATTCGCTCAGAAACTGCTGAAAAAA
TTCTCTCTGCTGAAACCGTGGGCTGGTCTGGTTCCGCGTGGTTCTGGTTACTGATCTC
CTCGGATCC-3’ (SEQ ID NO: 11).

[0083] The term “biological equivalent” is defined above. In one aspect, a biological
equivalent is a peptide encoded by a nucleic acid that hybrizes to a nucleic acid that encodes the
lacritin protein or its complement under conditions of a high stringency hybridization reaction,
that is performed at about 60°C in about 1 x SSC that has substantial identical biological activity

to the above-noted sequence.

[0084] When a therapeutic protein is part of the ELP component, the therapeutic protein may
be fused to the N- or C-terminus of the ELP component. In one embodiment, a cleavable
peptide sequence is between the ELP component and the therapeutic peptide or therapeutic
agent. In a related embodiment, the cleavable peptide sequence is a protease cleavage site. The
term "protease cleavage site" refers to a peptide sequence that is cleaved by a protease. A
protease is any enzyme that conducts proteolysis. Protease cleavage proteins and their cleavage
sites are known in the art. Non-limiting examples of proteases include, but are not limited to, for
example, thrombin, intracellular proteases, including caspases; proteases involved in the
regulation of complement activation; proteases involved in the regulation of coagulation;
proteases involved in the regulation of signal transduction; and, proteases involved in the
expression or activity of prostaglandins (e.g., PGHS-2). Other proteases include, but are not
limited to, matrix metalloproteinases, elastase, alpha;-proteinase, proteinase 3, chymotrypsin,
trypsin, human mast cell chymase, stratum corneum chymotryptic enzyme, human cathepsin G,
bovine chymotrypsin, pig chymotrypsin, tryptase, human leukocyte elastase, pig pancreatic
elastase, stratum corneum chymotryptic enzyme. In one embodiment, the protease is thrombin,
and the protease cleavage site is a thrombin cleavage site as known in the art and as described
herein. In another embodiment, the protease is a protease endogenous to the eye or secretions of
the eye (i.e. tears). Proteases endogenous to the eye or eye secretions include, for example,
metalloproteinases (MMPs) such as MMP-2 and MMP-9, trypsin-like protease, multicatalytic

endopeptidase complex, membrane bound proteases, and calpain.

[0085] To insert the cleavable sequence, the cDNA of cleavable peptide sequences is inserted
between the cDNA encoding the therapeutic agent and cDNA encoding ELP sequence. The
whole therapeutic-cleavage-ELP cDNA is cloned into a chosen plasmid (such as pIDTSmart,
Ampicillin resistance) and expressed in either prokaryotic and/or eukaryotic cells, such as

BLR(DE3) competent cells, Origami'™ B competent cells and HEK-293 cell line, etc.
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Alternatively, cleavage sequence can be added after/before therapeutic agent protein sequence
using solid-phase peptide synthesis. In one aspect, the cleavable peptide sequence is a thrombin
cleavable peptide sequence which comprises the amino acid sequence GLVPRIGS (SEQ ID
NO.: 12), or a biological equivalent thereof (as defined herein).

Expression of Recombinant Proteins

[0086] ELPs and other recombinant proteins described herein can be prepared by expressing
polynucleotides encoding the polypeptide sequences of this invention in an appropriate host cell,
i.e., a prokaryotic or eukaryotic host cell This can be accomplished by methods of recombinant
DNA technology known to those skilled in the art. It is known to those skilled in the art that
modifications can be made to any peptide to provide it with altered properties. Polypeptides of
the invention can be modified to include unnatural amino acids. Thus, the peptides may
comprise D-amino acids, a combination of D- and L-amino acids, and various “designer” amino
acids (e.g., B-methyl amino acids, C-a-methyl amino acids, and N-a-methyl amino acids, etc.) to
convey special properties to peptides. Additionally, by assigning specific amino acids at specific
coupling steps, peptides with a-helices, B turns, B sheets, a-turns, and cyclic peptides can be
generated. Generally, it is believed that beta-turn spiral secondary structure or random

secondary structure is preferred.

[0087] The ELPs can be expressed and purified from a suitable host cell system. Suitable host
cells include prokaryotic and eukaryotic cells, which include, but are not limited to bacterial
cells, yeast cells, insect cells, animal cells, mammalian cells, murine cells, rat cells, sheep cells,
simian cells and human cells. Examples of bacterial cells include Escherichia coli, Salmonella
enterica and Streptococcus gordonii. In one embodiment, the host cell is E. coli. The cells can
be purchased from a commercial vendor such as the American Type Culture Collection (ATCC,
Rockville Maryland, USA) or cultured from an isolate using methods known in the art.
Examples of suitable eukaryotic cells include, but are not limited to 293T HEK cells, as well as
the hamster cell line BHK-21; the murine cell lines designated NIH3T3, NSO, C127, the simian
cell lines COS, Vero; and the human cell lines HeLa, PER.C6 (commercially available from
Crucell) U-937 and Hep G2. A non-limiting example of insect cells include Spodoptera
frugiperda. Examples of yeast useful for expression include, but are not limited to
Saccharomyces, Schizosaccharomyces, Hansenula, Candida, Torulopsis, Yarrowia, or Pichia.
See e.g., U.S. Patent Nos. 4,812,405; 4,818,700, 4,929,555; 5,736,383; 5,955,349; 5,888,768 and
6,258,559.
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Protein Purification

[0088] The phase transition behavior of the ELPs allows for easy purification. The ELPs may
also be purified from host cells using methods known to those skilled in the art. These
techniques involve, at one level, the crude fractionation of the cellular milieu to polypeptide and
non-polypeptide fractions. Having separated the polypeptide from other proteins, the
polypeptide of interest may be further purified using chromatographic and electrophoretic
techniques to achieve partial or complete purification (or purification to homogeneity).
Analytical methods particularly suited to the preparation of a pure peptide or polypeptide are
filtration, ion-exchange chromatography, exclusion chromatography, polyacrylamide gel
electrophoresis, affinity chromatography, or isoelectric focusing. A particularly efficient method
of purifying peptides is fast protein liquid chromatography or even HPLC. In the case of ELP
compositions protein purification may also be aided by the thermal transition properties of the

ELP domain as described in U.S. Pat. No. 6,852,834,

[0089] Generally, "purified" will refer to a protein or peptide composition that has been
subjected to fractionation to remove various other components, and which composition
substantially retains its expressed biological activity. Where the term "substantially purified" is
used, this designation will refer to a composition in which the protein or peptide forms the major
component of the composition, such as constituting about 50%, about 60%, about 70%, about

80%, about 90%, about 95% or more of the proteins in the composition.

[0090] Various methods for quantifying the degree of purification of the protein or peptide will
be known to those of skill in the art in light of the present disclosure. These include, for
example, determining the specific activity of an active fraction, or assessing the amount of
polypeptides within a fraction by SDS/PAGE analysis. A preferred method for assessing the
purity of a fraction is to calculate the specific activity of the fraction, to compare it to the
specific activity of the initial extract, and to thus calculate the degree of purity, herein assessed
by a "-fold purification number." The actual units used to represent the amount of activity will,
of course, be dependent upon the particular assay technique chosen to follow the purification and

whether or not the expressed protein or peptide exhibits a detectable activity.

[0091] Various techniques suitable for use in protein purification will be well known to those
of skill in the art. These include, for example, precipitation with ammonium sulfate, PEG,
antibodies and the like or by heat denaturation, followed by centrifugation; chromatography
steps such as ion exchange, gel filtration, reverse phase, hydroxylapatite and affinity
chromatography; isoelectric focusing; gel electrophoresis; and combinations of such and other

techniques. As is generally known in the art, it is believed that the order of conducting the
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various purification steps may be changed, or that certain steps may be omitted, and still result in

a suitable method for the preparation of a substantially purified protein or peptide.
Pharmaceutical Compositions

[0092] Pharmaceutical compositions are further provided. The compositions comprise a
carrier and ELPs as described herein. The carriers can be one or more of a solid support or a
pharmaceutically acceptable carrier. In one aspect, the compositions are formulated with one or
more pharmaceutically acceptable excipients, diluents, carriers and/or adjuvants. In addition,
embodiments of the compositions include ELPs, formulated with one or more pharmaceutically

acceptable auxiliary substances.

[0093] The invention provides pharmaceutical formulations in which the one or more of an
isolated polypeptide of the invention, an isolated polynucleotide of the invention, a vector of the
invention, an isolated host cell of the invention, or an antibody of the invention can be
formulated into preparations for injection in accordance with the invention by dissolving,
suspending or emulsifying them in an aqueous or nonaqueous solvent, such as vegetable or other
similar oils, synthetic aliphatic acid glycerides, esters of higher aliphatic acids or propylene
glycol; and if desired, with conventional additives such as solubilizers, isotonic agents,
suspending agents, emulsifying agents, stabilizers and preservatives or other antimicrobial
agents. A non-limiting example of such is a antimicrobial agent such as other vaccine
components such as surface antigens, e.g. a Type IV Pilin protein (see Jurcisek and Bakaletz

(2007) J. of Bacteriology 189(10):3868-3875) and antibacterial agents.

[0094] Aecrosol formulations provided by the invention can be administered via inhalation. For
example, embodiments of the pharmaceutical formulations of the invention comprise a
compound of the invention formulated into pressurized acceptable propellants such as

dichlorodifluoromethane, propane, nitrogen and the like.

[0095] Embodiments of the pharmaceutical formulations of the invention include those in
which the ELP is formulated in an injectable composition. Injectable pharmaceutical
formulations of the invention are prepared as liquid solutions or suspensions; or as solid forms
suitable for solution in, or suspension in, liquid vehicles prior to injection. The preparation may
also be emulsified or the active ingredient encapsulated in liposome vehicles in accordance with

other embodiments of the pharmaceutical formulations of the invention.

[0096] Suitable excipient vehicles are, for example, water, saline, dextrose, glycerol, ethanol,
or the like, and combinations thereof. In addition, if desired, the vehicle may contain minor

amounts of auxiliary substances such as wetting or emulsifying agents or pH buffering agents.
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Methods of preparing such dosage forms are known, or will be apparent upon consideration of

this disclosure, to those skilled in the art. See, e.g., Remington's Pharmaceutical Sciences, Mack
Publishing Company, Easton, Pennsylvania, 17th edition, 1985. The composition or formulation
to be administered will, in any event, contain a quantity of the compound adequate to achieve the

desired state in the subject being treated.

[0097] Routes of administration applicable to the ELP compositions described herein include
intranasal, intramuscular, subcutaneous, intradermal, topical application, intravenous, nasal, oral,
inhalation, intralacrimal, retrolacrimal profusal along the duct, intralacrimal, and other enteral
and parenteral routes of administration. Routes of administration may be combined, if desired,
or adjusted depending upon the agent and/or the desired effect. An active agent can be
administered in a single dose or in multiple doses. Embodiments of these methods and routes
suitable for delivery, include systemic or localized routes. In one embodiment, the composition
comprising the ELP is administered intralacrimally through injection. In further embodiments,
the composition is administered systemically, topically on top of the eye, by retrolacrimal
profusion, or intranasally. In embodiments of the contact lenses as described herein, the route of

administration is through the eye.
Treatment of Disease

[0098] Methods and compositions disclosed herein are useful in treating disorders and diseases
of the eye (ocular diseases) and may be particularly useful to encapsulate or attach drugs for

treating disorders localized to the eye.

[0099] Certain aspects relate to a method for treating an ocular disease, comprising
administering to a patient in need of such treatment a polymeric material or contact lens as
described herein. The term "ocular disease" refers to any disorder of the eye and/or lacrimal
system. It includes non-infectious ocular diseases such as non-infectious ocular surface diseases,
e.g., dry eye, and infectious ocular disease such as those ocular diseases caused by microbes.
Diseases treatable by the methods of the present invention include, but are not limited to,
diseases of the eyelid such as infectious and non-infectious blepharitis, hordeolum, preseptal
cellulites, chalazion, herpes zoster ophthalmicus, dacryocystitis, herpes simplex blepharitis,
orbital cellulites, and entropion; diseases of the conjunctiva and sclera, such as allergic
conjunctivitis, vernal keratoconjunctivitis, viral conjunctivitis, bacterial conjunctivitis,
episcleritis, scleritis, pingueculitis, ocular cysticercosis, toxic follicular conjunctivitis, and giant
papillary conjunctivitis; diseases of the cornea, such as keratitis sicca or dry eye syndrome,
herpes simplex keratitis, bacterial keratitis, sterile corneal infiltrates, and Salzmann's nodular

degeneration; diseases of the uvea, such as inflammatory glaucoma and uveitis; and diseases of
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the vitreous and retina. Also treated by the contact lenses and methods described herein are
contact lens associated diseases or conditions are treatable by the methods of the present
invention, e.g., bacterial keratitis, contact lens associated red eye ("CLARE"), contact lens
induced peripheral ulcers ("CLPU") and infiltrative keratitis ("IK"). Further examples of ocular
disorders treated by the contact lenses and methods disclosed herein are age-related macular
degeneration, Sjogren’s syndrome, autoimmune exocrinopathy, diabetic retinopathy, graft versus
host disease (exocrinopathy associated with) retinal venous occlusions, retinal arterial occlusion,
macular edema, postoperative inflammation, uveitis retinitis, proliferative vitreoretinopathy and
glaucoma. In one embodiment, the disease is Sjogren’s syndrome. In another embodiment, the
disease is keratoconjunctivitis sicca (dry eye). In another embodiment the disease is scleritis. In

another embodiment the disease is glaucoma.

[0100] Also provided is a method for delivering a drug comprising an elastin-like peptide
(ELP) component to the eye, comprising contacting the eye with a contact lens as described

herein. In one embodiment, the contact lens is in contact with the ocular surface of the eye.

Combination Treatments

[0101] Administration of the therapeutic agent or substance of the present invention to a
patient will follow general protocols for the administration of that particular secondary therapy,
taking into account the toxicity, if any, of the treatment. It is expected that the treatment cycles
would be repeated as necessary. It also is contemplated that various standard therapies, as well
as surgical intervention, may be applied in combination with the described therapy and/or use of

the polymeric material
[0102] The following examples are intended to illustrate and not limit the invention.
EXAMPLE 1

[0103] Decorating contact lenses with ELPs will provide a platform for hundreds of potential
therapeutic entities (including small molecules, peptides, proteins and monoclonal antibodies) to
function in a new format: a bioadhesive drug reservoir. For example, the bio-construction of
lacritin-ELP library with various hydrophobicity and nanoparticle sizes ranging from 2-3 nm
(lacritin) to 130-140 nm (Lac-S48148) has been completed. Unique thrombin cleavage site
design provides additional release route besides possible cleavage by protease existing in human
tears. The thrombin cleavage site may comprise the amino acid sequence: GLVPRGSG (SEQ
ID. NO: 7).
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ELP protein expression and purification

[0104] Polynucleotides encoding ELPs S48148 (SEQ ID NO: 1), S96 (SEQ. ID. NO: 2) and
V96 (SEQ. ID. NO: 3) were expressed in BLR (DE3) E. coli cells (Novagen Inc., Milwaukee,
WI). Briefly, after overnight start culture, protein was expressed for 24 h in an orbital shaker at
37 °C at 250 rpm. Cell culture were harvested and resuspended in phosphate buffer saline (PBS).
After sonication and removing insoluble cell debris and nucleic, ELPs were purified from
clarified cell supernatant by inverse transition cycling (ITC)15 as follows: the ionic strength of
warmed-up soluble lysate (37°C) was increased by adding crystal NaCl to trigger aggregation of
ELPs. Aggregated protein was separated from soluble E. coli proteins by centrifugation at
moderate temperature (37-40°C). The pellet containing target protein was then dissolved in cold
PBS on ice and centrifuged at 4 °C to remove any insoluble contaminants. This aggregation and
dissolution process was repeated 6-7 times until proteins was determined to be approximately
99% pure by SDS-PAGE gels stained with coomassie blue. Protein concentrations were
determined by UV-visible spectroscopy at 280 nm (e=1285M-1cm-1). Protein molecular weight
is further confirmed by MALDI-TOF analysis.

Fluorescein labeling ELPs and Lacritin-ELPs

[0105] ELPs S48148, S96 and V96 were conjugated with NHS-Rhodamine (Thermo Fisher
Scientific Inc, Rockford, IL) via covalent modification of primary amines at the amino end of
the peptide. Briefly, the conjugation was performed in 100 mM borate buffer (pH8.5) for
overnight at 4°C, and conjugated protein was desalted using PD10 column (GE Healthcare,
Piscataway, NJ) and overnight dialysis against PBS at 4°C. For Lacritin and Lacritin-ELPs, the

conjugation time was shortened to 2h at 4°C due to multiple Lysine residues in lacritin sequence.
Labeling Proclear contact lenses with Rho-ELPs

[0106] Proclear compatible contact lens was incubated in 100 pM-500 uM Rho-ELPs (Rho-
V96, Rho-S48148 or Rho-S96) for 48 hours at 4°C or 37°C. After gentle rinse with PBS, contact

lens was imaged using Zeiss 510 confocal microscopy or Bio-Rad VersaDoc MP System.
EXAMPLE 2
Rhodamine label ELPs and contact lens decoration

[0107] Briefly, ELPs were covalently modified with NHS-Rhodamine (Thermo Fisher
Scientific Inc, Rockford, IL) via the primary amino terminus. The conjugation was performed in
100 mM borate buffer (pH 8.5) overnight at 4 °C. Excess fluorophore was removed using a
desalting PD-10 column (GE Healthcare, Piscataway, NJ) and overnight dialysis against PBS at
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4 °C. Contact lenses were either incubated with 50uM labeled ELPs overnight at 37°C in a 24-
well plate or spot decorated with concentrated labeled ELPs using a 20 ul pipette at 37 °C before

transferred to PBS solution.
ELPs inverse phase transition characterization

[0108] The temperature-concentration phase diagrams for rhodamine labeled ELPs/ELP fusion
proteins were characterized by optical density observation using a DU800 UV-Vis
spectrophotometer at 350 nm as a function of solution temperature. Typically, ELPs (5 — 100
uM) were heated at 1 °C/min from 10 to 85 °C and sampled every 0.3 °C. T; was defined at the

point of the maximum first derivative.
Fluorescence release characterization

[0109] ELP modified contact lens were gently rinsed with PBS and placed in 4 ml of PBS at
37°C or 4°C for 1 week. Samples of the solution (100 pl) were withdrawn at regular intervals
and kept at -20°C. After one week, lenses were thoroughly washed in PBS at 4 °C for 24 hours
to detach ELPs. Rhodamine intensity of collected samples was measured spectrophotometrically
(Ex: 525nm, Em: 575nm) using Synergy™ H1m Monochromator-Based Multi-Mode Microplate
Reader (BioTek) and analyzed using Gen5 2.01 Data Analysis Software (BioTek). Total
fluorescence on the lens was calculated using Equation 1. Retention rate was calculated using
Equation 2. Raw data were then fitted into either a one phase decay model (Equation 3) or two
phase decay mode (Equation 4) using SPSS. Goodness of fit and predicted values were

collected.

Total Lgagamine = TG AS O o gl + IWﬂShTo:ut

(1)
, Total Lyggamine — Li=0 Iraieasa,
Retention (8) = » 100%
Total Lpgamine
2)
Retention (06) = (R, — Plateaw) x e ¥ 4 Plateau
3)

Retention (%) = Plateaw + Spang, ., x e %rastt 4 Span,,,, x e Satow!

4
Spatiotemporal HCE-T cell uptake study

[0110] HCE-T cell uptake study was conducted on 35mm glass coverslip-bottomed dishes.
Briefly, HCE-T cells were grown to 70-80% confluency and gently rinsed with warm fresh
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medium before changed to fresh medium containing either rhodamine labeled lacritin, Lac-V96
or Proclear Compatible™ contact lens modified with rhodamine labeled Lac-V96. After
incubation at 37°C for 1 hour, the cells were rinsed with fresh medium and images were
immediately acquired using ZEISS 510 confocal microscope system. For uptake quantification

comparison, images were analyzed using ImageJ.
Statistical Analysis

[0111] Data presented are representative curves or mean + S.D. All experiments were repeated
at least three times. Statistical analysis was performed by Student t-test or one-way ANOVA by
SPSS. Differences between treatments were established with Tukey’s post-hoc test. A p value of

less than 0.05 was considered statistically significant.
Discussion and Results

[0112] In an extension of Experiment No. 1, Applicant report the surprising discovery of
ELPs’ thermally-reversible, spatiotemporal and sustained attachment to Proclear Compatibles™
contact lens as an elastic bridge. Moreover, attachment and release of ELPs to/from Proclear
contact lens was a 7; and temperature dependent process using rhodamine as a detection probe.
For this study, two ELPs, V96 (Tt: ~30°C) and S96 (Tt: ~55°C) were used. When attaching the
lens with V96 at 37°C, around 80% of fluorecence remained on the lens after one week
incubation in PBS solution at 37°C, while the plateau of fluorescence retention dropped down to
below 10% when releasing at 4°C. Lenses modified with S96 did not exhibit significant total
fluorescence or release profile differences at either 37°C or 4°C. Interestingly, lenses modified
with V96 at 4°C exhibited similar release pattern at 4°C compared to S96 group, both of which
can be described using a single two-phase decay model. The lens were further modified with
prosecretory mitogenic fusion protein (Lac-V96) and demonstrated spatial cell uptake via

contact lens using human corneal epithelial cell model (HCE-Ts).
Discovery of ELPs specific attachment to Proclear CompatibleTM contact lens

[0113] Surprising discovery of ELPs’ attachment to Proclear Compatible ™ contact lens came
from a quick screen of four types of market contact lenses, including Acuvue Oasys”, Acuvue
Advance Plus®, Dailies AquaComfort Plus™ and Proclear Compatibles™. Unexpectedly,
rhodamine labeled V96 selectively attached to Proclear Compatibles™ contact lens at 37°C after
overnight incubation in PBS solution and the attachment was stable at 37°C in PBS solution for
more than 24 hours. Motivated by the rationale that the delivery system itself should not

interfere with normal vision, Applicants investigated whether it was possible to spatially
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decorate the lens with ELPs. Interestingly, Applicants were able to modify the lens with various

shapes of ELPs according to the need, such as ring, dots, etc (Figure 4B).
T; and temperature dependent attachment of ELPs to the lens

[0114] Without being bound by theory, Applicants proposed that the attachment of the ELPs to
the contact lens was partially 7; and temperature dependent. To further explore the 7; and
temperature dependence of ELPs’ affinity to Proclear Compatible™ contact lens, Applicants
chose two types of representative ELPs: V96 (T at around 30°C) and S96 (7; at around 55°C) for
a five group comparison study: i) Group one: lens incubated with V96 at 37°C and release at
37°C (closed circle); i1) Group two: lenses incubated with S96 at 37°C and release at 37°C
(closed square); ii1) Group three: lenses incubated with V96 at 4°C and release at 4°C (open
circle); iv) Group four: lenses incubated with S96 at 4°C and release at 4°C (open square); v)
Group five: lenses incubated with V96 at 37°C and release at 4°C (half closed circle). After 24h
incubation, total attachment of V96 at 37°C (Group one) was about six fold of S96’s attachment
at 37°C (Group two) and sixty-nine fold of V96’s attachment at 4°C (Group three) (Figures SA
and 5B). Interestingly, S96 incubated at 37°C (Group two), V96 incubated at 4°C (Group three)
and S96 incubated at 4°C (Group four) did not exhibit significant different contact lens
attachment affinity (p>0.50) (Figures SA and B). After one week release in PBS, only Group one
exhibited around 80% of fluorescence retention on the lens while all the other groups released
most of the attached ELPs (Figures 5C to 5E). Total fluorescence intensity provided the first clue
of the association between contact lens affinity and 7;. To thoroughly compare fluorescence
release kinetics of all five groups, Applicants fitted the data using both one phase decay and two
phase decay models by SPSS (Table 2). Both Group one and Group five data can be described
using a one phase decay model, with R? of 0.916 and 0.953 accordingly; while the other three
groups did not fit the one phase decay model very well (R*=0.646). Interestingly, release kinetics
of Group two, Group three and Group four can be described using the same two phase decay
model (R*=0.847). The modeling result highly supported our hypothesis about the link between
ELPs’ attachment to Proclear Compatible™ contact lens and 7)/temperature. Most significant
different release profile comes from Group one, which exhibited a predicted plateau of more
than 75% retention after one week’s incubation at 37°C. Retention of V96 (Group five) on the
lens was significant lowered when the incubation temperature was changed to 4°C, with a
predicted plateau of less than 10% using either model and a longer half-life of release (Table 2).
The link between lens affinity and 7; was further corroborated by Group two, three and four. As

when both incubation and release temperatures were below ELPs’ T}, no significant difference
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was noticed in either total binding fluorescence intensity (Figure 5B) or release kinetic profiles

(Figure 5D).

Table 2.Modeling of release Kinetics

Group 1 Group 2 Group 3 Group4  Group 5
ELP Type Vo6 S96 Vo6 S96 Vo6
Label Temp (°C) 37 37 4 4 37
Release Temp (°C) 37 37 4 4 4

Model (one phase
R=(Ry-Plateau)*exp(-k*t)+Plateau

decay)

Predicted R (%) 100.048+1.722 74.323+4.784 85.585+4.103
Predicted Plateau (%) 82.222+0.576 29.728+3.397 9.281+3.956
k (h™) 2.875+0.653 0.174+0.072 0.069+0.018
t112 (h) 0.241 3.984 10.046

R? 0.916 0.646 0.953

Model (two phase
R=Plateau+Spang,s™exp(-Kest*t)+Spangow™exp(-Ksiow *t)

decay)

Predicted Plateau (%) 75.000+36.259 0.000+27.790 6.436+2.669
Predicted Spang,s (%) 8.526+35.885 40.503+6.210 64.419+4.209
Kease (h7) 0.003+0.017 3.301+1.181 0.040+0.008
ti2fast (h) 231.049 0.210 17.329
Predicted Spangjow (%) 16.563+1.569 54.234+26.585 30.398+5.478
Ksiow (™) 3.362+0.744 0.008+0.007 1.943+0.797
t1/2s10w (h) 0.206 86.643 0.357

R’ 0.957 0.847 0.990

Lac-V96 ring decorated contact lens mediated spatiotemporal HCE-T cell uptake

[0115] To explore the targeted delivery potential of ELP-contact lens system, Applicants chose
one of the potential protein therapies for ocular disease, lacritin, which has shown prosecretory
mitogenic activities as dry eye disease and cornea wound healing treatment. Applicants have
previously proved that Lac-ELP fusion proteins imparted similar proseceretroy/mitogenic
function of lacritin and thermo responsiveness of ELPs. Moreover, by fused to different ELP

tags, uptake level and speed of exogenous Lac-ELPs into HCE-Ts could be modulated (Figures
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6A-C). The spatiotemporal controlled HCE-T cell uptake effect was enhanced when the lens was
ring decorated with rhodamine labeled Lac-V96 (Figure 6D). Three representative regions
underneath the lens were chosen to compare cell uptake level and distribution (Figures 6E-G).
As illustrated in the figures, Lac-V96 ring decorated contact lens successfully executed its
targeted delivery task. Region 1 (Figure 6E) was fully covered by the lens, exhibiting evenly
distributed highest cell uptake level. Region 2 (Figure 6F) was partially covered by the lens and
thus only showed one section of cell uptake. Region 3 (Figure 6G) was outside of the Lac-V96

ring area, which illustrated the lowest cell uptake level.

[0116] To develop new treatments or delivery mechanisms for ocular diseases and improve the
bioavailability, new drug vehicles are required to be biocompatible, biodegradable, easily
modified with bioactive peptides, small molecules or antibodies and can work in concert with
existing medical devices to provide novel functionality. In this communication, Applicants
reported the surprising discovery of thermal responsive ELPs’ selective reversible attachment to
Proclear Compatibles™ contact lens; Applicants described the 7, and temperature dependence of
this attachment and Applicants provided the first proof of concept to spatiotemporally deliver
model ocular protein drug lacritin via contact lens. Different from reported contact lens mediated
drug delivery systems, the ELP modification on contact lens can be 7; and spatiotemporally
modulated so that delivery is more targeted to the disease site and delivery rate can be further
fine-tuned using external stimuli such as local cooling for on demand dosing. In this study, the
monoblock ELP modified contact lens was fused with fluorescent labeled therapeutic agent for

visual detection of release and in vitro cell uptake.

[0117] It should be understood that although the present invention has been specifically
disclosed by preferred embodiments and optional features, modification, improvement and
variation of the inventions embodied therein herein disclosed may be resorted to by those skilled
in the art, and that such modifications, improvements and variations are considered to be within
the scope of this invention. The materials, methods, and examples provided here are
representative of preferred embodiments, are exemplary, and are not intended as limitations on

the scope of the invention.

[0118] The invention has been described broadly and generically herein. Each of the narrower
species and subgeneric groupings falling within the generic disclosure also form part of the
invention. This includes the generic description of the invention with a proviso or negative
limitation removing any subject matter from the genus, regardless of whether or not the excised

material is specifically recited herein.
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[0119] In addition, where features or aspects of the invention are described in terms of
Markush groups, those skilled in the art will recognize that the invention is also thereby

described in terms of any individual member or subgroup of members of the Markush group.

[0120] All publications, patent applications, patents, and other references mentioned herein are
expressly incorporated by reference in their entirety, to the same extent as if each were
incorporated by reference individually. In case of conflict, the present specification, including

definitions, will control.
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CLAIMS:
1. A biocompatible, polymeric material comprising an elastin-like peptide (ELP).
2. The polymeric material of claim 1, wherein the ELP is attached to the polymeric material

randomly or in a pre-determined design.

3. The polymeric material of claim 1 or 2, wherein the ELP comprises one or more of SEQ

ID NOs: 1 to 6, or a biological equivalent thereof.

4. The polymeric material of claims 1 or 2, wherein the ELP further comprises a therapeutic

agent bound to the ELP or encapsulated within the ELP.

5. The polymeric material of claim 4, wherein the therapeutic agent is lacritin or a

biological equivalent thereof.
6. The polymeric material of claim 4, wherein lacritin is fused to the ELP.

7. The polymeric material of claim 4, further comprising a cleavable peptide sequence

located between the therapeutic agent and the ELP.

8. The polymeric material of claim 6, further comprising a cleavable peptide sequence

located between the therapeutic agent and the ELP.

9. The polymeric material of claim 7, wherein the cleavable peptide sequence is a thrombin

cleavable peptide sequence.

10. The polymeric material of claim 8, wherein the cleavable peptide sequence is a thrombin

cleavable peptide sequence.

11. The polymeric material of claim 5, wherein the lacritin protein comprises an amino acid
sequence corresponding to the amino acid sequence of SEQ ID NO: 8 or 10 or a biological

equivalent thereof.

12. The polymeric material of claim 11, wherein the lacritin-ELP comprises an amino acid

sequence corresponding to the amino acid sequence of SEQ ID NO: 9 or a biological equivalent

thereof.
13. The polymeric material of any one of claims 1-9, further comprising a therapeutic agent.
14. The polymeric material of claim 4, wherein the therapeutic agent is an anti-microbial

agent or a non-steroidal anti-inflammatory drug.
15. The polymeric material of claim 1, further comprising a detectable label.
16. The polymeric material of claim 1, wherein the ELP comprises a diblock.
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17. A method for preparing the polymeric material of claim 1 comprising absorbing,

conjugating, or coating a polymeric material with an ELP.

18. A method for delivering a therapeutic agent, comprising contacting the polymeric

material of claim 4 with a subject to be treated.

19. The method of claim 18, wherein the polymeric material is in contact with the ocular

surface of an eye.

20. A method for treating an ocular disease, comprising contacting the polymeric material of

claim 4 with the eye of a patient in need of such treatment.

21. The method of claim 20, wherein the ocular disease is selected from the group consisting
of dry eye, age-related macular degeneration, diabetic retinopathy, retinal venous occlusions,
retinal arterial occlusion, macular edema, postoperative inflammation, infection, dryness, uveitis

retinitis, proliferative vitreoretinopathy and glaucoma.

22. The method of claim 21, wherein the ocular disease is dry eye.

23. A polypeptide comprising the amino acid sequence corresponding to the amino acid
sequence of SEQ ID NO: 9 or a biological equivalent thereof.

24. A method for delivering a therapeutic agent, comprising contacting the polymeric
material of claim 23 with a subject to be treated.

25. The method of claim 24, wherein the polymeric material is in contact with the ocular

surface of an eye.

26. A method for treating an ocular disease, comprising contacting the polymeric material of

claim 23, with the eye of a patient in need of such treatment.
27. The method of claim 26, wherein the ocular disease is dry eye.

28. A polynucleotide encoding the polypeptide of claim 23.
29. A host cell comprising the polynucleotide of claim 24.
30. A composition comprising a carrier and the polypeptide of claim 23.

31. A method for preparing the polypeptide of claim 23, comprising expressing the
polynucleotide of claim 24.

32. A method for preparing the polypeptide of claim 23, comprising expressing the

polynucleotide of claim 24 in the host cell of claim 25.
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33. The method of claim 32, further comprising separating or purifying the drug delivery

agent.

34. A kit comprising one or more polymeric materials of any one of claims 1 to 16 and

instructions for use.
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ABSTRACT

Disclosed herein are novel methods and compositions for targeting ocular diseases. One
aspect relates to a contact lens comprising an elastin-like peptide (ELP) component and
optionally a therapeutic agent. Also provided are methods for treating ocular diseases

comprising administering a contact lens of the disclosure to a subject in need thereof.
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CONTROLLED RELEASE OF OCULAR BIOPHARMACEUTICALS USING
BIORESPONSIVE PROTEIN POLYMERS

CROSS REFERENCE TO RELATED APPLICATIONS
This application includes a claim of priority under 35 U.S.C. §119(e) to U.S. Patent
Application No. 61/511,928, filed July 26, 2011.

GOVERNMENT RIGHTS
This invention was made with government support under Contract No. R21EB012281-01

awarded by the National Institutes of Health. The government has certain rights in the invention.

FIELD OF INVENTION
This invention relates to the use of protein polymers to improve drug delivery to various

organs, particularly the eye, and other related uses.

BACKGROUND

All publications herein are incorporated by reference to the same extent as if each
individual publication or patent application was specifically and individually indicated to be
incorporated by reference. The following description includes information that may be useful in
understanding the present invention. It is not an admission that any of the information provided
herein is prior art or relevant to the presently claimed invention, or that any publication
specifically or implicitly referenced is prior art.

Affecting over 3.2 million Americans, dry eye syndrome is a common disorder of the tear
film characterized by decreased tear production. This disease is prevalent among the elderly and
is particularly common in postmenopausal women. Typically, dry eye is treated using
conventional drops containing small molecule drugs, although recombinant tear protein rescue
for dry eye syndrome has become a possibility with the discovery of a novel human tear
glycoprotein, lacritin. Lacritin is capable of promoting basal tear peroxidase secretion by rat
lacrimal acinar cells in vitro, basal tear secretion by rabbit in vivo and possibly triggers
downstream signaling pathway through tyrosine phosphorylation and calcium release. However,

this option has found limited practical application as tears wash drugs away from the eye within
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minutes, and less than 2% of the medication is absorbed. As tears rapidly wash away both small
and large molecule drugs, this has prevented the development of numerous protein-based drugs.
By contrast, protein drugs administered to other sites in the body have continued to be developed
into effective therapies. Thus, there is a clear unmet need to develop effective delivery strategies
that for administration and retention of biopharmaceuticals in a target organ, such as the surface
of the eye.

Accordingly, the inventive compositions and methods disclosed herein establish new and
improved techniques for improving drug delivery to organs that are presently limited by
biochemical and biomechanical environments due to pH, temperature, hydrodynamic flow,
mechanical/structure features, among others. To overcome these obstacles, the inventors have
developed temperature sensitive protein polymers and fused these polymers directly to a
biopharmaceutical with enhanced therapeutic activity at the eye surface. This strategy allows for
retention of drugs in the eye for much longer periods of time, on the order of days to weeks,
thereby improving drug efficacy, while reducing cost and eliminating the need for repeated drug
application.

SUMMARY OF THE INVENTION

The present invention provides, in one embodiment, an isolated fusion proteih including
a bioresponse protein polymer, and a therapeutic protein conjugated to the bioresponse protein
polymer. In another embodiment, the bioresponse protein polymer is an elastin-like polypeptide
(ELP). In another embodiment, the ELP includes amino acid motif (Val-Pro-Gly-X,,-Gly),,
where n includes 10 to 300 units and X,, is a natural or synthetic amino acid. In another
embodiment, n is 96 and X, is serine, valine, or isoleucine. In another embodiment, therapeutic
protein is lacritrin, a functional equivalent or active fragment thereof. In another embodiment,
lacritrin, functional equivalent or active fragment thereof includes human lacritrin. In another
embodiment, the lacritrin, functional equivalent or active fragment thereof includes amino acid
sequence: SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, or
SEQ ID NO: 8. In another embodiment, the bioresponse protein polymer and therapeutic protein
are conjugated via a linker peptide. In another embodiment, the linker peptide includes amino
acid sequence: SEQ ID NO: 9. In another embodiment, the bioresponse protein polymer is ELP,
the therapeutic protein is lacritrin, and the ELP is conjugated to the lacritrin via a linker peptide.

In another embodiment, the fusion protein includes an ELP including amino acid motif (Val-Pro-

2
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Gly-Xaa-Gly)n, n is 96 and X, is valine, conjugated to a lacritrin, functional equivalent or active
fragment thereof including amino acid sequence: SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5,
SEQ ID NO: 6, SEQ ID NO: 7, or SEQ ID NO: 8, via a linker peptide including SEQ ID NO:9.

Another aspect of the present invention provides, in one embodiment, an isolated
nucleotide encoding a fusion protein including a bioresponse protein polymer, and a therapeutic
protein conjugated to the bioresponse protein polymer. In another embodiment, the bioresponse
protein polymer includes an elastin-like polypeptide (ELP). In another embodiment, the ELP
includes amino acid motif (Val-Pro-Gly-Xs,-Gly),, where n includes 10 to 300 repeat units and
Xaa is a natural or synthetic amino acid. In another embodiment, the therapeutic protein includes
lacritrin, a functional equivalent or active fragment thereof. In another embodiment, the isolated
nucleotide of is constructed using recursive directional ligation. In another embodiment, the
isolated nucleotide encodes for a fusion protein inluding an ELP including amino acid motif
(Val-Pro-Gly-X,,-Gly),, n is 96 and X,, is valine, conjugated to a lacritrin, functional equivalent
or active fragment thereof including amino acid sequence: SEQ ID NO: 3, SEQ ID NO: 4, SEQ
ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, or SEQ ID NO: 8, via a linker peptide including SEQ
ID NO:9.

Another aspect of the present invention provides, in one embodiment,'a method of
treating a disease and/or condition in a human subject, include providing a quantity of a
composition, wherein the composition includes a fusion protein, the fusion protein including a
bioresponse protein polymer and a therapeutic protein conjugated to the bioresponse protein
polymer; and treating a human subject by administering a therapeutically effective dosage of the
composition to the subject, thereby treating the subject. In another embodiment, the human
subject is in need of treatment for an eye disease and/or condition selected from the group
consisting of: acanthamoeba keratitis, allergies, amblyopia, Bell’s palsy, blepharitis, cataracts,
chalazion, color blindness, corneal ulcer, detached retina, dry eye syndrome, keratoconjunctivitis
sicca, eye occlusions, eye twitching, macular hole, nystagmus, ocular migraine, ocular rosacea,
optic neuritis, optic neuropathy, photophobia, pinguecula, pterygium, ptosis, Sjogren’s
syndrome, strabismus, stye, subconjunctival hemorrhage, uveitis, CMV retinitis, conjunctivitis,
diabetic retinopathy, eye herpes, glaucoma, karatoconus, macular degeneration, macular
dystrophy, ocular hypertension, retinitis pigmentosa, and/or Stargardt’s disease. In another

embodiment, the bioresponse protein polymer includes an elastin-like polypeptide (ELP), the

3
14068933.1



therapeutic protein includes lacritrin, and the ELP is conjugated to the lacritrin via a linker
peptide.

Another aspect of the present invention provides, in one embodiment, a pharmaceutical
composition including a bioresponse protein polymer, a therapeutic protein conjugated to the
bioresponse protein polymer, and a pharmaceutically acceptable carrier. In another embodiment,
the bioresponse protein polymer includes an elastin-like polypeptide (ELP), the therapeutic
protein includes lacritrin, and the ELP is conjugated to the lacritrin via a linker peptide.

Another aspect of the present invention provides, in one embodiment, a a method of
using an ELP in a purification process, including: a) providing a sample including a ELP
construct, b) inducing phase transition in the sample by adding 0 to 20 M NaCl and heating to
temperatures up to about 10, 20, 30, 35, 37, 40, or 45°C, b) centrifuging the sample at 5,000,
6,000, 7,000, 8,000, 9,000 or 10,000 g, c) discarding the supernatant, and d) cooling remaining
pellet to about, 1, 2, 3, 4, 5, or 6-10°C.

BRIEF DESCRIPTION OF THE FIGURES

Exemplary embodiments are illustrated in referenced figures. It is intended that the
embodiments and figures disclosed herein are to be considered illustrative rather than restrictive.

Figure 1 ELP protein polymers. (A): Cartoon showing Lac-ELP fusion protein
stimulates primary rabbit lacrimal gland acinar cells (LGACs) secretion. (B): Elastin-like
polypeptides (ELPs) phase transition. (C): Cartoon showing drug delivery to the eye via topical
administration or lacrimal gland injection.

Figure 2. Examples of Lac-ELPs. (A): Cartoon showing structure of a typical Lac-ELP
fusion protein. Lacritin and ELP tag are at the N and C terminus of the fusion construct
accordingly. A thrombin recognition site (GLVPR|GS) is designed between the two moieties for
releasing free lacritin. Four types of ELP tags are chosen: 196, V96, S96 and S48148. (B):
Sequence, M.W. and Phase Transition Temperature (7;) characterization of Lac-ELP library. At
T<T, ELPs exist as soluble monomers; at T>7, monoblock $96 stay soluble as 2-3nm
monomers; more hydrophonbic 196, V96 self-assemble into micron-sized coacervates 1pm).
Diblock ELPs (S48148) undergo two transitions: one smooth transition from 2-3nm monomer to
20nm micelles at CMT (26.6°C) and one sharp bulk phase transition at 75°C. Lac-ELPs exhibit
different phase transition behavior from their parent ELPs based on particular guest residues.

Both Lac-196 and Lac-V96 exhibited 5°C decrease of 7, compared to 196 and V96. Lac-S96
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completely abolished the phase transition behavior of S96. In contrast to an obvious 2-stage
phase transition of S48148, Lac-S48148 only shows one sharp phase transition at 18.7°C. *m/z
(Expected M.W.) is calculated by DNAStar Lasergene Editseq; [M+H]+ (Observed M.W.) is
measured by MALDI-TOF; *T; is characterized at 25uM in PBS.

Figure 3. Construction of bacterial expression vector encoding for a lacritin ELP
fusion protein. (A): A gene encoding the lacritin between the Ndel and BamHI sites was ligated
into a pET25B(+) vector. A technique used by our group called Recursive Directional Ligation
was used to create ELP genes that can be extracted by cleavage at a BseRI and the BamHI
restriction site. Fusion of the appropriate digested vectors, yields a bacterial expression plasmid
that encodes for an in frame fusion protein consisting of an amino terminal lacritin and a carboxy
terminal ELP. The two domains are linked by a thrombin cleavage recognition site to enable
proteolytic cleavage and purification of the free lacritin. (B): Size exclusion chromatograph of
Lac-V96 purification. |

Figure 4. Purity of a lacritin-ELP fusion protein and mass spectrometry analysis.
(A): SDS PAGE of copper chloride stained purified lacritin-ELP fusion protein, Lac-V96. Also
included are purified ELP alone, V96, and the purified lacritin protein (Lac). (B): Matrix E
assisted laser desorption ion time of flight (MALDI TOF) was used to confirm the exact masses
of the ELP and Lac-V96 fusion proteins. Results of this study are indicated in Table 3; however,
these results demonstrate that the correct protein has been expressed and purified using our
methods. Lac-ELP fusion gene was biosynthesized using pET25b(+) vector. After expression in
BLR(DE3) cells, ELPs and Lac-ELP fusion proteins were purified using Inverse phase transition
cycling (ITC) and size exclusion chromatography. Free lacritin was released by thrombin
cleavage.

Figure 5. Further characterization of purity of a Lacririn-ELP fusion protein and
mass spectrometry analysis. (A): Another SDS PAGE of copper chloride stained purified
lacritin-ELP fusion protein. Lanes from L to R are 1,7: Marker, 2: Lac-V96 After ITC
purification, 3: Lac-V96 After size exclusion column purification, 4: V96 After ITC purification,
5: Lac After thrombin cleavage Before hot spin, 6: Lac After thrombin cleavage After hot spin.
(B): Another MALDI TOF confirming the exact masses of the ELP and Lac-V96 fusion

proteins, demonstrating correct expression of the protein purified using our methods.
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Figure 6. Phase diagrams for lacritin ELP fusion proteins. The fusion protein
between lacritin and the ELP V96 displays ELP phase transition behavior.(A): 7,
characterizaiton of V96. (B): T, characterizaiton of Lac-V96. (C): Concentration dependent T, of
V96 and Lac-V96. (D): Above the line depicted for Lac-V96, the fusion protein undergoes phase
separation, around 30 °C. This fusion construct would therefore be soluble at room temperature
and undergo phase separation at the temperature of the ocular surface, which is > 32 °C. The
fusion of lacritin has a detectable, but minimal effect on the transition temperature compared to
unmodified ELP.

Figure 7. Lacritin undergoes degradation at 37°C. (A): Time dependent degradation
characterization of Lac, fit into one-phase decay curve. (B): Amino acid sequence of Lac, red: K
residues. (C): MALDI-TOF analysis of purified lacritin and degraded lacritin, K is expected
cutting site. For determination of the degradation half-life of purified Lac-ELPs and lacritin, the
purified proteins (20ug) were incubated in PBS or rabbit tear at 37°C for 72h. At each time
point, an equal volume of 4x SDS-PAGE loading buffer (2% SDS, 0.01% bromophenol blue,
and 63 mM Tris-HCI, pH 6.8, with or without 5% B-mercaptoethanol) was added. The samples
were boiled for 5 min at 95°C, and then loaded onto precasted 4-20% Tris-HCI polyacrylamide
gels (Lonza). B-mercaptoethanol was included in the SDS-PAGE sample buffer to disrupt the
possible intrachain and interchain disulfide bonds in protein. The ability of the exogenous
protease inhibitors to inactivate degradation was also evaluated. Peptide sequence analysis of
degradation was performed using MALDI-TOF. Cleavage products were assigned by MALDI-
TOF mass by comparison of measured with predicted mass to charge ratios (m/z) with +1 charge
ionization ([M + H]+).

Figure 8. Lacritin influences inverse phase transition behavior of parent ELPs. (A):
Representative phase transition turbidity change observed at 350 nm (OD350nm) as a function of
solution temperature for Lac-V96 (open circles), V96 (open squares) and lacritin (open triangle)
at 25uM. (B, C&D): T: as a function of concentration (100uM, 50uM, 25uM, 10pM, 5pM) for
Lac-ELP and ELPs in PBS. Data points were fit into model: 7,= m Logl0[CELP] + b, where
CELP (uM) is the ELP concentration, m is the slope (°C per Logl0[uM]), and b (°C) is the
transition temperature at 1 uM. R2 and 95% confidence interval of fitting was shown in red. *

(B): S96 and Lac-S96. (C): V96 and Lac-V96. (D): 196 and Lac-196, E: S48148 and Lac-S48148.

14068933.1



Figure 9. Lac-ELPs assemble into nanoparticles at low temperature. (A): Free
lacritin exhibited as 2-3nm monomers within experiment temperature range. (B): V96 stayed as
2-3 monomers until bulk phase transition; Lac-V96 preassembled into 30-40nm particles below
T; and aggregated into micron-sized coacervate above Tt. (C): As soluble ELP control, S96
remained as 2-3nm monomers between 10°C and 55°C while Lac-S96 assembled into 30-40nm
particles within same temperature range. (D): S48I48 existed as soluble monomers and
aggregated into stable monodisperse nanoparticles with a Rh of 20-30nm above its CMT
(26.6°C). Lac-S48148 preassembled into 30-40nm particles similar to other Lac-ELPs; above its
T, Lac-S48148 further reconstituted into 130-140nm micelles. (E&F): TEM images of S48148
and Lac-S48148 micelles, with average diameter of 36.5+5.8nm and 67.1+11.5nm accordingly.
(G): Cartoon showing S48148 and Lac-S48148 micelles. (H&I): Cryo-TEM images of S48148
and Lac-S48148 micelles, with average diameter of 29.1+3.4nm and 56.7+3.1nm accordingly.
*Hydrodynamic radius (Rh) of lacritin, Lac-ELPs and parent ELPs were measured at 25 uM in
PBS (pH.7.4) as a function of temperature by DLS.

Figure 10. Construction and Expression of a functional lacritin ELP fusion protein.
(A): The lacritin constructs were evaluated for their ability to induce secretion of [3-
hexosaminidase from primary rabbit LGACs. Carbachol (CCH+) provided a positive control.
Lac-V96 and Lac both have significantly (*p<0.05) more activity than the negative control
(CCH-) or V96 alone. The similarity in efficacy between the isolated lacritin and ELP fusion
protein suggests they may have similar activity; however, the phase behavior of the ELP domain
may promote ocular retention and enhance activity in vivo. (B): Steps of recursive directional
ligation. (Ba): ELP gene is inserted into the pet25b+ vector and dimerized by ligating with
another ELP. It is cut at two sites with BseRI (RE-A) and Acul (RE-B). A linearized gene of the
ELP is obtained by cutting only at the A site. (Bb): The steps are repeated until the desired ELP
chain length is obtained. (Bc): ELP is inserted into a plasmid containing the lacritin gene to form
a lacritin ELP fusion protein.

Figure 11. Lac-V96 and Lac stimulate LGAC secretion. (A): Time dependent LGAC
secretion, bhex level is normalized to total protein secreted using BCA assay, N=3. (B):
Concentration dependent LGAC secretion, Values are means+SD of LGAC cell response to each

treatment expressed as  (BhexTreatment-BhexCCh-)/(BhexCCh+-BhexCCh-)*100%. CCh-
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group response is defined as 0% and CCh+ group response is defined as 100%; N=3. * P <
0.05,**P < 0.01, *** P <0.001.

Figure 12. Lacritin and Lac-ELPs stimulate p-hexosaminidase secretion in a time
and dose dependent manner. B-hexosaminidase secreted into the supernatant culture media
was measured by its catalytic activity against substrate 4-methylumbelliferyl N-acetylb-D-
glucosaminide (4MUGIcNAc). Activity was normalized to OD465nm/pug protein using BCA
assay. Results from three individual cell preparations were analyzed. Each treatment was
triplicated under every preparation. Figure was shown as cell response % compared to Carbachol
stimulation and plain medium treatment. Significance was analyzed using two-way ANOVA.
(A): LGACs were treated with 20uM, 10uM, 1uM and 0.1uM of Lac-V96, lacritin, V96 or
controls for 1h at 37°C. 10uM and 20 pM Lac-V96 and lacritin significantly enhanced P-
hexosaminidase secretion compared to V96 group, showing 20-30% LGAC reponse of positive
control carbachol group. (B): LGACs were treated with 10pM Lac-V96, lacritin, V96 or controls
for Omin, 30min, lh, 2h and 4h. Lac-V96 and lacritin started stimulating B-hexosaminidase
secretion as early as 30min and reached a plateau at 1h. (C): LGACs were treated with 20uM
Lac-196, Lac-V96, Lac-S96, Lac-S48148 or lacritin for 1h at 37°C. *p<0.05, **p<0.01,
**#%p<0.001, ****p<0.0001. Each treatment is triplicated each time and whole B-
Hexosaminidase secretion assays were repeated 3 times (N=3, n=3). LGAC cell response under
each condition is compared to CCh+ (100%) minus CCh- response (0%).

Figure 13. Lac-ELP and Lac stimulate Syn-GFP secretion. In vitro activity of
purified proteins was measured by B-hexosaminidase assay and syncollin-GFP secretion assay
using primary rabbit lacrimal gland acinar cells (LGACs). Previous studies have shown that both
B-hexosaminidase and syncollin-GFP can be secreted from rabbit lacrimal gland acinar cells in
primary culture on stimulation with secretagogs. (A): schematic outline of LGAC, N: nucleus,
L: lumenal regions, SVs: secretory vesicles. (B): 50uM CCh+, Lac-V96, Lac or V96 was added
into Ad-Syn-GFP (green) and LifeAct-RFP (red) double transduced‘LGACs.Time-laps_e pictures
were taken using Zeiss LSM 510 Meta NLO (Thornwood, NY) confocal imaging system. Scale
bar: 5um, *:Lumenal regions, arrows: morphology change in LGAC lumen and Syncollin-GFP
secretory vesicles.

Figure 14. Lac-V96 induces chronic Syn-GFP secretion and F-actin remodeling

LGACs were transduced with adenovirus Ad-Syn-GFP and Ad-LifeAct-RFP to investigate the

8
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changes in secretion marker protein Syncollin-GFP (green) secretion and actin filaments (red)
located beneath the apical and basal membrane during exocytosis evoked by the Lac-V96 and
lacritin using time-lapse confocal fluorescence microscopy. (A): Structure model of LGAC. F-
actin are more enriched underneath apical membrane. (B): While positive control muscarinic
agonist carbachol (100uM) acutely (0-15min) increased significant apical actin filament turnover
and also promoted transient actin assembly around apparent fusion intermediates (B1-B4); Lac-
V96 (20uM) exhibits a much milder and chronic effect on LGAC morphology (B5-B8).
However, one can still observe increased irregularity in the continuity of apical actin filaments
and formation of actin-coated structures beneath the apical and also basal membrane (purple
arrows). The lumenal regions in LGACs were distinguished by *. L: lumen; SV: secretion
vesicle

Figure 15. Lac-ELPs and lacritin triggers transient cytoplasmic Ca2+ wave in HCE-
T cells but not in LGACs. (Al): Acute stimulation with carbachol (10uM) induced Ca2+
oscillation in LGACs. (A2): Carbachol titration (0.1pM, 1pM, 10uM, 100pM, ImM and 1mM)
triggered concentration dependent Ca2+ wave in HCE-T cells. (B1): NaCl Ringer solution did
not trigger Ca2+ wave in HCE-T cells. (B2&B3): EGF (10ng/ml) or lacritin (10uM) triggered 3-
4 fold intracellular Ca2+ increase in HCE-T cells. (B4): Lac-S48148 (40pMx2) triggered 4-6
fold intracellular Ca2+ increase in HCE-T cells. (C): Summary of Ca2+ response in LGACs and
HCE-T cells induced by treatment. *Fluorescence intensity change in ten individual cells were
analyzed and plotted as (Ft-F0)/F0. Representative maximum cell response images were shown.
HCE-T cells were rinsed twice with dPBS (Ca?* and Mg** free) and incubated at 37°C for 20
minutes in fresh KSFM medium without BPE or EGF containing 2.5uM Fluo-4 AM. The cells
were then rinsed twice with NaCl Ringer buffer (145mM NaCl, 5SmM KCI, 1mM CaCl2, ImM
KH2PO4, ImM MgCI2, 10mM glucose, and 10mM HEPES, osmolarity 300, pH 7.4) and kept in
the same buffer at room temperature for 30 minutes. For Ca®* free medium, ImM Ca®* was
replaced with 0.5SmM EGTA. The data are presented as percentage change in fluorescence
intensity at each time point (Fy) to the first time point (Fo) reading: (Fi-Fo)/Fox100%.

Figure 16. Lacritin is susceptible to protease. (A): Time dependent degradation of
purified lacritin. Up: SDS-PAGE stained with coomassie blue showing disappearing of lacritin
band; lower: one-phase decay fitting curve of lacritin degradation, t;2=23.7h (R?=0.99). (B):
Lacritin degradation can be inhibited by protease inhibitor cocktail. (C): Western blot of purified
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lacritin probed with anti-lacritin antibody. (D): MALDI-TOF analysis of lacritin degradation
product. (E): Examples of possible cutting sites within lacritin sequence. *Truncation products
following degradation were assigned by MALDI-TOF MS by comparison of measured with
predicted mass to charge ratios (m/z) with +1 charge ionization ([M + HJ]"). Corresponding
sequences are shown. Bold and underlined sequence: Syndecan-1 binding site. Blue: residual

thrombin cleavage site. Red: possible cutting site. ***p<0.001

DETAILED DESCRIPTION OF THE INVENTION

All references cited herein are incorporated by reference in their entirety as though fully
set forth. Unless defined otherwise, technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Singleton et al., Dictionary of Microbiology and Molecular Biology 3rd ed., J. Wiley &
Sons (New York, NY 2001); March, Advanced Organic Chemistry Reactions, Mechanisms and
Structure Sth ed., J. Wiley & Sons (New York, NY 2001); and Sambrook and Russell, Molecular
Cloning: A Laboratory Manual 3rd ed., Cold Spring Harbor Laboratory Press (Cold Spring
Harbor, NY 2001), Remington's Pharmaceutical Sciences, by E. W. Martin, Mack Publishing
Co., Easton, Pa., 15th Edition (1975), describes compositions and formulations suitable for
pharmaceutical delivery of the inventive compositions described herein provide one skilled in
the art with a general guide to many of the terms used in the present application.

One skilled in the art will recognize many methods and materials similar or equivalent to
those described herein, which could be used in the practice of the present invention. Indeed, the
present invention is in no way limited to the methods described herein. For purposes of the
present invention, the following terms are defined below.

“Administering” and/or “administer” as used herein refer to any route for delivering a
pharmaceutical composition to a patient. Routes of delivery may include non-invasive peroral
(through the mouth), topical (skin), transmucosal (nasal, buccal/sublingual, vaginal, ocular and
rectal) and inhalation routes, as well as parenteral routes, and other methods known in the art.
Parenteral refers to a route of delivery that is generally associated with injection, including
intraorbital, infusion, intraarterial, intracarotid, intracapsular, intracardiac, intradermal,
intramuscular, intraperitoneal, intrapulmonary, intraspinal, intrasternal, intrathecal, intrauterine,

intravenous, subarachnoid, subcapsular, subcutaneous, transmucosal, or transtracheal. Via the
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parenteral route, the compositions may be in the form of solutions or suspensions for infusion or
for injection, or as lyophilized powders.

“Modulation” or “modulates” or “modulating” as used herein refers to upregulation (i.e.,
activation or stimulation), down regulation (i.e., inhibition or suppression) of a response or the
two in combination or apart.

“Pharmaceutically acceptable carriers” as used herein refer to conventional
pharmaceutically acceptable carriers useful in this invention.

“Promote” and/or “promoting” as used herein refer to an augmentation in a particular
behavior of a cell or organism.

“Subject” as used herein includes all animals, including mammals and other animals,
including, but not limited to, companion animals, farm animals and zoo animals. The term
“animal” can include any living multi-cellular vertebrate organisms, a category that includes, for
example, a mammal, a bird, a simian, a dog, a cat, a horse, a cow, a rodent, and the like.
Likewise, the term “mammal” includes both human and non-human mammals.

“Therapeutically effective amount™ as used herein refers to the quantity of a specified
composition, or active agent in the composition, sufficient to achieve a desired effect in a subject
being treated. A therapeutically effective amount may vary depending upon a variety of factors,
including but not limited to the physiological condition of the subject (including age, sex,
disease type and stage, general physical condition, responsiveness to a given dosage, desired
clinical effect) and the route of administration. One skilled in the clinical and pharmacological
arts will be able to determine a therapeutically effective amount through routine
experimentation.

“Treat,” “treating” and “treatment” as used herein refer to both therapeutic treatment and
prophylactic or preventative measures, wherein the object is to prevent or slow down (lessen) the
targeted condition, disease or disorder (collectively “ailment”) even if the treatment is ultimately
unsuccessful. Those in need of treatment may include those already with the ailment as well as

those prone to have the ailment or those in whom the ailment is to be prevented.

The lacrimal gland-cornea axis plays a critical role in maintaining ocular health. While
avascular cornea serves as both protective barrier and main refractive element of the visual

system, lacrimal gland is the major organ secreting key proteins and electrolytes into the tear
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film that overspreads the cornea and conjunctiva. Dry eye syndrome is a multifactorial disease of
the tears and ocular surface causing visual disturbance and tear film instability. Accordingly to
report, severe dry eye disease (DED) affects approximately 5 million Americans above 50 years
and its global prevalence ranges from 5% to 35%. Great strides have been made to treat dry eye
syndrome and DED through lubricating ocular surface with artificial tears, conserving the
secreted tears using tear plugs and eye-shields, or targeting the associated ocular surface
inflammation such as Cyclosporin eye-drops. Nevertheless, there still remains a continued
demand for efficient, sustained and targeted novel dry eye syndrome and DED therapy.

Ocular drug delivery remains challenging due to the unique ocular anatomy and
physiology. Blinking, tear film, and various layers of corneal cells all lead to reduced
bioavailability for topical ocular administration. Conventional eye drops are washed away from
the eye within minutes after ocular administration, and less than 2% of the medication is
absorbed. Due to rapid clearance, ocular drug formulations must be given frequently, every 2 to
8 hours. Further, effective dry eye therapy requires economic process of manufacture, long-term
drug stability inside appropriate vehicle and non-invasive prolonged controlled release of the
drug to target site. A promising development of safe and effective drug delivery systems is
biocompatible polymers, which offer the versatility to remodel drug delivery vesicle structure
and further tailor drug release kinetics. Recently, macromolecular self-assemble nanoparticles
are emerging as attractive candidates for therapeutic applications.

Elastin-like-polypeptides (ELPs) are one type of such biomaterials. These proteins are
members of a larger class of bioresponsive protein polymers that are macromolecules responsive
to small environmental changes, for instance temperature or pH. Inspired from human
tropoelastin, ELPs have unique properties that promote phase separation, recombinant
expression, protein purification, and self-assembly of nanostructures. The polypeptides are
biodegradable, biocompatible polymers with temperature-sensitive phase behavior. ELPs are
soluble in aqueous solutions below their transition temperature and collapse and aggregate under
hydrophobic forces above their critical transition temperature. Importantly, this type of phase
transition can be exploited for the development of fusion proteins that are highly soluble at room
temperature, but undergo reversible assembly of micron size particles on the ocular surface.

These dynamic chemical characteristics can be captured in fusion proteins containing
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therapeutically effective compounds, thereby allowing retention of biopharmaceuticals in the eye
longer than conventional application techniques.

One therapeutically effective compound for use in treating dry eye syndrome is lacritin.
lacritin is a 138 amino acid, 12.3 kDa glycoprotein (Uniparc ID NO. Q9GZZ8) secreted in
human tears. One of the 4-5% proteins that are downregulated in dry eye syndromes, lacritin is a
highly glycosylated tear protein showing prosecretory and mitogenetic activity for corneal
epithelial cells. Detected by 2-D PAGE, nano-LC-MS/MS and SELDI studies, lacritin shows a
common downregulation in blepharitis vs normal tears. In vivo studies of lacritin on New
Zealand white rabbits shows that eyes treated three times a day for two weeks display a steady
rise in tearing that is sustained for at least one week after the last treatment and is well tolerated
when topically applied in rabbits. Current ongoing and future research is being carried out to
formulate lacritin as a topical eye drop as an effective treatment for dry eye syndrome. However,
these rabbit studies have demonstrated that significant effects with lacritin require application of
the protein to the ocular surface at least three times a day via eye drops.

The inventors have exploited the features of ELPs in creating a fusion protein containing
lacritin, to effectively stimulate ocular surface healing and tear production. By fusing a small
library of various ELPs to lacritin, the inventors characterized the phase transition temperatures
for the resulting lacritin-ELP constructs and demonstrated that the lacritin contained therein is
capable of actively stimulating the tear secretion of primary lacrimal gland acinar cells from
rabbits. The most commonly used ELPs consist of pentapeptide repeats of (VPGX.G)n where
Xaa, the guest residue, is any amino acid and n represents the number of repeats in the ELP. ELPs
exhibit the unique property of inverse temperature phase transition; they are soluble in aqueous
solution below their inverse transition temperature (7¢) and undergo an aqueous demixing above
their 7t, resulting in the formation of an insoluble, polymer-rich ‘coacervate’ phase. This novel
application of ELPs exploits their characteristic phase behavior to slow clearance of biologically
active proteins from the eye, while also providing a versatile liquid-solid medium scaffold as

support for retaining these compounds in the eye.

Described herein are various aspects of the present invention. In one embodiment, the
present invention provides an isolated fusion protein including a bioresponse protein polymer

conjugated to a therapeutic protein. In another embodiment, the isolated fusion protein contains
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a bioresponse protein polymer that is an elastin-like polypeptide (ELP). In another embodiment,
the ELP includes the motif (Val-Pro-Gly-X,,-Gly),, where n is between 10 and 300 repeat units
and Xa, is a natural or synthetic amino acid. In another embodiment, the ELP includes the motif
(Val-Pro-Gly-Xa,-Gly)n, where n is between 10-50, 50-100, 100-150, 150-200, 200-250, 250-300
and/or 300-400 repeat units and X, is a natural or synthetic amino acid. In other embodiments,
Xaa is serine, isoleucience, or valine. In one embodiment, n is 96 and X, is valine.

In another embodiment, the therapeutic protein is lacritrin, a functional equivalent or
active fragment thereof. In another embodiment, the lacritrin, functional equivalent or active
fragment thereof is human lacritrin. In another embodiment, the lacritrin, functional equivalent
or active fragment thereof is an amino acid sequence with 70, 75, 80, 85, 90, 95, 99, or 100%
similarity to SEQ ID NO: 3. In another embodiment, the lacritrin, functional equivalent or active
fragment thereof is amino acid sequence SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID
NO: 7, or SEQ ID NO: 8. In another embodiment, the bioresponse protein polymer and
therapeutic protein are conjugated via a linker peptide. In another embodiment, the linker
peptide is the amino acid sequence: SEQ ID NO: 9. In another embodiment, the bioresponse
protein polymer is ELP, the therapeutic protein is lacritrin, and the ELP is conjugated to the
lacritrin via a linker peptide. In another embodiment, the isolated fusion protein includes the
amino acid sequence: SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, or SEQID
NO: 8, conjugated to amino acid motif [VPGXaGl,, Wherein n is 96 and Xaa is valine. In other
embodiments, the therapeutic protein is Restasis (cyclosporin), a-Crystallin, Ocriplasmin,
Ranibizumab, aflibercept, iSONEP, or Volociximab.

In other embodiments, ELPs are composed of simple pentapeptide repeat (VPGXaG)n,
where the ‘guest residue’ X,, can be any amino acid and n controls the peptide length. In other
embodiments, ELPs possess inverse temperature phase transition behavior, are soluble in
aqueous solutions below their transition temperature (77), and/or self-assemble into various-sized
particles above 7t. In other embodiments, 77 can be precisely modulated by adjusting the length
of the pentapetides repeats and the hydrophobicity of the guest residue. In certain embodiments,
Tt is calculated according to the following equation:

T:=m Logio[Cgrp] +b
wherein Cgrp (UM) is the ELP concentration, m is the slope (°C per Logio[uM]), and b

(°C) is the transition temperature at 1 pM. In other embodiments, the ELPs include at least two
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monomeric amino acid motifs with different guest residues, (VPGXa21G)n1(VPGX02G)n2, Where
nl or n2 are each between 10 and 300 repeat units and X, is a natural or synthetic amino acid.
In another embodiment, the ELP includes the motif (Val-Pro-Gly-Xa,-Gly),, where nl or n2 are
each between 10-50, 50-100, 100-150, 150-200, 200-250, 250-300 and/or 300-400 repeat units
and X, is a natural or synthetic amino acid. In other embodiments, X, is serine, isoleucience, or
valine. In one embodiment, n is 48 and X, is valine.

In another aspect of the present invention, described herein is an isolated nucleotide
encoding a fusion protein that includes a bioresponse protein polymer conjugated to a
therapeutic protein. In another embodiment, the bioresponse protein polymer is a member of the
group of elastins, resilins, collagens, slik- and/or elastin-like polypeptides. In another
embodiment, the bioresponse protein polymer is an elastin-like polypeptide (ELP). In another
embodiment, the ELP includes the motif (VPGX.,G),, where n is between 10 and 300 repeat
units and X,, is a natural or synthetic amino acid. In another embodiment, the ELP includes the
motif (Val-Pro-Gly-Xa,~Gly),, where n is between 10-50, 50-100, 100-150, 150-200, 200-250,
250-300 and/or 300-400 repeat units and X, is a natural or synthetic amino acid. In other
embodiments, X, is serine, isoleucience, or valine. In one embodiment, n is 96 and X,, is
valine. In another embodiment, the therapeutic protein is lacritrin, a functional equivalent or
active fragment thereof. In another embodiment, the lacritrin, functional equivalent or active
fragment thereof is human lacritrin In another embodiment, the lacritrin, functional equivalent
or active fragment thereof is an amino acid sequence with 70, 75, 80, 85, 90, 95, 99, or 100%
similarity to SEQ ID NO: 3. In another embodiment, the lacritrin, functional equivalent or active
fragment thereof is amino acid sequence SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID
NO: 7, or SEQ ID NO: 8. In another embodiment, the isolated nucleotide encoding a fusion
protein includes polynucleotide sequence SEQ ID NO: 1 or SEQ ID NO:2. In another
embodiment, the bioresponse protein polymer is ELP, the therapeutic protein is lacritrin, and the
ELP is conjugated to the lacritrin via a linker peptide. In another embodiment, the linker peptide
is the amino acid sequence: SEQ ID NO: 9. In another embodiment, the bioresponse protein
polymer and therapeutic protein are conjugated via a linker peptide. In another embodiment, the
bioresponse protein polymer is ELP, the therapeutic protein is lacritrin, and the ELP is
conjugated to the lacritrin via a linker peptide. In another embodiment, the isolated fusion

protein includes the amino acid sequence: SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ
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ID NO: 7, or SEQ ID NO: 8, conjugated to amino acid motif [VPGX,.G],, wherein n is 96 and
Xaa is valine. n other embodiments, the therapeutic protein is Restasis (cyclosporin), a-
Crystallin, Ocriplasmin, Ranibizumab, aflibercept, iSONEP, or Volociximab. In another
embodiment, the isolated nucleotide is constructed using recursive directional ligation.

In other embodiments, the ELPs are fusion proteins including Lac-ELP fusion proteins.
In other embodiments, the Lac-ELP fusion proteins are Lac-196, Lac-V96, Lac-S96, and/or Lac-
S48148. In other embodiments, the Lac-ELPs are purified by inverse phase transition cycling
(ITC), which can further be purified using size exclusion chromatography polishing to remove
ELP tag. In another embodiment, free lacritin can be released from purified lacritin-ELP via
thrombin cleavage. In other embodiments, Lac-ELPs pre-assemble into 10-60 nm nanoparticles.
Above Tt, Lac-196 and Lac-V96 form micron-sized coacervate while Lac-S48148 assembles into
100-180 nm micelles. In other embodiments, ELPs are also capable of self-assembling into
stable micelles around physiological temperature, such as 37°C. In other embodiments, ELPs
organized as stable micelles are used as a drug delivery vehicle, which may further modulate
biodistribution and pharmacokinetics of the protein in vivo. In other embodiments, ELPs are
applied as a drug delivery vehicle for a therapeutic such as Restasis (cyclosporin), a-Crystallin,
Ocriplasmin, Ranibizumab, aflibercept, iSONEP, Volociximab, Sirolimus (rapamycin),
Pazopanib, Vatalanib, AL39324, ATG-3, JSM6427, Fasudil, ATS907, AR-12286, K-115, and/or
Carbachol.

In another aspect of the present invention, described herein are ELPs that can be used as
a purification tag. In one embodiment, the present invention includes a method of using an ELP
in a purification process, including: a) providing a sample including a ELP construct, b) inducing
phase transition in the sample by adding 0 to 20 M NaCl and heating to temperatures up to about
10, 20, 30, 35, 37, 40, or 45°C, b) centrifuging the sample at 5,000, 6,000, 7,000, 8,000, 9,000 or
10,000 g, ¢) discarding the supernatant, and d) cooling remaining pellet to about, 1, 2, 3, 4, 5, or
6-10°C. In one embodiment, the sample is further agitated into a solution. In one embodiment,
repeated cycles of hot and cold centrifugation are further applied, including 1, 2, 3,4, 5,6,7, 8,9
or 10 repetitions. In another aspect of the present invention, ELPs that can be used as a
purification tag for lacritin, thioredoxin (Trx), chloramphenicol acetyltransferase (CAT),

calmodulin (CaM), green fluorescent protein (GFP), and/or Knob.

16
14068933.1



In another aspect of the present invention, described herein is a method of treating a
disease and/or condition in a human subject, which includes providing a quantity of a
composition, wherein the composition includes a fusion protein, the fusion protein including a
bioresponse protein polymer conjugated to a therapeutic protein; and treating a human subject by
administering a therapeutically effective dosage of the composition to the subject, thereby
treating the subject. In another embodiment, the human subject is afflicted with a disease and/or
condition affecting the organs of the circulatory system, digestive system, endocrine system,
integumentary system, lymphatic system, immune system, musculoskeletal system, nervous
system, reproductive system, respiratory system, and/or urinary system. Examples include the
skin, stomach, intestines, pancreas, liver, and/or brain. In another embodiment, the human
subject is in need of treatment for an eye disease and/or condition selected from the group
consisting of: acanthamoeba keratitis, allergies, amblyopia, Bell’s palsy, blepharitis, cataracts,
chalazion, color blindness, corneal ulcer, detached retina, dry eye syndrome, keratoconjunctivitis
sicca, eye occlusions, eye twitching, macular hole, nystagmus, ocular migraine, ocular rosacea,
optic neuritis, optic neuropathy, photophobia, pinguecula and pterygium, ptosis, Sjogren’s
syndrome, strabismus, stye, subconjunctival hemorrhage, uveitis, CMV retinitis, conjunctivitis,
diabetic retinopathy, eye herpes, glaucoma, karatoconus, macular degeneration, macular
dystrophy, ocular hypertension, retinitis pigmentosa, and/or Stargardt’s disease. In other
embodiments, the drug delivery vehicle is used in combination with a contact lens. In another
embodiment, the bioresponse protein polymer is ELP, the therapeutic protein is lacritrin, and the
ELP is conjugated to the lacritrin via a linker peptide.

In another aspect of the present invention, described herein is a pharmaceutical
composition, which includes a bioresponse protein polymer conjugated to a therapeutically
effective protein and a pharmaceutically acceptable carrier. In another embodiment, bioresponse
protein polymer is ELP, the therapeutic protein is lacritrin, and the ELP is conjugated to the
lacritrin via a linker peptide.

EXAMPLES

The following examples are provided to better illustrate the claimed invention and are not
to be interpreted as limiting the scope of the subject matter. To the extent that specific materials

are mentioned, it is merely for purposes of illustration and is not intended to limit the invention.
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One skilled in the art may develop equivalent means, compositions or reactants without the

exercise of inventive capacity and without departing from the scope of the present invention.

Example 1
Bioresponse protein polymers, generally

ELPs are repeated pentameric peptides, (VPGX,.G)a. These peptides have characteristic
inverse phase transition temperatures, 7;, above which they phase separate from aqueous
solution. By choosing the identity of X,, and the length n, ELPs of different 7, can be efficiently
and precisely biosynthesized (Tables 1 and 2). Genetically engineered ELPs are
pharmacologically relevant, being monodisperse, biodegradable, and biocompatible. The present
invention harnesses these features of bioresponsive protein polymers to control ocular clearance
(Fig 1B, C).

To reduce the frequency of dosing, lacritin has been genetically fused with ELPs of
different transition temperatures that are above and below the ocular surface temperature (Table
2). One example fusion protein, lacritin-V96, is soluble at room temperature and administered to
the eye, upon which the body temperature raises them above their transition temperature. This
process induces the formation of adhesive ELP aggregates, which slows or prevents ocular
clearance. Free, active lacritin is expected to be in equilibrium with the ELP aggregates and
extends the period of treatment from a single drop. ELPs with a transition temperature greater
than 37°C are expected to clear quickly from the eye; however, ELPs with transition temperature
between room temperature (25°C) and body temperature (37°C) are expected to drain slowly

from the eye.

Table 1. Examples of of ELP protein polymers

L *MW | Target behaviorin | . Assembly ""Hydrodynamic
Label Amino acid sequence (kD) body temperature Radius at 37 °C,
O R,=(nm)
196 G(VPGIG)ss Y 40.9 microparticle depot | 20 >> 1,000
S96 G(VPGSG)osY 38.5 soluble control 56 42+18
S48148 | G(VPGSG)yg(VPGIG)4sY 39.6 nanoparticle 25 21.8+ 1.5

*Molecular weight estimated for expressed gene product, as confirmed using MALDI-TOF mass spectrometry
** Assembly temperature determined using optical density at 350 nm on a temperature gradient of 1 °C min™!
***Radii determined using dynamic light scattering at 25 uM ELP in phosphate buffered saline.

Table 2. Lacritin-ELP constructs evaluated
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. Approximat | Expected
PI:J‘::::I: **lacritin-ELP amino acid sequence e (og) ocular
MW (kD) clearance
Lac- MEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAA
V6 AVQGTAKVTSSRQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPG 52.5 26.8 slow
GKQFIENGSEFAQKLLKKFSLLKPWA-GLVPR|GS-G[VPGVGles Y
MEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAA
Lac-196 | AVQGTAKVTSSRQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPG 50 10 fast
GKQFIENGSEFAQKLLKKFSLLKPWA-GLVPR|GS-G[VPGIG]es Y
MEDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAA
Lac-S96 | AVQGTAKVTSSRQELNPLKSIVEKSILLTEQALAKAGKGMHGGVPG 50 69 fast
GKQFIENGSEFAQKLLKKFSLLKPWA-GLVPR|GS-G[VPGSGles Y

*As observed for Lac_ V96 and expected based on the approximate transition temperature for 196 and S96.
** Amino-terminal lacritin with the signal peptide removed followed by an underlined thrombin cleavage site,
followed by a carboxy terminal ELP.

Example 2
Characterization of lacritin-ELP conjugate assembly and bioactivity

The inventors cloned (Figure 3A) and purified lacritin-ELP conjugates (Table 2). One of
these conjugates, Lac-V96, has been extensively characterized through proteolytic cleavage via
thrombin. A purified ELP fusion proteins (Lac-V96), a purified ELP (V96), and the purified
cleaved lacritin (Lac) are all depicted (Figure 4A, 5A). The molecular mass for these constructs
was confirmed using mass spectrometry (Figure 4B, 5B, Table 3). The ELP lacritin fusion
protein Lac-V96 was able to undergo temperature dependent phase separation (Figure 6);
furthermore, Lac-V96 is soluble at room temperature and phase separates above 30°C. More
importantly, the inventors have applied this lacritin fusion protein to successfully induce
expression of an enzyme marker associated with secretion, beta hexosaminidase, in primary cells

isolated from rabbit lacrimal gland (LGACs).

Example 3
Constructing genes encoding for lacritin-ELPs
Genetic engineering can be used to prepare repetitive polypeptides of specific chain
length. In this approach, oligonucleotide cassettes encoding the monomer gene for the
pentapeptide ELP is ligated into a specially modified cloning vector, such as pet25b+.

Restriction enzymes are selected RE1 and RE2, which cleave the monomer genes as
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demonstrated in Figure 10B. The cloning vector with the monomer gene is digested with both
REI1 and RE2 to produce an insert, which is gel purified and ligated into a separate preparation
of vector linearized by digestion with only RE1. This approach leads to the controlled
dimerization of the synthetic gene. This technique can be repeated until an ELP of desired chain
length is formed. After formation of a library of synthetic genes encoding ELPs of different
lengths and guest residues (Xaa), selected ELPs are transferred onto a plasmid at an RE1 cut site
to the carboxy terminus of a lacritin gene (Figure 10B). Following every ligation, bacterial
colonies are grown up in a 4 mL culture and harvested for plasmid DNA. The DNA is then
screened by diagnostic digestion using Xbal and BamHI for the correct insertion of both the
lacritin and ELP genes. Positive plasmids are then sent for DNA sequencing from the T7
promoter and terminator sequences, which is used to confirm the presence of a ribosome binding
sequence, a start codon, an in frame lacritin gene, an in frame thrombin cleavage site, an inframe
ELP, and an in frame stop codon. Successfully sequenced plasmids are then moved to expression

bacterial cultures.

Example 4
Purification of lacritin-ELP fusion proteins

Purified plasmids (Figure 3A) are transferred into an expression host optimized for the
production of repetitive sequences, the BLR(DE3)™ (Novagen). The inventors identified a
critical production stage, whereby reducing the incubation temperature to 30 degrees Celsius for
24 hours is important to prevent premature cleavage of ELPs and lacritin. ELPs and lacritin-
ELPs are purified using inverse phase transition cycling. Briefly, this method makes use of the
ELP phase separation to induce selected precipitation of ELP fusion proteins using
centrifugation. The phase transition temperature can be induced using a mild combination of 0 to
3 M NaCl and heating to temperatures up to about 37°C. This causes the phase separation of
ELPs, which are centrifuged under about 10,000 g. The supernatant, which includes bacterial
contaminants, is discarded. Next, the ELP pellet is cooled to 4°C and agitated gently until it

returns to solution. The redissolved ELP is again centrifuged to discard any remaining protein
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contaminants. As needed, this cycle of hot and cold centrifugation is repeated between 3 and 6
times to produce pure fusion constructs.
Example 5
Lac-ELPs and ELPs are purified by Inverse Transition Cycling (ITC).

In another example of the versatility of bioresponse polymers, ELPs can used as
purification tag to extract soluble fusion proteins from E.coli debris due to their unique
reversible inverse phase transition behavior. Lacritin has been previously purified using intein
system, which requires multiple steps of chromatography. The inventors herein describe an
alternative purification approach using ELPs. With IPTG induction, Lac-196, Lac-V96, Lac-S96
and Lac-S48148 can achieve satisfactory yield of more than 40mg/L. MALDI-TOF analysis and
western blotting with anti-lacritin antisera further confirmed successful construction of Lac-
ELPs (Figure Figure 15C). Interestingly, after ITC purification, the inventors observed two
major bands on SDS-PAGE of purified Lac-ELPs (Figure 5A), upper band around 52kD and
lower band around 40kD, which suggested there was pre-mature cleavage of lacritin from the
fusion construct.  Further degradation study confirmed this observation (Figure 16A). The
inventors utilized Superose size exclusion column to remove free ELP tags (Figure 3B). Internal
lacritin control was liberated from ELP tag via cleavage at designed thrombin recognition site
encoded between the two moieties (Figure 1A and 2A). Similar to previous reports, lacritin ran
higher on SDS-PAGE than expected M.W. 12kD (Figure 4A and 5A).

Using above method, Lac-ELPs, ELPs and lacritin can reach more than 95% purity on
SDS-PAGE stained with coomassie blue (Figure 4A and 5A) The inventors also noticed several
smaller MW bands (around 10kD) in purified lac-ELP and lacritin products (Figure 4A, 5A, and
8C). Analysis of MALDI-TOF data indicated that these difference size fragments released from
lac-ELPs are multiple sites within the lacritin-thrombin region of the fusion protein may be
susceptible to enzymatic attack by proteases or act as a protease itself (Figure 16D&E).

More specifically, ELPs 196, V96, S96 and S48148 were expressed in BLR (DE3) E. coli
cells (Novagen Inc., Milwaukee, WI). Briefly, after overnight start culture, protein was
expressed for 24 h in an orbital shaker at 37 °C at 250 rpm. Cell culture were harvested and re-
suspended in phosphate buffer saline (PBS). After sonication and removing insoluble cell debris

and nucleic, ELPs were purified from clarified cell supernatant by inverse transition cycling
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(ITC)' as previous reported until ELP purity was determined to be approximately 99% pure by
SDS-PAGE gels stained with CuCl,.

Lac-ELPs were expressed in BLR (DE3) E. coli cells using IPTG induction. Briefly, after
overnight starter culture, cell pellet was inoculated into 1L TB medium and grew at 37 °C until
OD600nm reached 0.5. 500ul of 1M IPTG stock solution was added into cell culture and
temperature was decreased to 25°C to optimize protein expression. After 5h induction, cells were
harvested and purified using ITC. Due to fast degradation of Lac-ELP, fusion protein was further
polished by using Superose size exclusion column at 4°C, After balancing the column with PBS
(Ph7.4), 100mg Lac-ELP was then loaded onto the column and washed out by isocratic flow of
PBS at 0.5ml/min. Peak 1 was collected and concentrated using Amicon Ultra 10Kd. Free
lacritin is released by thrombin cleavage of Lac-ELP fusion protein. Briefly, 300ul thrombin
beads slurry (Sigma-Aldrich) was added into 200mg ITC purified Lac-ELP and incubated at
room temperature for overnight. After pelleting down thrombin beads at 2,500rpm, solution was
warmed up to 37°C and centrifuged at 4,000 rpm for 10min to remove phase transitioned ELP
tag. Supernatant after spin was concentrated using Amicon Ultra 3Kd. Protein concentrations
were determined by UV-visible spectroscopy at 280 nm (sELP=1285M‘1cm'1, elac-
ELP=6990M"cm™, eLac=5500M'cm™). Protein molecular weight is further confirmed by
MALDI-TOF analysis.

Example 6
Assessing the purity and molecular weight for ELP fusion proteins

Purified proteins were further characterized by SDS-PAGE and MALDI-TOF analysis.
The temperature-dependent phase transition behavior of both ELPs and Lac-ELPs was
characterized by measuring the optical density at 350 nm (OD350 nm) as a function of solution
temperatures between 15 and 85°C in a DU800 UV-visible spectrophotometer.

More specifically, ELP and ELP fusion proteins, are run on a standard SDS-PAGE
apparatus. ELPs on PAGE can be stained and imaged using copper chloride. In addition to
purified ELP and ELP-lacritin, thrombin can be added to the fusion proteins. After incubation
under standard conditions, this process liberates the free lacritin (Figure 1A, 2A, 4A and 5A).
Although lacritin is approximately 12 kDa, it is has been reported to run on PAGE as a band
around 18 kDa, which was observed by the inventors. The resulting gel depicts the purity of the

peptides purified using ELP phase separation (Figure 4A and 5A).
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Further confirming the identity of these gene products, the specific protein spots are
isolated and characterized using matrix assisted laser desorption ion time of flight mass
spectrometry (MALDI-TOF) (Figure 4B and 5B). The resulting masses are consistent with the

expected protein mass to a high degree of accuracy (Table 3).

Table 3. MALDI-TOF analysis of purified ELP and lacritin fusion proteins

Protein Expected Mass (kD) MALDI-TOF result(kD)
Lac-V96 52.52 52.29
V96 39.55 39.21
Lac 12.85 12.73
Example 7

Measurement of phase transition temperature for ELP fusion proteins

ELP transition temperatures are determined on a Beckman DU800 UV-VIS
spectrophotometer under a temperature gradient of 1°C per minute in PBS. The transition
temperature, by turbidometric analysis, is defined as the maximum first derivative of the optical
density at 350 nm. ELP transition temperatures are functions of the logarithm of concentration;
therefore, a range of sample concentrations from 5 to 100 pM ELP are typically observed and fit
to the following equation:

T,= m Logio[Cerr] +b

Where Cgrp (WM) is the ELP concentration, m is the slope (°C per Logio[uM]), and b
(°C) is the transition temperature at 1 pM. The transition temperatures for an ELP with and
without fusion to a lacritin protein domain are indicated, which demonstrate that there is a
measureable, but minimal decrease in the transition temperature (Figure 8A-D). Further, it is
observed that lacritin undergoes degradation at 37°C (Figure 7A-C).

Typically, PBS solutions of protein sample (100puM, 50pM, 25uM, 10pM and SuM)
were heated at 1°C/min between 10°C and 85°C. T, under each concentration is defined as the
maximum first derivative of turbidity change. Particle size distribution of Lacritin, ELP and Lac-
ELP fusions was measured as a function of temperature increase by dynamic light scattering
(DLS). Briefly, protein samples were prepared at 25uM in PBS and filtered through a 20 nm
filter (Whatman Anodisc) at 4°C. Autocorrelation functions were collected using a DynaPro-

LSR dynamic light scattering Wyatt Plate Reader (Wyatt Technology, Santa Barbara, CA). Light
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scattering data were collected at regular temperature intervals (1°C) as solutions were heated
from 5 to 60°C. The results were analyzed using a Rayleigh sphere model and fitted into either a
regularization or cumulant algorithm based on the sum-of-squares value. Critical micelle
temperature (CMT) for each protein construct was defined as the lowest temperature at which

the Rh is significantly greater than the average monomer Rh.

Example 8
Lacritin moiety influences phase transition behavior of parent ELPs

As ELP fusion protein, Lac-ELP would be expected to undergo phase transition like
parent ELPs, one can characterize the influence of fusion lacritin moiety on 7t of attached ELPs.
Figure 2B and Figure 8 showed inverse phase transition characterization of all expressed ELPs
and lac-ELP fusion proteins at a concentration of 5, 10, 25, 50 and 100 uM in phosphate
buffered saline (PBS) over the experimentally accessible temperature range of 10-90°C. As
described, 7t of ELPs could be predicted by a simple equation, which accounts for the ELP
concentration and its length: 7t = m LoglO[CELP] + b, where CELP (uM) is the ELP
concentration, m is the slope (°C per Log10[uM]), and b (°C) is the transition temperature at 1
UM. Comparison of lacritin, Lac-V96 and V96 phase transition curve at 25uM (Figure 8A and
8B) demonstrated maintenance of the phase transition behavior of parent ELPs.

However, a 5°C decrease in 7Tt at 25uM was observed for the fusion protein.
Interestingly, ATt of Lac-S48148 and Lac-S96 was much more dramatic compared to S48148 and
S96 (Figure 8C and 8D). While S48148 exhibited one smooth micelle formation and one sharp
bulk phase transition, only one sharp phase transition around 15°C was noticed with Lac-S48148,
which was 60°C lower than bulk phase transition temperature of S48I48 (Figure 8D). On the
contrary, Lac-S96 completely abolished phase transition behavior of parent S96 within

accessible temperature range of 10-90°C (Figure 8C).

Example 9
Lac-ELPs pre-assemble into nano-sized particles
Phase transition characterization results suggested the fusion lacritin moiety may interact
with each other in a random/organized pattern other rather simply staying as monomers. One

can further characterize the self-assembly property of purified Lac-ELPs using Dynamic Light
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Scattering (DLS). As shown in Figure 9A, free lacritin exhibited as 2-3nm monomers between
5°C and 60°. While S96 stayed stable as 2-3nm monomers within experimental temperature
range, Lac-S96 pre-assembled as 30-40nm particles (Figure 9C). Lac-V96 and Lac-196 similarly
exhibited as 30-40nm pre-assembled particles until bulk phase transition above Tt (Figure (B).
S48148 was chosen as our micelle scaffold. Remarkably, as different from sharp phase transition
of 196 and V96 below 37°C, S48148 assembled from 2-3nm monomers into 20nm micelles above
its critical micelle temperature (CMT) at around 26°C (Figure 9D). Same as other Lac-ELPs,
Lac-S48148 preassemble into 30-40nm particles even at 5°C. As temperature was raised, Lac-
S48148 aggregated into 140-150nm mono-dispersed particles above its 7t (Figure 9D).
Interestingly, native ELPs by themselves do not preassemble as their fusion constructs.

The DLS observations were further supported by high-resolution TEM and Cryo-TEM
images of the corresponding nanoparticles. While S48148 formed perfect micelle structure
(Figure 9E&H), Lac-S48148 presented a much larger size in its nanostructure, which was around
60-70nm in diameter (Figure 9F&I). Discrepancy of micelles diameter measured using three
techniques may come from the hydrophobicity of the fusion protein. As DLS measures
hydrodynamic radius of the particle, lacritin moiety may exist in its most extended conformation
in the solution and thus gave a 130-140nm Rh reading. Both TEM and Cryo-TEM measured dry
samples so that only the most hydrophobic core was shown in the figures. Due to fast
degradation of Lac-S48148, both TEM and Cryo-TEM images of Lac-S48148 also showed -
partially degraded product: S48148 micelles.

Example 10
Measurement of secretion of beta hexosaminidase from primary lacrimal gland cells
Primary rabbit lacrimal gland acinar cells (LGAC) are used for in vitro secretion assay.
Lacrimal acini were isolated and cultured for 2-3 days. Cells prepared in this way aggregate into
acinus-like structures; individual cells within these structures display distinct apical and
basolateral domains and maintain a robust secretory response. Total protein is quantified by
Biorad assay and secreted protein is quantified by B-hexosaminidase assay. Briefly, primary
rabbit acinar cells are seeded in 12-well plate 2 days before test. 2 hours before testing, old
medium is replaced by 600 ul fresh PCM. Medium and cells are incubated at 37°C for 2 hours.

After collecting a sample of medium before secretion, ELP or lacritin ELP in PBS is added into
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cach well and incubated at 37 °C for 30 min. All the samples are aggressively vortexed and
centrifuged at 4°C, 12,000 rpm for 5 min. For Biorad assay, before and after secretion media
samples are tested on 96-well plates in triplicate. For measurement of the B-hexosaminidase
activity, 4-methylumbellifery! N-acetyl-B-D-glucosaminide is used as a substrate in triplicate.
Carbachol is used as a positive control for secretion; furthermore, specific secretion is
normalized to the controls with and without carbachol (CCh+, CCh-) (Figure 10A and 12). The
results show that ELP-lacritin retains biological activity in an physiologically relevant cell type,
as demonstrated by changes in secretion of proteins delivered via Ad-Syn-GFP or LifeAct-RFP
reporter constucts transfection into LGACs (Figure 13). Changes in luminal regions and
secretory vesicles was observed following ELP-lacritin and LAC administration. These results
were further confirmed via direct measurement of protein secretion assays of rabbit LGACs,

following ELP-lacritin and LAC stimulation (Figure 12).

Example 11
Lac-ELPs and lacritin stimulate B-hexosaminidase secretion in rabbit LGACs in a time and dose
dependent manner

In another example, a well-established in vitro rabbit LGAC secretion model to evaluate
prosecretory function of lacritin and its Lac-ELP fusion constructs. Figure 11 summarizes the
B-hexosaminidase secretion results of acute Lac-ELPs and lacritin stimulation on rabbit LGACs.
As internal positive control, 100uM carbachol significantly stimulated secretion during the 4h
treatment time range. Compared to V96, Lac-V96 and lacritin significantly stimulated secretion
at a concentration of 10uM (p<0.01) and 20puM (p<0.001) (Figure 11A); apparent effects at 1uM
and 0.1pM were not statistically significant. When treating LGACs with Lac-V96 and lacritin
for 0-4h at a concentration of 10uM, significant secretion effect was observed after 30min
treatment and reached the peak at 1h (p<0.0001); after 1h, B-hexosaminidase secretion slower
down (Figure 11B). The inventors further compared LGACs response to Lac-ELPs with
different hydrophobicity and conformation. While difference between Lac-196 and Lac-V96
groups were marginal, Lac-S96 group exhibited a slight higher p-hexosaminidase secretion level

and Lac-S48148 group showed lowest response. This difference may come from the
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NGSEFAQKLL residues of lacritin sequence which is required for Syndecan-1 binding, which is
believed to be crucial in downstream signal transduction. Since Lac-S96 is in its most soluble
and extended conformation at 37°C (Figure 8C), no downstream protein-protein binding was
blocked by the ELP tag. Due to phase transition at 37°C, Lac-196 and Lac-V96 formed micron-
sized coacervates (Figure 8B), so that binding of lacritin to Syndecan was not as efficient. The
most interesting result comes from Lac-S48148. Though it did form micelle with lacritin on the
corona as designed (Figure 8D & Figure 9), this construct showed the least activity. It is
possible that NGSEFAQKLL residues at the C-terminus of lacritin were buried in the inter-

section of micelle, which made them difficult to be recognized by the receptors.

Example 12
Lac-ELPs and lacritin stimulate chronic F-actin remodeling around LGAC lumen and enhanced
secretory vesicle formation

In response to secretagogues, LGACs exocytose the contents of mature secretory vesicles
containing tear proteins at their apical membranes into lumen area. Spurred by understanding
the cellular mechanism of Lac-ELP and lacritin triggered secretion, the inventors utilized live
LGACs time-lapse confocal fluorescence microscopy imaging to investigate changes of actin
filaments located beneath the apical membrane during exocytosis evoked by Lac-ELP and
lacritin (20pM). For live cell imaging, rabbit lacrimal acini seeded on Matrigel-covered glass-
bottomed round 35 mm dishes (MatTek, Ashland MA) at a density of 4x10° cells per dish for 2
days were co-transduced with Ad-Syn-GFP and Ad-LifeAct-RFP at MOI of 6 for each for 2
hours. Cells were then rinsed and cultured in fresh medium for overnight to allow protein
expression. Dual transduction efficiency (as measured by RFP-actin expression) ranged from 80-
90% in each experiment. On day 3, lacrimal acini were analyzed by time-lapse confocal
fluorescence and DIC microscopy using Zeiss Multiple Time Series V3.2 software modules.
Live cell analyses were performed at 37°C. For time-lapse analysis, acini of similar size (4-6
cells arranged around a central lumen) were chosen. DIC images and RFP, GFP fluorescence
were acquired simultaneously using the 488 line of the Argon Laser.

Similar to other epithelial cells, actin filaments in LGACs are primarily enriched beneath
the apical plasma membrane and less abundant beneath basolateral membranes. Here, the

inventors transduced LGACs with high efficiency (80-90%) replication-defective adenovirus
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(Ad) encoding RFP-actin (Ad-LifeAct-RFP) to label the actin filament array in lacrimal acini
and measured its dynamics change during stimuli. Adenovirus encoding cytosolic protein Syn-
GFP (Ad-Syn-GFP) was double transduced. Images obtained for different treatments were
shown for plain PCM medium/CCh- (Figure 14B), carbachol (100pM) and Lac-V96 (20uM).
Image acquisition of treated acini was initiated 30-60 seconds after treatment addition, due to the
time required to refocus. In the absence of any treatment, there was little global remodeling of
apical or basolateral actin filaments; only subtle basal release of a few SVs at the apical
membrane were detected (Figure 14B CCh-). While positive control carbachol (100pM) acutely
(0-15min) increased significant apical actin filament turnover and promoted transient actin
assembly around apparent fusion intermediates (Figure 14B CCh+); Lac-V96 (20uM) exhibited
a milder and more chronic effect on LGAC morphology change (Figure 14B Lac-V96 20uM).
After a lag time for about 20min, 2 types of significant cellular changes were observed in
LGACs perfused by Lac-V96: (1) increased irregularity in the continuity of apical actin
filaments and formation of actin-coated structures beneath the apical and also basal membrane
(purple arrows).
Example 13
Lac-ELPs and lacritin triggers transient cytosolic Ca2+ wave in HCE-T cells but not LGACs

The ability of actin filaments to remodel rapidly in response to changes in intracellular
signaling is essential for their participation in exocytosis. Results from p-hexosaminidase
secretion and confocal imaging studies show that Lac-ELP and lacritin trigger different cellular
response compared to carbachol (Figure 11 and 14). Moreover, our B-hexosaminidase secretion
result shows the minimal therapeutic concentration of lacritin is 10uM, which is more than 100
fold of previous reported 10-100nM dose required for peroxidase secretion. Without being
bound by any particular theory, different receptor expression levels on rabbit and rat LGACs,
may display differences in early signal transduction pathway participating in Lac-ELPs/lacritin
triggered secretion. In the lacrimal gland, cholinergic agonists stimulate protein secretion by
activating phospholipase C to break down phosphatidylinositol bisphosphate into 1,4,5-inositol
trisphosphate(1,4,5-IP3) and diacylglycerol (DAG). 1,4,5-1P3 causes release of Ca2+ from
intracellular stores. This Ca2+, perhaps in conjunction with calmodulin, activates specific
protein kinases that may be involved in secretion. As a positive control used in this study,

carbachol triggered intracellular Ca2+ wave in LGACs at an optimal concentration of 10-100uM
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(Figure 15A1). Supramaximal concentrations of carbachol caused a decreased response (data
not shown). Ca2+ intensity elevated around 50-100%, with 50% of total acini responded to the
stimuli. Although small intra-acini variance was observed, reflecting as a different Ca2+
intensity change, all acini responded to exogenous carbachol simultaneously in a twinkling
scintillation pattern. On the contrast, neither Lac-ELPs nor Epidermal growth factor (EGF) was
capable of evoking the same Ca2+ reaction in LGACs, which suggested Lac-ELPs and lacritin
may trigger different signal transduction pathway other than utilizing second messenger Ca2+. It
is possible that intracellular Ca2+ change was too low to be detected, on the basis that Lac-

ELPs/lacritin caused lower B-hexosaminidase secretion in LGACs than carbachol (Figure 11).

Example 14
Application of Lac-ELPs to human corneal cells

Described herein is application of Lac-ELPs to corneal cells. SV40-immortalized HCE-T
cells were grown to 80% confluent on glass bottom 35-mm dish in keratinocyte-SFM media
| (Life Technologies, Rockville, MD) containing bovine pituitary extract (50pg/ml), EGF
(5ng/ml) and penicillin/streptomycin. To optimize cell responsiveness to EGF and lacritin-ELPs,
cells were starved with EGF and BPE free medium for 24 hours before experimentation.

The inventors observed the same Ca2+ wave pattern in HCE-T cells treated with Lac-
ELPs and lacritin (Figure 15B3&B4). Interestingly, second messenger Ca2+ wrote a different
code in HCE-T cells: instead of simultaneous twinkling scintillation, an obvious propagation
wave of “brighten up” was observed across the cell sheet.

Compared to LGACs, elevation of intracellular Ca2+ concentration in HCE-T cells was
sharper and decreased more smoothly, with a maximum 5 fold fluorescence increase in lacritin
(10pM) and Lac-S48148 (40uM) treating groups. Percentage of total responding cells was
depending on lacritin/Lac-ELPs concentration (Figure 15C). Moreover, HCE-T cells appeared
to have “memory” for exogenous Lac/Lac-ELPs treatment, as treating the same group of cells for
the second time with the same concentration of proteins, Ca2+ influx was higher (Figure 15B4).
The same Ca2+ wave pattern was observed in carbachol (Figure 15A2) and EGF treatment
groups (Figure 15B2). While carbachol exhibited a concentration dependent effect; reaction of

HCE-T cells to EGF was more biphasic, with maximum response recorded at 10ng/m! (Figure
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15C). [Ca2+] elevation in HCE-T cells depended on extracellular-cytosol [Ca2+] gradient, as

cells bathed in w/o Ca2+ solution did not respond to the same stimuli.

Example 15
Biostability of lacritin

Lacritin crystals have been developed but are not yet suitable for X-ray diffraction.
Without signal peptide, lacritin protein sequence itself has a calculated isoelectric point (pI) of
5.1715. Using ExXPASy amino sequence composition analysis, composition of lacritin contains
10.9% Ser, 8.4% Thr, 9.2% Lys. With 10% Lys content, lacritin could easily be a serine protease
target. At the same time, lacritin contains one His, thirteen Ser and three Asp, it may also exhibit
autolysis property similar to trypsin. The described in vitro degradation results of purified
lacritin show that halflife of lacritin is only 24 hours (Figure 16A), which makes its purification
a challenge.

As thermo-responsive biopolymer, ELPs show unique potential as a polypeptide “tag” for
protein purification and as a carrier for therapeutic protein cargo. Compared with traditional
His-tag and intein system, ELP system shows a more economic purification budget with
satisfactory yield. In addition, scale-up of this purification method is easy because it is not
limited by resin capacity. The method Inverse transition cycling (ITC) exploits the observation
that proteins or peptides that are fused to a stimulus responsive ELP retain this behavior in the
complex milieu of contaminating cellular components. In the described results, all control ELPs
(V96, $96, 196, S48148) show a yield of 50-100mg/L (Figure 5A). Due to fast degradation and
pre-mature cleavage of ELP tag, a size-exclusion polishing step is required for lac-ELPs. But
yield of the fusion protein is still over 30mg/L. Removing ELP tag to release free lacritin is as
simple as to trigger ELP phase transition and centrifuge it out of solution after thrombin cleavage
(Figure SA). The inventors used thrombin kit from Sigma with thrombin attached to the agarose
beads, thus during low speed centrifugation, thrombin was also removed from the supernatant,

leaving only soluble lacritin.

Example 16
Signalling pathways involved in prosecretory activity
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There are many therapeutics with great potential for ophthalmology but cannot be
delivered in sufficiently high concentrations into the eye at the site of required action because of
their improper size. The inventors have shown that fusion of lacritin with different ELPs, can
improve in vitro pharmacokinetics and thus enhance therapeutic efficacy. Three types of ELP
tags have been chosen to fulfill this aim: In the simplest form, S96 tag is fused to lacritin as a
soluble macromolecular carrier. 196 and V96 as two hydrophobic tags with different Tt under
37°C so that fusion protein forms a viscous coacervate, which may be used as insoluble drug
depot when locally delivered at desired site. In a more sophisticated design, nanoscale self-
assembly S48148 block copolymer is chosen to assist Lac-ELP assemble into spherical micelles.
Peroxidase secretion by rat lacrimal gland has been widely used for measuring protein secretion
in vitro. However, it is not secreted by rabbit lacrimal gland, the most widely used animal model
in vivo for evaluating secretion. B-hexosaminidase is present in both human and rabbit tear fluid
and is secreted from rabbit lacrimal gland acinar cells in primary culture on stimulation with
secretagogs . In this study, the inventors utilized this model to quantitatively evaluate
prosecretory activity of Lac-ELPs and lacritin. Optimal rabbit LGACs response was observed
after 1 hour Lac-ELP or lacritin treatment in a dose dependent manner, both showing 30-40%
response compared to carbachol group.

To identify the impact of exogenous recombinant lac-ELP and lacritin on morphology
change and mature secretion vesicle formation of LGACs, the inventors double transduced
LGACs with adenovirus Ad-LifeAct-RFP (F-actin marker) and Ad-Syn-GFP (secretion protein
marker) to observe cell response using confocal microscope. Ad-syncollin-GFP was generated
and for amplification, QBI cells, a derivative of HEK293 cells, were infected with Ad-syncollin-
GFP and grown at 37°C and 5% CO2 in DMEM (high glucose) containing 10% fetal bovine
serum for 66 hours until completely detached from the flask surface. The Adeno-X™ virus
purification kit was used for virus purification and the Adeno-X™ rapid titer kit for viral
titration.

While carbachol triggered immediate intense F-actin remodeling beneath both apical and
basal membrane of LGAC luminal region, Lac-ELPs and lacritin demonstrated a milder and
more chronic effect, which suggests Lac-ELPs and lacritin signaling may involve other pathways
other than activating muscarinic type 3 acetylcholine receptors (M3R). The inventors

investigated signal transduction pathways triggered by Lac-ELP/lacritin stimuli by recording
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cytosolic Ca2+ wave change in LGACs and SV-40 transduced human corneal epithelial cells
(HCE-Ts) stained with intracellular calcium indicator Fluo-4AM. While 10uM carbachol
treatment significantly elevated cytosolic Ca2+ level in LGACs, Ca2+ change in LGACs in
regards to lacritin and Lac-ELPs treatments were hardly detected. Interestingly, Ca2+ wave
propagation in HCE-T cells can be triggered by 10uM lacritin/Lac-ELPs. Taken together, the
prosecretory and elevating cytosolic [Ca2+] activities of Lac-ELPs supported our hypothesis that
ELPs are promising as an ocular drug delivery carrier.

A better understanding of the complex spatiotemporal Ca2+ signal pattern in LGACs and
HCE-T cells might therefore shed light on intracellular processes influencing lacritin and Lac-
ELPs activity. The Ca2+ signaling results show that lacritin/Lac-ELPs did not exhibit the same
Ca2+ oscillation pattern in LGACs as carbachol. Without being bound by any particular theory,
this suggests a different downstream signaling pathway may be involved in its prosecretory
activity. As a key regulator in maintaining corneal epithelial cell proliferation and migration,
EGF was included in the Ca2+ signaling study, which acts in a paracrine fashion on epithelial
cells proliferation via orchestrated calcium influx from intracellular calcium stores and
extracellular space. EGF, carbachol and lacritin/Lac-ELPs exhibited similar Ca2+ wave pattern
on HCE-T cells, which prompt us start wondering which cell receptors were involved in
carbachol and EGF signaling. It is well known that carbachol stimulates tear fluid production
through the activation of muscarinic receptors.

Compared to conventional synthetic low molecular weight drugs, proteins are more
unstable during their storage and administration and susceptible to denaturation during the drug

production process. Our degradation study of lacritin is an example of this concept.

Example 17

Discussion
To achieve minimal invasive means for the delivery of therapeutic proteins to treat dry
eye disease is one of the challenges of ophthalmology. One obstacle of ocular drug delivery is
the anatomical and physiological barriers in the eye and low bioavailability of present
medications. Biodegradable polymer-based drug delivery systems show considerable promise for

the treatment of ocular diseases by providing a sustained-release platform.
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The results described herein demonstrate successful bioconstruction of lac-ELPs with
versatile ELP tags and allowed us to potentially modulate in vitro and in vivo pharmacokinetic
profile of native lacritin. B-hexosaminidase secretion results from our in vitro rabbit model also
show promising therapeutic potential of lacritin-ELPs. Hydrophobicity of ELP tag did not show
a significant impact on f-hexosaminidase secretion results. However, multivalent presentation
of lacritin on the corona of ELP micelle decreased efficiency of lacritin proseretory activity.
Lacritin-ELPs and lacritin induce chronic F-actin remodeling around acinar lumen and elevated
mature secretion vesicle formation. Lac-ELPs and lacritin triggers transient Ca2+ waves in
SV40-transduced Human Epithelial Cells (HCE-Ts).

The results herein described demonstrate construction of a lacritin-ELP fusion protein
with biocompatible phase transition behavior without retardation of effective biological activity.
The fusion protein imparts the thermo-responsive property of the ELP and prosecretory function
of lacritin, which has great potential for controlling ocular bioavailability. This use of ELPs for
constructing thermo-responsive ophthalmic drugs opens new possibilities for the treatment of

dry eye disease.

The various methods and techniques described above provide a number of ways to carry
out the invention. Of course, it is to be understood that not necessarily all objectives or
advantages described may be achieved in accordance with any particular embodiment described
herein. Thus, for example, those skilled in the art will recognize that the methods can be
performed in a manner that achieves or optimizes one advantage or group of advantages as
taught herein without necessarily achieving other objectives or advantages as may be taught or
suggested herein. A variety of advantageous and disadvantageous alternatives are mentioned
herein. It is to be understood that some preferred embodiments specifically include one, another,
or several advantageous features, while others specifically exclude one, another, or several
disadvantageous features, while still others specifically mitigate a present disadvantageous
feature by inclusion of one, another, or several advantageous features.

Furthermore, the skilled artisan will recognize the applicability of various features from
different embodiments. Similarly, the various elements, features and steps discussed above, as
well as other known equivalents for each such element, feature or step, can be mixed and

matched by one of ordinary skill in this art to perform methods in accordance with principles
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described herein. Among the various elements, features, and steps some will be specifically
included and others specifically excluded in diverse embodiments.

Although the invention has been disclosed in the context of certain embodiments and
examples, it will be understood by those skilled in the art that the embodiments of the invention
extend beyond the specifically disclosed embodiments to other alternative embodiments and/or
uses and modifications and equivalents thereof.

Many variations and alternative elements have been disclosed in embodiments of the
present invention. Still further variations and alternate elements will be apparent to one of skill
in the art. Among these variations, without limitation, are the methods of preparing, isolating, or
purifying fusion proteins containing bioresponse proteins polymers and/or therapeutic proteins,
functional equivalents, and/or active fragments thereof, methods of treating various disease
and/or conditions using fusion proteins, including types of diseases, conditions and/or target
organ(s) that relate to the teachings of the invention, techniques and composition and use of
solutions used therein, and the particular use of the products created through the teachings of the
invention. Various embodiments of the invention can specifically include or exclude any of
these variations or elements.

In some embodiments, the numbers expressing quantities of ingredients, properties such
as concentration, reaction conditions, and so forth, used to describe and claim certain
embodiments of the invention are to be understood as being modified in some instances by the
term “about.” Accordingly, in some embodiments, the numerical parameters set forth in the
written description and attached claims are approximations that can vary depending upon the
desired properties sought to be obtained by a particular embodiment. In some embodiments, the
numerical parameters should be construed in light of the number of reported significant digits
and by applying ordinary rounding techniques. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of some embodiments of the invention are
approximations, the numerical values set forth in the specific examples are reported as precisely
as practicable. The numerical values presented in some embodiments of the invention may
contain certain errors necessarily resulting from the standard deviation found in their respective
testing measurements.

In some embodiments, the terms “a” and “an” and “the” and similar references used in

the context of describing a particular embodiment of the invention (especially in the context of
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certain of the following claims) can be construed to cover both the singular and the plural. The
recitation of ranges of values herein is merely intended to serve as a shorthand method of
referring individually to each separate value falling within the range. Unless otherwise indicated
herein, each individual value is incorporated into the specification as if it were individually
recited herein. All methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context. The use of any and all
examples, or exemplary language (e.g. “such as”) provided with respect to certain embodiments
herein is intended merely to better illuminate the invention and does not pose a limitation on the
scope of the invention otherwise claimed. No language in the specification should be construed
as indicating any non-claimed element essential to the practice of the invention.

Groupings of alternative elements or embodiments of the invention disclosed herein are
not to be construed as limitations. Each group member can be referred to and claimed
individually or in any combination with other members of the group or other elements found
herein. One or more members of a group can be included in, or deleted from, a group for reasons
of convenience and/or patentability. ~When any such inclusion or deletion occurs, the
specification is herein deemed to contain the group as modified thus fulfilling the written
description of all Markush groups used in the appended claims.

Preferred embodiments of this invention are described herein, including the best mode
known to the inventor for carrying out the invention. Variations on those preferred embodiments
will become apparent to those of ordinary skill in the art upon reading the foregoing description.
It is contemplated that skilled artisans can employ such variations as appropriate, and the
invention can be practiced otherwise than specifically described herein. Accordingly, many
embodiments of this invention include all modifications and equivalents of the subject matter
recited in the claims appended hereto as permitted by applicable law. Moreover, any
combination of the above-described elements in all possible variations thereof is encompassed
by the invention unless otherwise indicated herein or otherwise clearly contradicted by context.

Furthermore, numerous references have been made to patents and printed publications
throughout this specification. Each of the above cited references and printed publications are
herein individually incorporated by reference in their entirety.

In closing, it is to be understood that the embodiments of the invention disclosed herein

are illustrative of the principles of the present invention. Other modifications that can be
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employed can be within the scope of the invention. Thus, by way of example, but not of
limitation, alternative configurations of the present invention can be utilized in accordance with
the teachings herein. Accordingly, embodiments of the present invention are not limited to that

precisely as shown and described.

36
14068933.1



THE CLAIMS

1. An isolated fusion protein comprising:
a bioresponse protein polymer, and

a therapeutic protein conjugated to the bioresponse protein polymer.

2. The isolated fusion protein of claim 1, wherein the bioresponse protein polymer

comprises an elastin-like polypeptide (ELP).

3. The isolated fusion protein of claim 2, wherein the ELP comprises amino acid motif
(Val-Pro-Gly-Xaa-Gly)n, where n comprises 10 to 300 units and X, is a natural or synthetic

amino acid.

4, The isolated fusion protein of claim 3, wherein n is 96 and X, is serine, valine, or

isoleucine.

5. The isolated fusion protein of claim 1, wherein the therapeutic protein comprises

lacritrin, a functional equivalent or active fragment thereof.

6. The isolated fusion protein of claim 5, wherein the lacritrin, functional equivalent or

active fragment thereof comprises human lacritrin.

7. The isolated fusion protein of claim 5, wherein the lacritrin, functional equivalent or
active fragment thereof comprises amino acid sequence: SEQ ID NO: 3, SEQ IDNO: 4, SEQID
NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, or SEQ ID NO: 8.

8. The isolated fusion protein of claim 1, wherein the bioresponse protein polymer and

therapeutic protein are conjugated via a linker peptide.

9. The isolated fusion protein of claim 8, wherein the linker peptide comprises amino acid

sequence: SEQ ID NO: 9.
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10.  The isolated fusion protein of claim 1, wherein the bioresponse protein polymer is ELP,

the therapeutic protein is lacritrin, and the ELP is conjugated to the lacritrin via a linker peptide.

11.  An isolated nucleotide encoding a fusion protein comprising:
a bioresponse protein polymer, and

a therapeutic protein conjugated to the bioresponse protein polymer.

12.  The isolated nucleotide of claim 11, wherein the bioresponse protein polymer comprises

an elastin-like polypeptide (ELP).

13.  The isolated nucleotide of claim 12, wherein the ELP comprises amino acid motif (Val-
Pro-Gly-Xa.-Gly)n, where n comprises 10 to 300 repeat units and X, is a natural or synthetic

amino acid.

14.  The isolated nucleotide of claim 11, wherein the therapeutic protein comprises lacritrin, a

functional equivalent or active fragment thereof.

15. A method of constructing the isolated nucleotide of claim 11 using recursive directional
ligation.
16. A method of treating a disease and/or condition in a human subject, comprising:

providing a quantity of a composition, wherein the composition comprises a
fusion protein, the fusion protein comprising a bioresponse protein polymer and a
therapeutic protein conjugated to the bioresponse protein polymer; and

treating a human subject by administering a therapeutically effective dosage of

the composition to the subject, thereby treating the subject.

17.  The method of claim 16, wherein the human subject is in need of treatment for an eye
disease and/or condition selected from the group consisting of: acanthamoeba keratitis, allergies,
amblyopia, Bell’s palsy, blepharitis, cataracts, chalazion, color blindness, corneal ulcer, detached

retina, dry eye syndrome, keratoconjunctivitis sicca, eye occlusions, eye twitching, macular hole,
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nystagmus, ocular migraine, ocular rosacea, optic neuritis, optic neuropathy, photophobia,
pinguecula, pterygium, ptosis, Sjogren’s syndrome, strabismus, stye, subconjunctival
hemorrhage, uveitis, CMV retinitis, conjunctivitis, diabetic retinopathy, eye herpes, glaucoma,
karatoconus, macular degeneration, macular dystrophy, ocular hypertension, retinitis

pigmentosa, and/or Stargardt’s disease.

18.  The method of claim 16, wherein the bioresponse protein polymer comprises an elastin-
like polypeptide (ELP), the therapeutic protein comprises lacritrin, and the ELP is conjugated to

the lacritrin via a linker peptide.

19. A pharmaceutical composition comprising:
a bioresponse protein polymer;
a therapeutic protein conjugated to the bioresponse protein polymer; and

a pharmaceutically acceptable carrier.

20.  The pharmaceutical composition of claim 19, wherein the bioresponse protein polymer
comprises an elastin-like polypeptide (ELP), the therapeutic protein comprises lacritrin, and the

ELP is conjugated to the lacritrin via a linker peptide.
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ABSTRACT

Described herein are bioresponsive protein polymers for therapeutic applications,
including delivery to physiologically demanding environments, such as the eye surface.
Bioresponsive protein polymers can be fused with biopharmaceuticals using genetic engineering
techniques for enhanced therapeutic activity. In certain embodiments, the unique temperature-
sensitive phase separation properties of bioresponsive protein polymers, allows generation of
therapeutics resistant to ocular clearance. Such fusion proteins containing bioresponsive protein
polymers and biopharmaceuticals allow retention of drugs in the eye for much longer periods of
time. Improved biostability and bioavailability improves drug efficacy, while reducing cost and

eliminating the need for repeated drug application
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<110>

John A.

WANG, Wan

<120>

SequencelListing_Usc038UsO.txt
SEQUENCE LISTING

University of Southern california
MACKAY ,

BIORESPONSIVE PROTEIN POLYMERS

<130>

<150>
<151>

<160> 9
<170>
<210> 1

<211> 406
<212> DNA
<213>

<400> 1
catatggaag

tctaaaccga
accaccgctc
cgtcaggaac
gctctggcta

gaaaacggtt

gctggtctgg

<210> 2

<211> 508
<212> DNA
<213>

<400> 2
gcagattctg

tcttggcagce
gtgctgatcc
cagaaccagc
ttcaggggac
tggagaaaag
gaggcgtgcc
tgaagaaatt

gacttaaagc

Homo sapiens

acgcttcttc
acgaagaaat
aggaaacctc
tgaacccgct
aagctggtaa
ctgaattcgc

ttccgecgtgg

Homo sapiens

tggttatact
tgtagcaggg
tgcccaggaa
ttcaccccca
agccaaggtc
tatcttacta
aggtggaaaa
cagtctatta

cttaaatacc

065715-000038us00

61/511,928
2011-07-26

PatentIn version 3.5

tgactctacc
ctctggtccg
tgctgctget
gaaatctatc
aggtatgcac
tcagaaactg

ttctggttac

cactcctcat
gccctggtct
gctgggacct
gagacaacca
acctcaagca
acagaacaag
caattcatcg
aaaccatggg

cttgtagc

ggtgctgacc
gctgaaccgg
gttcagggta
gttgaaaaat
ggtggtgttc
ctgaaaaaat

tgatctcctc

cccaaagaat
atgctgaaga
ctaagcctaa
caacagccca
ggcaggaact
cccttgcaaa
aaaatggaag

catgagaagc

Page

cggctcagga
cttctccgcec
ccgctaaagt
ctatcctgct
cgggtggtaa
tctctctget

ggatcc

gaaatttacc
tgcctcctct
tgaagagatc
ggagacttcg
aaaccccctg
agcaggaaaa
tgaatttgca

tgaaaagaat

CONTROLLED RELEASE OF OCULAR BIOPHARMACEUTICALS USING

agctggtacc
ggaaaccacc
tacctcttct
gaccgaacag
acagttcatc

gaaaccgtgg

actctcctct
gactcgacgg
tcaggtccag
gcggcageag
aaatccatag
ggaatgcacg
caaaaattac

gggatcattg

60
120
180
240
300
360
406

60
120
180
240
300
360
420
480
508



<210>
<211>
<212>
<213>
<400>
Met Lys
1

val Tyr

GIn Glu

Glu Pro
50

Ala Ala
65

Leu Asn

Gln Ala

Gly Lys

Lys Lys
130

<210>
<211>
<212>
<213>
<400>
Asp Ala
1

Thr Ser

Pro Pro

138
PRT
Homo

3

Phe

Ala

Ala
35

Ala

Ala

Pro

Leu

Gln
115

Phe

4
118
PRT
Homo
4

Ser

Lys

Glu
35

sapiens

Thr

Glu

20

Gly

Ser

val

Leu

Ala

100

Phe

Ser

Thr

5

Asp

Thr

Pro

Gln

Lys

85

Lys

Ile

Leu

sapiens

Ser

Pro
20

Thr

Asp
5

Asn

Thr

Leu

Ala

Ser

Pro

Gly

70

Ser

Ala

Leu

Ser

Glu

Thr

Leu

Ser

Lys

Glu

55

Thr

Ile

Gly

Asn

Lys

Thr

Glu

Thr

SequencelListing_Usc038UsO.txt

Phe

sSer

Pro

40

Thr

Ala

val

Lys

Gly

Pro

Gly

Ile

Ala
40

Leu

Asp

25

Asn

Thr

Lys

Glu

Trp

Ala

Ser
25

Ala Ala val Ala
10

Ser Thr Gly Ala

Glu Glu Ile Ser
45

Thr Thr Ala Gln
60

val Thr Ser Ser
75

Lys Ser Ile Leu

Met His Gly Gly

Glu Phe Ala GlIn
125

Ala

Asp Pro Ala Gln
10

Gly Pro Ala Glu

Gly

Asp

30

Gly

Glu

Arg

Leu

val

110

Lys

Glu

Pro
30

Ala Leu
15

Pro Ala

Pro Ala

Thr Ser

Gln Glu
80

Thr Glu
95

Pro Gly

Leu Leu

Ala Gly
15

Ala Ser

Glu Thr Ser Ala Ala Ala val

Page 2



SequencelListing_Usc038UsO.txt
Gln Gly Thr Ala Lys val Thr Ser Ser Arg Gln Glu Leu Asn Pro Leu
50 55 60

Lys Ser Ile val Glu Lys Ser Ile Leu Leu Thr Glu Gln Ala Leu Ala
65 70 75 80

Lys Ala Gly Lys Gly Met His Gly Gly val Pro Gly Gly Lys Gln Phe
85 90 95

Ile Glu Asn Gly Ser Glu Phe Ala Gln Lys Leu Leu Lys Lys Phe Ser
100 105 110

Leu Leu Lys Pro Trp Ala

115
<210> 5
<211> 120
<212> PRT
<213> Homo sapiens
<400> 5

Met Glu Asp Ala Ser Ser Asp Ser Thr Gly Ala Asp Pro Ala Gln Glu
1 5 10 15

Ala Gly Thr Ser Lys Pro Asn Glu Glu Ile Ser Gly Pro Ala Glu Pro
20 25 30

Ala Ser Pro Pro Glu Thr Thr Thr Thr Ala Gln Glu Thr Ser Ala Ala
35 40 45

Ala val GIn Gly Thr Ala Lys val Thr Ser Ser Arg Gln Glu Leu Asn
50 55 60

Pro Leu Lys Ser Ile val Glu Lys Ser Ile Leu Leu Thr Glu Gln Ala
65 70 75 80

Leu Ala Lys Ala Gly Lys Gly Met His Gly Gly val Pro Gly Gly Lys
85 90 95

Gln Phe ITe Glu Asn Gly Ser Glu Phe Ala GIn Lys Leu Leu Lys Lys
100 105 110

Phe Ser Leu Leu Lys Pro Trp Ala

115 120
<210> 6
<211> 121
<212> PRT

<213> Homo sapiens
Page 3



<400> 6
Met Gly Glu
1

Glu Ala Gly

Pro Ala Ser
35

Ala Ala val
50

Asn Pro Leu
65

Ala Leu Ala

Lys GIln Phe
Lys Phe Ser
115
<210> 7
<211> 117
<212> PRT
<213> Homo
<400> 7

Met Gly Glu
1
Glu Ala Gly

Pro Ala Ser
35

Ala Ala val
50

Asn Pro Leu
65

Ala Leu Ala

Asp Ala
Thr Ser
20

Pro Pro
Gln Gly
Lys Ser
Lys Ala

85

ITe Glu
100

Leu Leu

sapiens

Asp Ala
5

Thr Ser

20

Pro Pro

Gln Gly

Lys Ser

Lys Ala

Ser

Lys

Glu

Thr

Ile

70

Gly

Asn

Lys

Ser

Lys

Glu

Thr

Ile
70

Ser

Pro

Thr

Ala

55

val

Lys

Gly

Pro

Ser

Pro

Thr

Ala

55

val

Lys

SequencelListing_Usc038UsO.txt

Asp

Asn

Thr

40

Lys

Glu

Gly

Ser

Trp

Asp

Asn

Thr

40

Lys

Glu

Gly

Ser

Glu

25

Thr

val

Lys

Met

Glu
105

Ser

Glu

25

Thr

val

Lys

Met

Thr

10

Glu

Thr

Thr

Ser

His

90

Phe

Thr

10

Glu

Thr

Thr

Ser

His

Gly Ala Asp Pro

ITe Ser

Ala G1n

Ser Ser
60

ITe Leu
75

Gly Gly

Ala Gln

Gly Ala

ITe Ser

Ala G1n

Ser ser
60

ITe Leu
75

Gly Gly
Page 4

Gly

Glu

45

Arg

Leu

val

Lys

Asp

Gly

Glu

45

Arg

Leu

val

Pro

30

Thr

Gln

Thr

Pro

Leu
110

Pro

Pro

30

Thr

Gln

Thr

Pro

Ala

15

Ala

Ser

Glu

Glu

Gly

95

Leu

Ala
15

Ala

Ser

Glu

Gly

Gln

Glu

Ala

Leu

Gln

80

Gly

Lys

Glu

Ala

Leu

Gln

80

Gly



Lys GIln Phe
Lys Phe Ser
115
<210> 8
<211> 112
<212> PRT
<213> Homo
<400> 8

Met Gly Glu
1

Glu Ala

Pro Ala

Ala Ala
50

Asn Pro
65

Ala Leu

Lys Gln

<210>
<211>
<212>
<213>

<400>

P
H

9

Gly

ser

35

val

Leu

Ala

Phe

RT
omo

Gly Leu val
1

85

SequencelListing_UsCc038UsO.txt
90 95

Ile Glu Asn Gly Ser Glu Phe Ala Gln Lys Leu Leu Lys

100

Leu Leu

sapiens
Asp Ala
5
Thr Ser
20
Pro Pro
Gln Gly
Lys Ser
Lys Ala
85

Ile Glu
100

sapiens

Pro Arg
5

Ser

Lys

Glu

Thr

Ile

70

Gly

Asn

Gly

Ser

Pro

Thr

Ala

55

val

Lys

Gly

Ser

Asp

Asn

Thr

40

Lys

Glu

Gly

Ser

Gly

105

Ser

Glu

25

Thr

val

Lys

Met

Glu
105

Thr

10

Glu

Thr

Thr

Ser

His

90

Phe

Gly Ala

ITe Ser

Ala Gln

Ser Ser

60

Ile Leu
75
Gly Gly

Ala G1n

Page 5

Asp

Gly

Glu

45

Arg

Leu

val

Lys

110

Pro

Pro

30

Thr

Gln

Thr

Pro

Leu
110

Ala
15

Ala

Ser

Glu

Gly
95

Leu

Glu

Ala

Leu

Gln

80

Gly

Lys
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EY017293-S1, EY017293 and 5-P30-CA 14089, awarded by
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BACKGROUND

[0003] Drug delivery to the eye (e.g. to retina, choroid,
vitreous and optic nerve) is important for treating several
disorders such as age-related macular degeneration, diabetic
retinopathy, retinal venous occlusions, retinal arterial occlu-
sion, macular edema, postoperative inflammation, infection,
dryness, uveitis retinitis, proliferative vitreoretinopathy and
glaucoma. Due to anatomic membrane barriers (i.e. cornea,
conjunctiva and sclera) and the lacrimal drainage it can be
quite challenging to target drugs and achieve therapeutic drug
concentrations in the anterior parts of the eye after topical
drug administration. Reaching the posterior part of the eye is
an even more challenging task because of the anatomical and
physiological barriers segregating this part of the eye from the
anterior segment. Since those barriers cannot be altered with
non-invasive methods, there is a need in the art for improved
methods and pharmaceutical compositions that increase ocu-
lar bioavailability.

[0004] There is a need in the art for improved noninvasive,
safe and patient-friendly drug delivery systems that are spe-
cific and effective for targeted delivery to the eye. In general,
drugs can enter the eye via three distinctive routes, i.e. a)
through conjunctiva/sclera after topical application, b) from
the anterior part after topical application, and ¢) from the
systemic circulation after topical application, parenteral, oral,
and intranasal or other administration routes that deliver
drugs to the blood circulation. Then drugs can be delivered to
the eye via invasive methods such as direct drug injection into
the vitreous humor or subconjunctival injections. Invasive
methods can cause discomfort for the patient and can also
lead to complications that are even more serious than the
disease being treated. In most cases, topical or systemic
administration is used to treat posterior diseases despite lim-
ited bioavailability from these formulations. There is also a
need for sustained retention of drugs administered by topical
administration onto the ocular surface since many diseases
including inflammatory or infectious diseases require a
greater drug concentration than can be achieved by infrequent
topical administration due to issues with rapid clearance.
[0005] In the past few decades, research has focused on
drug loaded nanoparticles, such as liposomes, micelles, den-
drimers and polymersomes. Relatively few drug carriers have
been approved for use in humans, which suggests that better
strategies and materials may be required to generate success-
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ful nanomedicines. Traditional drug delivery systems have a
number of deficiencies including a lack of targeted delivery,
high toxicity, low cellular uptake, and poor biocompatibility.
Therefore, there is a need in the art for improved drug delivery
systems targeted to parts of the eye.

SUMMARY

[0006] Disclosed herein are novel methods and composi-
tions for targeting therapeutics to specific cells. One aspect
relates to a therapeutic agent comprising an elastin-like pep-
tide (ELP) component and a ligand selected from the group
consisting of mIgA and knob. Previous reports indicated that
the fiber knob of adenovirus serotype 5 (AdS) exhibits a high
efficiency of internalization in liver after intravenous injec-
tion in mice (J. Virol. 78:6431-6438 (2004)). Both hepato-
cytes and lacrimal gland acinar cells (LGACs), also very
efficiently transduced with AdS5 in a unique fiber-dependent
pathway, display a very high level of coxsackie-adenovirus
receptor (CAR) expression. Although CAR remains surface-
associated in most cells, Applicants’ research shows internal-
ization of AdS in these cells is through a CAR-mediated and
fiber-dependent endocytic pathway (J. Virol. 80:11833-
11861 (2006)).

[0007] To develop new treatments for diseases of the lacri-
mal gland, new drug vehicles are required that are biocom-
patible, biodegradable and easily modified with bioactive
peptides. An emerging approach to this challenge employs
genetically engineered polypeptides to drive the assembly of
nanostructures. Elastin-like-polypeptides possess unique
phase transition behavior, that mediates self-assembly of
nanoparticles.

[0008] A second aspect relates to a therapeutic agent com-
prising an elastin-like peptide (ELP) component and a ligand;
wherein the ligand specifically binds to a receptor selected
from the group consisting of CAR (GenBank acc.no. AF

200465.1) and pIlgR (NCBI Reference Sequence
NM__002644.3).
[0009] A further aspects relates to a method for delivering

a therapeutic agent comprising an elastin-like peptide (ELP)
to a cell, said method comprising: administering an (ELP)
component and a ligand component to the cell; wherein the
ligand component specifically binds to a receptor selected
from the group consisting of CAR and plgR.

[0010] Still further, there is provided a method for deliver-
ing a therapeutic agent comprising an elastin-like peptide
(ELP) to a cell, said method comprising: administering an
(ELP) component and a ligand component to the cell;
wherein the ligand component is selected from the group
consisting of mIgA and knob.

[0011] Inanother aspect, a method for delivering a drug to
the luminal area of the lacrimal gland by transcytosis is pro-
vided, the method comprising, consisting essentially, or yet
further consisting of, contacting the lacrimal gland with one
or more of a drug delivery agent, a polynucleotide, or a
composition, as described herein, wherein the ligand compo-
nent specifically binds to a CAR and/or pIgR receptor; and/or
wherein the ligand component is mIgA and/or knob. The
contacting can be in vitro or in vivo. In one embodiment, the
drug is in contact with the ocular surface of the eye. Transcy-
tosis allows the durg to have access to the ocular surface of the
eye. The transcytosis property enables treatment of the sur-
face of' the eye for a variety of conditions like dry eye, scleri-
tis, and the like.
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[0012] Inyetanother aspect, provided is a method for treat-
ing a disease of the lacrimal gland, comprising, or alterna-
tively consisting essentially of, or yet further consisting of,
administering to a patient in need of such treatment one or
more of a drug delivery agent, a polynucleotide, or a compo-
sitions, wherein the ligand component specifically binds to a
CAR and/or pIgR receptor; and/or wherein the ligand com-
ponent is mIgA and/or knob, thereby treating the patient. In
one aspect, the disease is cancer.

[0013] In certain embodiments, the cell is any cell that
expresses a CAR or pIGR receptor. Non-limiting examples
include liver, heart, lacrimal gland, salivary gland, lung,
brain, pancreatic acinar tissue, prostate or mucosal cells. In a
related embodiment, the cell is the lacrimal acinar cell of the
lacrimal gland (LGAC). CAR is detected in liver and lacrimal
gland as well as in human umbilical vein endothelial cells and
pancreatic acinar tissue (acinar cells and islets), as well as in
prostate. Most mucosal epithelial cells display pIgR includ-
ing the cells lining the gut, pulmonary epithelial cells, acinar
cells (salivary, lacrimal gland) and other barrier epithelial
tissues responsible for maintaining mucosal immunity.
Accordingly, in one embodiment, the drug is released from
interstitial to luminal surfaces on a mucosal epithelial cell.

BRIEF DESCRIPTION OF THE FIGURES

[0014] FIG. 1 is a schematic representation of knob-ELP
fusion peptides. Full-length knob was expressed at the N-ter-
minus of diblock ELPs. A thrombin cleavage site was engi-
neered between the knob domain and the diblock ELP. The
designed diblock knob-ELP can assemble into a nanoparticle,
mediated by the first ELP phase transition of the diblock ELP.
Above the first transition temperature, knob-ELP will revers-
ibly self-assemble into a nanoparticle.

[0015] FIG. 2 shows denaturing SDS-PAGE for knob-
ELPs. The knob-196, knob-S96 and knob-S48148 were puri-
fied by inverse phase transition cycling (ITC) and resolved by
SDS-PAGE stained with Coomassie brilliant blue. The
molecular weights of marker proteins lane are 250, 150, 100,
75, 50,37, 25 and 20 kD, as listed.

[0016] FIG. 3 shows non-denatured-PAGE of knob-
S48148. The knob-S48148 was mixed with non-denaturing
sample buffer (without 2-mercapto-ethanol) and resolved by
PAGE. The gel was then stained with Coomassie brilliant
blue. The molecular weights of the marker lanes are 250, 150,
100, 75, 50, 37, 25 and 20 kD (from top to bottom), respec-
tively.

[0017] FIG. 4 shows temperature-dependence of the opti-
cal density for ELP fusion peptides. Phase transition behavior
of knob-S96, S48148 and knob-S48148. Each sample was
diluted to 25 uM in PBS at 4° C. The OD of samples at 350 nm
was measured using a spectrophotometer with increasing
temperatures from 15 to 80° C.

[0018] FIG. 5A-B shows the temperature-dependent
assembly and disassembly for ELP fusion peptides. Dynamic
light scattering was used to characterize S48148 and knob-
S48148. (A) S48148 and knob-S48148 were diluted at 25 uM
in PBS and passed through a 20 nm filter at 4° C. before
measurement in a DynaPro plate reader. Readings were taken
starting with an increase from 10° C. to 37° C. and then a
decrease from 37° C. to 10° C. BSA was only measured from
10° C. to 37° C. (B) Statistical comparison for nanoparticles
radius for BSA, S48148 and knob-S48148 at 15° C. and 37° C.
*#* indicates p<0.01 as determined using the Tukey post-hoc
test.
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[0019] FIG. 6 shows proteolytic release of knob from knob-
ELP. Left lane is knob-S48148 before cleavage and right lane
is knob-S48148 after incubation with thrombin overnight at
room temperature. The gel was stained by Coomassie bril-
liant blue. The position of the cleaved knob domain near 20
kD is shown in the right lane.

[0020] FIG. 7 shows murine hepatocytes expresses coX-
sackie adenovirus receptor (CAR). Hepatocytes, CHO, and
Hela cells were lysed with SDS-PAGE sample buffer and
CAR expression detected with western blot via primary goat
anti mouse CAR and mouse anti-actin antibodies, as well as
secondary IRDye®800 donkey anti-goat and IRDye® 700
goat anti-mouse antibodies.

[0021] FIG. 8 demonstrates live cell imaging of cellular
uptake for ELP and knob-ELP nanoparticles. Transformed
mouse hepatocytes grown on 35 mm glass-bottomed dishes
were incubated in medium containing 10 pM rhodamine-
conjugated S48148 or knob-S48148 (red) with 75 nM
LysoTracker green (green) at 37° C. for 30 minutes and
imaged using confocal microscopy. Knob-S48148 exhibited
markedly more co-localization with LysoTracker green while
S48148 exhibited more apparent surface association. The
arrows indicated the internalized nanoparticles co-localized
with lysosome. Scale bar: 10 pm.

[0022] FIG. 9 shows competitive binding and uptake of
knob-S48148 with anti-mouse CAR antibody. Live cell imag-
ing was performed on transformed mouse hepatocytes grown
on 35 mm glass-bottomed dishes were pre-incubated with 20
pg/ml. anti-mouse CAR antibody at 37° C. for 30 minutes.
Rhodamine-conjugated knob-S48148 (red, 10 puM) with
LysoTracker green (green) was added into the medium. After
30 minutes the cells were rinsed with fresh warm medium and
imaged using confocal microscopy. Scale bar: 10 pm.
[0023] FIG. 10 shows self-assembly or disassembly of
nanoparticles above or below their phase transition tempera-
tures. S48148 and Knob-S48148 were passed through a 20 nm
microfilter at4° C. in PBS and characterized by dynamic light
scattering spectroscopy (DynaPro plate reader). Readings
were taken starting with an increase from 10° C.t0 37° C. and
then decrease from 37° C. to 10° C. BSA was only measured
from 10° C. to 37° C.

[0024] FIG. 11 shows knob-ELP nanoparticles transcy-
tosed in LGACs. Scale bar represents 10 pM.

[0025] FIG. 12 shows a schematic representation of recon-
stituted LG acinar cluster. L represents acinar lumena. N
represents cell nucleus. APM represents apical membrane.
BM represents basal-lateral membrane. CJ represents cell
junction.

[0026] FIG. 13 shows intracellular uptake of carboxyfluo-
rescein (CF)-conjugated ELPs in lacrimal gland acinar cells.
Unlike CF-S48148, CF-Knob-S48148 exhibits strong inter-
nalization which was shown in green in reconstituted LGACs.
Also endocytosed CF-Knob-S48148 was transcytosed into
reconstituted acinar lumen which was stained by expressed
Lifeact-RFP proteins (red).

[0027] FIG. 14 shows lumen A (S48148, left panel) and
lumen B (Knob-S48148, right panel). Arrowheads indicate
internalized nanoparticels (Knob-S48148). The symbol “*”
indicates lumen. Box indicates luminal area of LGACs. Scale
bar represents 10 um.

[0028] FIG. 15A-B is a schematic representation showing
knob-S48148 nanoparticles targeted to CAR in LGACs.
[0029] FIG. 16 shows the in vivo retention of knob-S48148
in the LG of BALB/c mice.
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[0030] FIG. 17 shows the basal-to-apical transport of Cy5-
Knob-S48148 in primary cultures of Lacrimal Gland Acinar
Cells (LGACs).

[0031] FIG. 18A-B shows the spherical morphology of
S48148 protein polymer nanoparticles with and without the
Knob domain. FIG. 18A shows the Cryo-transmission elec-
tron microscopy (TEM) imaging of S48148 and Knob-S48148
(Scale bar: 100 nm) and FI1G. 18B shows the average particles
sizes measured by Image J.

[0032] FIG. 19 shows the overexpression of Myosin Vb tail
suppresses accumulation of knob-S48148 nanopraticles at the
acinar lumen. mCherry myosin Vb tail (red), an inhibitor of
LGAC transcytosis from basolateral to apical membranes,
significantly reduces the transcytosis of knob-S48148
(purple). Green label associated with expression of EGFP-
actin denotes the organization of the actin cytoskeleton while
* lumenal area of LGACs, surrounded by apical plasma
membrane.

[0033] FIG. 20A-B shows the quantitative suppression of
transcytosis of knob-S48148 nanoparticles by myosin Vb
overexpression. FIG. 20A shows the quantification of fluo-
rescence intensity via Image J in the lumen vs. the cytosol for
LGACs incubated with or without inhibition of myosin Vb
tail and FIG. 20B shows the ratio of lumen to cytosol.

DETAILED DESCRIPTION

Definitions

[0034] The practice of the present invention will employ,
unless otherwise indicated, conventional techniques of tissue
culture, immunology, molecular biology, microbiology, cell
biology and recombinant DNA, which are within the skill of
the art. See, e.g., Sambrook et al., (1989) Molecular Cloning:
A Laboratory Manual, 2nd edition; Ausubel et al., eds. (1987)
Current Protocols In Molecular Biology; MacPherson, B. D.
Hames and G. R. Taylor eds., (1995) PCR 2: A Practical
Approach; Harlow and Lane, eds. (1988) Antibodies, A Labo-
ratory Manual; Harlow and Lane, eds. (1999) Using Antibod-
ies, a Laboratory Manual; and R. I. Freshney, ed. (1987)
Animal Cell Culture.

[0035] All numerical designations, e.g., pH, temperature,
time, concentration, and molecular weight, including ranges,
are approximations which are varied (+) or (-) by increments
of 1.0 or 0.1, as appropriate. It is to be understood, although
not always explicitly stated that all numerical designations
are preceded by the term “about”. It also is to be understood,
although not always explicitly stated, that the reagents
described herein are merely exemplary and that equivalents of
such are known in the art.

[0036] As used in the specification and claims, the singular
form “a,” “an” and “the” include plural references unless the
context clearly dictates otherwise.

[0037] Asusedherein, the term “comprising” is intended to
mean that the compositions and methods include the recited
elements, but do not exclude others. “Consisting essentially
of” when used to define compositions and methods, shall
mean excluding other elements of any essential significance
to the combination when used for the intended purpose. Thus,
a composition consisting essentially of the elements as
defined herein would not exclude trace contaminants or inert
carriers. “Consisting of” shall mean excluding more than
trace elements of other ingredients and substantial method
steps. Embodiments defined by each of these transition terms
are within the scope of this invention.
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[0038] A “composition” is also intended to encompass a
combination of active agent and another carrier, e.g., com-
pound or composition, inert (for example, a detectable agent
or label) or active, such as an adjuvant, diluent, binder, stabi-
lizer, buffers, salts, lipophilic solvents, preservative, adjuvant
or the like. Carriers also include pharmaceutical excipients
and additives proteins, peptides, amino acids, lipids, and car-
bohydrates (e.g., sugars, including monosaccharides, di-, tri-,
tetra-, and oligosaccharides; derivatized sugars such as aldi-
tols, aldonic acids, esterified sugars and the like; and polysac-
charides or sugar polymers), which can be present singly or in
combination, comprising alone or in combination 1-99.99%
by weight or volume. Exemplary protein excipients include
serum albumin such as human serum albumin (HSA), recom-
binant human albumin (rHA), gelatin, casein, and the like.
Representative amino acid/antibody components, which can
also function in a buffering capacity, include alanine, glycine,
arginine, betaine, histidine, glutamic acid, aspartic acid, cys-
teine, lysine, leucine, isoleucine, valine, methionine, pheny-
lalanine, aspartame, and the like. Carbohydrate excipients are
also intended within the scope of this invention, examples of
which include but are not limited to monosaccharides such as
fructose, maltose, galactose, glucose, D-mannose, sorbose,
and the like; disaccharides, such as lactose, sucrose, treha-
lose, cellobiose, and the like; polysaccharides, such as raffi-
nose, melezitose, maltodextrins, dextrans, starches, and the
like; and alditols, such as mannitol, xylitol, maltitol, lactitol,
xylitol sorbitol (glucitol) and myoinositol.

[0039] The term “pharmaceutically acceptable carrier” (or
medium), which may be used interchangeably with the term
biologically compatible carrier or medium, refers to reagents,
cells, compounds, materials, compositions, and/or dosage
forms that are not only compatible with the cells and other
agents to be administered therapeutically, but also are, within
the scope of sound medical judgment, suitable for use in
contact with the tissues of human beings and animals without
excessive toxicity, irritation, allergic response, or other com-
plication commensurate with a reasonable benefit/risk ratio.
Pharmaceutically acceptable carriers suitable for use in the
present invention include liquids, semi-solid (e.g., gels) and
solid materials (e.g., cell scatfolds and matrices, tubes sheets
and other such materials as known in the art and described in
greater detail herein). These semi-solid and solid materials
may be designed to resist degradation within the body (non-
biodegradable) or they may be designed to degrade within the
body (biodegradable, bioerodable). A biodegradable material
may further be bioresorbable or bioabsorbable, i.e., it may be
dissolved and absorbed into bodily fluids (water-soluble
implants are one example), or degraded and ultimately elimi-
nated from the body, either by conversion into other materials
or breakdown and elimination through natural pathways.

[0040] As used herein, the term “patient” or “subject”
intends an animal, a mammal or yet further a human patient.
For the purpose of illustration only, a mammal includes but is
not limited to a human, a feline, a canine, a simian, a murine,
a bovine, an equine, a porcine or an ovine.

[0041] The term “purified protein or peptide” as used
herein, is intended to refer to a composition, isolatable from
other components, wherein the protein or peptide is purified
to any degree relative to its naturally-obtainable state. A puri-
fied protein or peptide therefore also refers to a protein or
peptide, free from the environment in which it may naturally
occur.
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[0042] The term “therapeutic” refers to an agent or compo-
nent capable of inducing a biological effect in vivo and/or in
vitro. The biological effect may be useful for treating and/or
preventing a condition, disorder, or disease in a subject or
patient. A therapeutic may include, without limitation, a small
molecule, a nucleic acid, or a polypeptide.

[0043] The term “coxsackievirus and adenovirus receptor”
or “CAR” refers to a high affinity receptor that is present in
many human tissues, including liver, heart, lacrimal gland,
salivary gland, lung, and brain, pancreas and prostate.
[0044] Theterm “Polymeric Immunoglobulin Receptor” or
“plgR” refers to a high affinity receptor that is expressed by
human mucosal cells.

[0045] “LGAC” or “lacrimal gland acinar cell” is a specific
cell type of the lacrimal gland that expresses CAR and pIgR
on the cell surface. These cells are also sometimes referred to
lacrimal acinar epithelial cells.

[0046] This disclosure relates to genetically engineered
polypeptide nanoparticles targeted to lacrimal gland acinar
cells. To develop new treatments for disease of the lacrimal
gland, new drug carriers are required that are biocompatible
and easily modified with bioactive peptides. An emerging
solution to this challenge utilizes genetically engineered
polypeptides to drive the assembly of nanostructures. Elastin-
like-polypeptide engages in a unique phase transition behav-
ior, which can mediate self-assembly of nanoparticles.
Described herein is a class of diblock ELP fusion proteins
with high affinity peptides which are intended for targeting of
lacrimal gland acinar cells (LGAC). The diblock mIgA-ELP
fusion proteins are able to self assemble to nanoparticles,
which can be utilized for gene therapy and drug delivery to
LGAC and other mucosal epithelial cells.

[0047] As used herein, the term “biological equivalent
thereof” is used synonymously with “equivalent” unless oth-
erwise specifically intended. When referring to a reference
protein, polypeptide or nucleic acid, intends those having
minimal homology while still maintaining desired structure
or functionality. Unless specifically recited herein, it is con-
templated that any polynucleotide, polypeptide or protein
mentioned herein also includes equivalents thereof. For
example, an equivalent intends at least about 60%, or 65%, or
70%, or 75%, or 80% homology or identity and alternatively,
at least about 85%, or alternatively at least about 90%, or
alternatively at least about 95%, or alternatively 98% percent
homology or identity and exhibits substantially equivalent
biological activity to the reference protein, polypeptide or
nucleic acid. Alternatively, a biological equivalent is a peptide
encoded by a nucleic acid that hybridizes under stringent
conditions to a nucleic acid or complement that encodes the
peptide. Hybridization reactions can be performed under con-
ditions of different “stringency”. In general, a low stringency
hybridization reaction is carried out at about 40° C. in about
10xSSC or a solution of equivalent ionic strength/tempera-
ture. A moderate stringency hybridization is typically per-
formed at about 50° C. in about 6xSSC, and a high stringency
hybridization reaction is generally performed at about 60° C.
in about 1xSSC. Hybridization reactions can also be per-
formed under “physiological conditions” which is well
known to one of skill in the art. A non-limiting example of a
physiological condition is the temperature, ionic strength, pH
and concentration of Mg®* normally found in a cell.

[0048] A polynucleotide or polynucleotide region (or a
polypeptide or polypeptide region) having a certain percent-
age (for example, about 60%, 65%, 70%, 75%, 80%, 85%,
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90%, 95% or 97%) of “sequence identity” to another
sequence means that, when aligned, that percentage of bases
(or amino acids) are the same in comparing the two
sequences. The alignment and the percent homology or
sequence identity can be determined using software programs
known in the art, for example those described in Current
Protocols in Molecular Biology (Ausubel et al., eds. 1987)
Supplement 30, section 7.7.18, Table 7.7.1. Preferably,
default parameters are used for alignment. A preferred align-
ment program is BLAST, using default parameters. In par-
ticular, preferred programs are BLASTN and BLASTP, using
the following default parameters: Genetic code=standard;
filter=none; strand=both; cutoff=60; expect=10;
Matrix=BLOSUMS62; Descriptions=50 sequences; sort by
—HIGH SCORE; Databases=non-redundant, GenBank+
EMBL+DDBJ+PDB+GenBank CDS translations+Swis-
sProtein+SPupdate+PIR. Details of these programs can be
found at the following Internet address: ncbi.nlm.nih.gov/
cgi-bin/BLAST.

[0049] “Homology” or “identity” or “similarity” refers to
sequence similarity between two peptides or between two
nucleic acid molecules. Homology can be determined by
comparing a position in each sequence which may be aligned
for purposes of comparison. When a position in the compared
sequence is occupied by the same base or amino acid, then the
molecules are homologous at that position. A degree of
homology between sequences is a function of the number of
matching or homologous positions shared by the sequences.
An “unrelated” or “non-homologous” sequence shares less
than 40% identity, or alternatively less than 25% identity,
with one of the sequences of the present invention.

[0050] An “equivalent” of a polynucleotide or polypeptide
refers to a polynucleotide or a polypeptide having a substan-
tial homology or identity to the reference polynucleotide or
polypeptide. In one aspect, a “substantial homology” is
greater than about 60%, 65%, 70%, 75%, 80%, 85%, 90%,
95% or 98% homology.

[0051] Asusedherein, “expression” refers to the process by
which polynucleotides are transcribed into mRNA and/or the
process by which the transcribed mRNA is subsequently
being translated into peptides, polypeptides, or proteins. [fthe
polynucleotide is derived from genomic DNA, expression
may include splicing of the mRNA in an eukaryotic cell.

[0052] The term “encode” as it is applied to polynucle-
otides refers to a polynucleotide which is said to “encode” a
polypeptide if, in its native state or when manipulated by
methods well known to those skilled in the art, it can be
transcribed and/or translated to produce the mRNA for the
polypeptide and/or a fragment thereof. The antisense strand is
the complement of such a nucleic acid, and the encoding
sequence can be deduced therefrom.

[0053] “Regulatory polynucleotide sequences” intends any
one or more of promoters, operons, enhancers, as know to
those skilled in the art to facilitate and enhance expression of
polynucleotides.

[0054] An “expression vehicle” is a vehicle or a vector,
non-limiting examples of which include viral vectors or plas-
mids, that assist with or facilitate expression of a gene or
polynucleotide that has been inserted into the vehicle or vec-
tor.

[0055] A “delivery vehicle” is a vehicle or a vector that
assists with the delivery of an exogenous polynucleotide into
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a target cell. The delivery vehicle may assist with expression
or it may not, such as traditional calcium phosphate transfec-
tion compositions.

[0056] A “composition” is intended to mean a combination
of active agent and another compound or composition, inert
(forexample, a solids support or pharmaceutically acceptable
carrier) or active, such as an adjuvant.

[0057] A “pharmaceutical composition” is intended to
include the combination of an active agent with a carrier, inert
or active, making the composition suitable for diagnostic or
therapeutic use in vitro, in vivo or ex vivo.

[0058] “An effective amount” refers to the amount of an
active agent or a pharmaceutical composition sufficient to
induce a desired biological and/or therapeutic result. That
result can be alleviation of the signs, symptoms, or causes of
a disease, or any other desired alteration of a biological sys-
tem. The effective amount will vary depending upon the
health condition or disease stage of the subject being treated,
timing of administration, the manner of administration and
the like, all of which can be determined readily by one of
ordinary skill in the art.

[0059] As used herein, the terms “treating,” “treatment”
and the like are used herein to mean obtaining a desired
pharmacologic and/or physiologic effect. The effect may be
prophylactic in terms of completely or partially preventing a
disorder or sign or symptom thereof, and/or may be therapeu-
tic in terms of a partial or complete cure for a disorder and/or
adverse effect attributable to the disorder.

[0060] As used herein, to “treat” further includes systemic
amelioration of the symptoms associated with the pathology
and/or a delay in onset of symptoms. Clinical and sub-clinical
evidence of “treatment” will vary with the pathology, the
subject and the treatment.

[0061] “Administration” can be effected in one dose, con-
tinuously or intermittently throughout the course of treat-
ment. Methods of determining the most effective means and
dosage of administration are known to those of skill in the art
and will vary with the composition used for therapy, the
purpose of the therapy, the target cell being treated, and the
subject being treated. Single or multiple administrations can
be carried out with the dose level and pattern being selected
by the treating physician. Suitable dosage formulations and
methods of administering the agents are known in the art.
Route of administration can also be determined and method
of determining the most effective route of administration are
known to those of skill in the art and will vary with the
composition used for treatment, the purpose of the treatment,
the health condition or disease stage of the subject being
treated, and target cell or tissue. Non-limiting examples of
route of administration include oral administration, nasal
administration, injection, topical application, intrapentoneal,
intravenous and by inhalation. An agent of the present inven-
tion can be administered for therapy by any suitable route of
administration. It will also be appreciated that the preferred
route will vary with the condition and age of the recipient, and
the disease being treated.

[0062] The agents and compositions of the present inven-
tion can be used in the manufacture of medicaments and for
the treatment of humans and other animals by administration
in accordance with conventional procedures, such as an active
ingredient in pharmaceutical compositions.

[0063] Asused herein, the term “detectable label” intends a
directly or indirectly detectable compound or composition
that is conjugated directly or indirectly to the composition to
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be detected, e.g., N-terminal histadine tags (N-His), magneti-
cally active isotopes, e.g., 1*°Sn, '*”Sn and **°Sn, a non-
radioactive isotopes such as **>C and *°N, polynucleotide or
protein such as an antibody so as to generate a “labeled”
composition. The term also includes sequences conjugated to
the polynucleotide that will provide a signal upon expression
of the inserted sequences, such as green fluorescent protein
(GFP) and the like. The label may be detectable by itself (e.g.
radioisotope labels or fluorescent labels) or, in the case of an
enzymatic label, may catalyze chemical alteration of a sub-
strate compound or composition which is detectable. The
labels can be suitable for small scale detection or more suit-
able for high-throughput screening. As such, suitable labels
include, but are not limited to magnetically active isotopes,
non-radioactive isotopes, radioisotopes, fluorochromes,
luminescent compounds, dyes, and proteins, including
enzymes. The label may be simply detected or it may be
quantified. A response that is simply detected generally com-
prises a response whose existence merely is confirmed,
whereas a response that is quantified generally comprises a
response having a quantifiable (e.g., numerically reportable)
value such as an intensity, polarization, and/or other property.
In luminescence or fluorescence assays, the detectable
response may be generated directly using a luminophore or
fluorophore associated with an assay component actually
involved in binding, or indirectly using a luminophore or
fluorophore associated with another (e.g., reporter or indica-
tor) component.

[0064] Examples of luminescent labels that produce sig-
nals include, but are not limited to bioluminescence and
chemiluminescence. Detectable luminescence response gen-
erally comprises a change in, or an occurrence of, a lumines-
cence signal. Suitable methods and luminophores for lumi-
nescently labeling assay components are known in the art and
described for example in Haugland, Richard P. (1996) Hand-
book of Fluorescent Probes and Research Chemicals (6 ed.).
Examples of luminescent probes include, but are not limited
to, aequorin and luciferases.

[0065] Examples of suitable fluorescent labels include, but
are not limited to, fluorescein, rhodamine, tetramethyl-
rhodamine, eosin, erythrosin, coumarin, methyl-coumarins,
pyrene, Malacite green, stilbene, Lucifer Yellow, Cascade
Blue™, and Texas Red. Other suitable optical dyes are
described in the Haugland, Richard P. (1996) Handbook of
Fluorescent Probes and Research Chemicals (67 ed.).
[0066] In another aspect, the fluorescent label is function-
alized to facilitate covalent attachment to a cellular compo-
nent present in or on the surface of the cell or tissue such as a
cell surface marker. Suitable functional groups, including, but
not are limited to, isothiocyanate groups, amino groups, halo-
acetyl groups, maleimides, succinimidyl esters, and sulfonyl
halides, all of which may be used to attach the fluorescent
label to a second molecule. The choice of the functional group
of the fluorescent label will depend on the site of attachment
to either a linker, the agent, the marker, or the second labeling
agent.

Elastin-Like Polypeptides (ELPs)

[0067] Elastin-like-polypeptides (ELPs) are a genetically
engineered polypeptide with unique phase behavior (see for
e.g. S. R. MacEwan, et al., Biopolymers 94(1) (2010) 60-77)
which promotes recombinant expression, protein purification
and self-assembly of nanostructures (see for e.g. A. Chilkoti,
et al., Advanced Drug Delivery Reviews 54 (2002) 1093-
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1111). ELPs are artificial polypeptides composed of repeated
pentapeptide sequences, (VPGXG),, (SEQID.NO: 1) derived
from human tropoelastin, where X is the “guest residue”
Which is any amino acid. In one embodiment, X is any amino
acid except proline. This peptide motif displays rapid and
reversible de-mixing from aqueous solutions above a transi-
tion temperature, T,. Below T,, ELPs adopt a highly water
soluble random coil conformation; however, above T,, they
separate from solution, coalescing into a second aqueous
phase. The T, of ELPs can be tuned by choosing the guest
residue and ELP chain length as well as fusion peptides at the
design level (see for e.g. MacEwan S R, et al., Biopolymers
94(1): 60-77). The ELP phase is both biocompatible and
highly specific for ELPs or ELP fusion proteins, even in
complex biological mixtures. Genetically engineered ELPs
are monodisperse, biodegradable, non-toxic. Throughout this
description, ELPs are identified by the single letter amino
acid code of the guest residue followed by the number of
repeat units, n. For example, S48148 represents a diblock
copolymer ELP with 48 serine (S) pentamers ([ VPGSG],s,
SEQ ID. NO: 2) at the amino terminus and 48 isoleucine (1)
pentamers ([VPGIG],5, SEQ ID. NO: 3) at the carboxy ter-
minus. A “diblock” as used herein refers to an ELP with two
blocks of repeated polypeptide sequence. For example, the
diblock (VPGSG), 4 (VPGIG),, (SEQID. NO: 12) comprises
48 repeated units of a polypeptide having the sequence
VPGSG (SEQ ID NO: 2) and 48 repeated units of a polypep-
tide having the sequence VPGIG (SEQ ID. NO: 3). In one
embodiment, the drug delivery agent comprises a polypeptide
with the sequence of SEQ ID. NO: 12.

[0068] In further embodiments, the drug delivery agent
comprises, a consisting essentially of, or yet consists of, a
polypeptide with the sequence (VPGSG), 4 (SEQ ID. NO: 13)
or (VPGIG)ye (SEQ ID. NO: 14) or a biological equivalent
thereof.

[0069] Described herein are ELP fusion proteins, which
can be self assembled into nanoparticles. The diameter of the
nanoparticle can be from about 1 to about 1000 nm or from
about 1 to about 500 nm, or from about 1 to about 100 nm, or
from about 1 to about 50 nm, or from about 20 to about 50 nm,
or from about 30 to about 50 nm, or from about 35 to about 45
nm. In one embodiment, the diameter is about 40 nm. These
nanoparticles can be high efficiently internalized into LGAC.
The fusion proteins are composed of elastin-like-polypep-
tides and high affinity polypeptides. These fusion proteins
can be expressed from a variety of expression systems known
to those skilled in the art and easily purified by the phase
transition behavior of ELPs. These ELP fusion proteins are
able to conjugate small molecules, such as, for example,
chemotherapeutic agents, anti-inflammation agents, antibiot-
ics and polypeptides and other water soluble drugs. In addi-
tion, the ELP nanoparticles are useful for carrying DNA,
RNA, protein and peptide-based therapeutics.

[0070] ELPs have potential advantages over chemically
synthesized polymers as drug delivery agents. First, because
they are biosynthesized from a genetically encoded template,
ELPs can be made with precise molecular weight. Chemical
synthesis of long linear polymers does not typically produce
an exact length, but instead a range of lengths. Consequently,
fractions containing both small and large polymers yield
mixed pharmacokinetics and biodistribution. Second, EL.P
biosynthesis produces very complex amino acid sequences
with nearly perfect reproducibility. This enables very precise
selection of the location of drug attachment. Thus drug can be
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selectively placed on the corona, buried in the core, or dis-
persed equally throughout the polymer. Third, ELP can self
assemble into multivalent nanoparticles that can have excel-
lent site-specific accumulation and drug carrying properties.
Fourth, because ELP are designed from native amino acid
sequences found extensively in the human body they are
biodegradable, biocompatible, and tolerated by the immune
system. Fifth, ELPs undergo an inverse phase transition tem-
perature, T, above which they phase separate into large
aggregates. By localized heating, additional ELP can be
drawn into the target site, which may be beneficial for increas-
ing drug concentrations.

[0071] A therapeutic such as a drug, for example, may be
attached to the ELP through cysteine, lysine, glutamic acid or
aspartic acid residues present in the polymer. In some
embodiments, the cysteine, lysine, glutamic acid or aspartic
acid residues are generally present throughout the length of
the polymer. In some embodiments, the cysteine, lysine,
glutamic acid or aspartic acid residues are clustered at the end
of the polymer. In some embodiments of the presently
described subject matter, therapeutics are attached to the cys-
teine residues of the ELP using thiol reactive linkers. In some
embodiments of the presently described subject matter, thera-
peutics are attached to the lysine residues of the high molecu-
lar weight polymer sequence using NHS (N-hydroxysuccin-
imide) chemistry to modify the primary amine group present
on these residues. In some embodiments of the presently
described subject matter, therapeutics are attached to the
glutamic acid or aspartic acid residues of the ELP using EDC
(1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide  Hydro-
chloride) chemistry to modify the carboxylic acid group
present on the ELP residues.

[0072] The therapeutic associated with the ELP may be
hydrophobic or hydrophilic. Which the drug is hydrophobic,
attachment to the terminus of the ELP may facilitate forma-
tion of the multivalent nanoparticle. The number of drug
particles attached to the ELP can be from about 1 to about 30,
or from about 1 to about 10, or about 1,2,3,4,5,6,7, 8,9, or
10. In some embodiments, the attachment points for a thera-
peutic are equally distributed along the backbone of the ELP,
and the resulting drug-ELP is prevented from forming nano-
particle structures under physiological salt and temperature
conditions.

[0073] In addition to therapeutics, the ELPs may also be
associated with a detectable label that allows for the visual
detection of in vivo uptake of the ELPs. Suitable labels
include, for example, fluorescein, rhodamine, tetramethyl-
rhodamine, eosin, erythrosin, coumarin, methyl-coumarins,
pyrene, Malacite green, Alexa-Fluor®, stilbene, Lucifer Yel-
low, Cascade Blue™, and Texas Red. Other suitable optical
dyes are described in Haugland, Richard P. (1996) Molecular
Probes Handbook.

[0074] In certain embodiments, the ELP components
include polymeric or oligomeric repeats of the pentapeptide
VPGXG (SEQ ID. NO: 1), where the guest residue X is any
amino acid, that in one aspect, excludes proline. X may be a
naturally occurring or non-naturally occurring amino acid. In
some embodiments, X is selected from alanine, arginine,
asparagine, aspartic acid, cysteine, glutamic acid, glutamine,
glycine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, serine, threonine, tryptophan, tyrosine and
valine. In some embodiments, X is a natural amino acid other
than proline or cysteine.
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[0075] The guest residue X may be a non-classical (non-
genetically encoded) amino acid. Examples of non-classical
amino acids include: D-isomers of the common amino acids,
2,4-diaminobutyric acid, a-amino isobutyric acid, A-ami-
nobutyric acid, Abu, 2-amino butyric acid, y-Abu, e-Ahx,
6-amino hexanoic acid, Aib, 2-amino isobutyric acid,
3-amino propionic acid, ornithine, norleucine, norvaline,
hydroxyproline, sarcosine, citrulline, homocitrulline, cysteic
acid, t-butylglycine, t-butylalanine, phenylglycine, cyclo-
hexylalanine, p-alanine, fluoro-amino acids, designer amino
acids such as -methyl amino acids, C a-methyl amino acids,
N a-methyl amino acids, and amino acid analogs in general.

[0076] Selection of X is independent in each ELP structural
unit (e.g., for each structural unit defined herein having a
guest residue X). For example, X may be independently
selected for each structural unit as an amino acid having a
positively charged side chain, an amino acid having a nega-
tively charged side chain, or an amino acid having a neutral
side chain, including in some embodiments, a hydrophobic
side chain.

[0077] Ineach embodiment, the structural units, or in some
cases polymeric or oligomeric repeats, of the ELP sequences
may be separated by one or more amino acid residues that do
not eliminate the overall effect of the molecule, that is, in
imparting certain improvements to the therapeutic compo-
nent as described. In certain embodiments, such one or more
amino acids also do not eliminate or substantially affect the
phase transition properties of the ELP component (relative to
the deletion of such one or more amino acids).

[0078] The ELP component in some embodiments is
selected or designed to provide a T, ranging from about 10 to
about 80° C., such as from about 35 to about 60° C., or from
about 38 to about 45° C. In some embodiments, the T, is
greater than about 40° C. or greater than about 42° C., or
greater than about 45° C., or greater than about 50° C. The
transition temperature, in some embodiments, is above the
body temperature of the subject or patient (e.g., >37° C.)
thereby remaining soluble in vivo, or in other embodiments,
the T, is below the body temperature (e.g., <37° C.) to provide
alternative advantages, such as in vivo formation of a drug
depot for sustained release of the therapeutic agent.

[0079] The T, of the ELP component can be modified by
varying ELP chain length, as the Tt generally increases with
decreasing MW. For polypeptides having a molecular weight
>100,000, the hydrophobicity scale developed by Urry et al.
(PCT/US96/05186, which is hereby incorporated by refer-
ence in its entirety) is preferred for predicting the approxi-
mate T, of a specific ELP sequence. However, in some
embodiments, EL.P component length can be kept relatively
small, while maintaining a target T,, by incorporating a larger
fraction of hydrophobic guest residues (e.g., amino acid resi-
dues having hydrophobic side chains) in the ELP sequence.
For polypeptides having a molecular weight <100,000, the T,
may be predicted or determined by the following quadratic
function: T~M,+M,X+M,X? where X is the MW of the
fusion protein, and My=116.21; M,=-1.7499; M,=0.010349.

[0080] WhiletheT,ofthe ELP component, and therefore of
the ELP component coupled to a therapeutic component, is
affected by the identity and hydrophobicity of the guest resi-
due, X, additional properties of the molecule may also be
affected. Such properties include, but are not limited to solu-
bility, bioavailability, persistence, and half-life of the mol-
ecule.
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Ligands

[0081] In certain embodiments of the invention, the thera-
peutic agent comprises an ELP component fused or conju-
gated to a LGAC-targeted ligand. A LGAC-targeted ligand is
apeptide, polypeptide, or molecule that targets the ELP to the
LGAC. In one embodiment, the ligand component of the drug
delivery agent described herein is the adenovirus knob
domain, which is a LGAC-targeted ligand. This domain is
represented by the protein sequence: GAITVGNKNND-
KLTLWTTPAPSPNCRLNAEKDAKLTLV-
LTKCGSQILATVSVLAVKGSL  APISGTVQSAHLIIR-
FDENGVLLNNSFLDPEY WNFRNGDLTEGTAYTNAV
GFMPNLSAY PKSHGKTAKSNIVSQVYLNGDKTK-
PVTLTITLNGTQETGDTTPSAYSMSFSWDWSGHN
YINEIFATSSYTFSYIAQE (SEQ ID. NO: 4), or a biological
equivalent thereof. The term “biological equivalent” is
defined above. In one aspect, a biological equivalent is a
peptide encoded by a nucleic acid that hybrizes to a nucleic
acid that encodes the LGAC-targeted ligand 2 or its comple-
ment under conditions of a high stringency hybridization
reaction, that is performed at about 60° C. in about 1xSSC
that has substantial identical biological activity to the above-
noted sequence. In one embodiment, the knob ligand com-
prises a polypeptide having the sequence of SEQ ID. NO: 4 or
a biological equivalent thereof.

[0082] Incertain embodiments, the ELP comprises knob or
a polypeptide with at least 80% identity to knob. Alterna-
tively, the polypeptide has about at least 85% or about at least
90% or about at least 95%, or about at least 99% identity to
knob.

[0083] Infurther embodiments, the ELP comprises a mIgA
ligand or double mIgA ligand. This ligand is represented by
the amino acid sequence: TWASRQEPSQGTTTFAVTS
(SEQ ID. NO: 5) or a biological equivalent thereof. In one
embodiment, the mIgA ligand comprises a polypeptide hav-
ing the sequence of SEQ ID. NO: 5 or a biological equivalent
thereof. The term “biological equivalent” is defined above. In
one aspect, a biological equivalent is a peptide encoded by a
nucleic acid that hybrizes to a nucleic acid that encodes the
mlgA ligand or double mIgA ligand or its complement under
conditions of a high stringency hybridization reaction, that is
performed at about 60° C. in about 1xSSC that has substantial
identical biological activity to the above-noted sequence. In
certain embodiments, the ELP comprises the mIgA ligand or
a polypeptide with at least 80% identity to mIgA. Alterna-
tively, the polypeptide has about at least 85% or about at least
90% or about at least 95%, or about at least 99% identity to
mlgA. The term “mIgA” refers to the pIgR-binding site in the
Ca3 domain of dimeric human IgA. The Ca3 domain is
represented by the protein sequence: RP EVHLLPPPSE
ELALNELVTL TCLARGFSPK DVLVRWLQGS QEL-
PREKYLT WASRQEPSQG TTTFAVTSIL RVAAED-
WKKG DTFSCMVGHE ALPLAFTQKT ID (SEQ ID. NO:
6) (See for e.g. Frank W. Putnam, et al. J. Biol. Chem. 254,
2865-2874).

Expression of Recombinant Proteins

[0084] ELPs and other recombinant proteins described
herein can be prepared by expressing polynucleotides encod-
ing the polypeptide sequences of this invention in an appro-
priate host cell, i.e., a prokaryotic or eukaryotic host cell This
can be accomplished by methods of recombinant DNA tech-
nology known to those skilled in the art. It is know to those
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skilled in the art that modifications can be made to any peptide
to provide it with altered properties. Polypeptides of the
invention can be modified to include unnatural amino acids.
Thus, the peptides may comprise D-amino acids, a combina-
tion of D- and L-amino acids, and various “designer” amino
acids (e.g., p-methyl amino acids, C-a-methyl amino acids,
and N-o-methyl amino acids, etc.) to convey special proper-
ties to peptides. Additionally, by assigning specific amino
acids at specific coupling steps, peptides with a-helices, §
turns, {3 sheets, a-turns, and cyclic peptides can be generated.
Generally, it is believed that beta-turn spiral secondary struc-
ture or random secondary structure is preferred.

[0085] The ELPs can be expressed and purified from a
suitable host cell system. Suitable host cells include prokary-
otic and eukaryotic cells, which include, but are not limited to
bacterial cells, yeast cells, insect cells, animal cells, mamma-
lian cells, murine cells, rat cells, sheep cells, simian cells and
human cells. Examples of bacterial cells include Escherichia
coli, Salmonella enterica and Streptococcus gordonii. In one
embodiment, the host cell is . coli. The cells can be pur-
chased from a commercial vendor such as the American Type
Culture Collection (ATCC, Rockville Md., USA) or cultured
from an isolate using methods known in the art. Examples of
suitable eukaryotic cells include, but are not limited to 293T
HEK cells, as well as the hamster cell line BHK-21; the
murine cell lines designated NIH3T3, NSO, C127, the simian
cell lines COS, Vero; and the human cell lines HeLa, PER.C6
(commercially available from Crucell) U-937 and Hep G2. A
non-limiting example of insect cells include Spodoptera fru-
giperda. Examples of yeast useful for expression include, but
are not limited to Saccharomyces, Schizosaccharomyces,
Hansenula, Candida, Torulopsis, Yarrowia, or Pichia. See
e.g., U.S. Pat. Nos. 4,812,405; 4,818,700; 4,929,555 5,736,
383; 5,955,349, 5,888,768 and 6,258,559.

Protein Purification

[0086] Thephase transition behavior ofthe ELPs allows for
easy purification. The ELPs may also be purified from host
cells using methods known to those skilled in the art. These
techniques involve, at one level, the crude fractionation of the
cellular milieu to polypeptide and non-polypeptide fractions.
Having separated the polypeptide from other proteins, the
polypeptide of interest may be further purified using chro-
matographic and electrophoretic techniques to achieve partial
or complete purification (or purification to homogeneity).
Analytical methods particularly suited to the preparation of a
pure peptide or polypeptide are filtration, ion-exchange chro-
matography, exclusion chromatography, polyacrylamide gel
electrophoresis, affinity chromatography, or isoelectric
focusing. A particularly efficient method of purifying pep-
tides is fast protein liquid chromatography or even HPLC. In
the case of ELP compositions protein purification may also be
aided by the thermal transition properties of the ELP domain
as described in U.S. Pat. No. 6,852,834.

[0087] Generally, “purified” will refer to a protein or pep-
tide composition that has been subjected to fractionation to
remove various other components, and which composition
substantially retains its expressed biological activity. Where
the term “substantially purified” is used, this designation will
refer to a composition in which the protein or peptide forms
the major component of the composition, such as constituting
about 50%, about 60%, about 70%, about 80%, about 90%,
about 95% or more of the proteins in the composition.
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[0088] Various methods for quantifying the degree of puri-
fication of the protein or peptide will be known to those of
skill in the art in light of the present disclosure. These include,
for example, determining the specific activity of an active
fraction, or assessing the amount of polypeptides within a
fraction by SDS/PAGE analysis. A preferred method for
assessing the purity of a fraction is to calculate the specific
activity of the fraction, to compare it to the specific activity of
the initial extract, and to thus calculate the degree of purity,
herein assessed by a “-fold purification number.” The actual
units used to represent the amount of activity will, of course,
be dependent upon the particular assay technique chosen to
follow the purification and whether or not the expressed pro-
tein or peptide exhibits a detectable activity.

[0089] Various techniques suitable for use in protein puri-
fication will be well known to those of skill in the art. These
include, for example, precipitation with ammonium sulfate,
PEG, antibodies and the like or by heat denaturation, fol-
lowed by centrifugation; chromatography steps such as ion
exchange, gel filtration, reverse phase, hydroxylapatite and
affinity chromatography; isoelectric focusing; gel electro-
phoresis; and combinations of such and other techniques. As
is generally known in the art, it is believed that the order of
conducting the various purification steps may be changed, or
that certain steps may be omitted, and still result in a suitable
method for the preparation of a substantially purified protein
or peptide.

Pharmaceutical Compositions

[0090] Pharmaceutical compositions are further provided.
The compositions comprise a carrier and ELPs as described
herein. The carriers can be one or more of a solid support ora
pharmaceutically acceptable carrier. In one aspect, the com-
positions are formulated with one or more pharmaceutically
acceptable excipients, diluents, carriers and/or adjuvants. In
addition, embodiments of the compositions include ELPs,
formulated with one or more pharmaceutically acceptable
auxiliary substances.

[0091] The invention provides pharmaceutical formula-
tions in which the one or more of an isolated polypeptide of
the invention, an isolated polynucleotide of the invention, a
vector of the invention, an isolated host cell of the invention,
or an antibody of the invention can be formulated into prepa-
rations for injection in accordance with the invention by dis-
solving, suspending or emulsifying them in an aqueous or
nonaqueous solvent, such as vegetable or other similar oils,
synthetic aliphatic acid glycerides, esters of higher aliphatic
acids or propylene glycol; and if desired, with conventional
additives such as solubilizers, isotonic agents, suspending
agents, emulsifying agents, stabilizers and preservatives or
other antimicrobial agents. A non-limiting example of such is
a antimicrobial agent such as other vaccine components such
as surface antigens, e.g. a Type IV Pilin protein (see Jurcisek
and Bakaletz (2007) J. of Bacteriology 189(10):3868-3875)
and antibacterial agents.

[0092] Aerosol formulations provided by the invention can
be administered via inhalation. For example, embodiments of
the pharmaceutical formulations of the invention comprise a
compound of the invention formulated into pressurized
acceptable propellants such as dichlorodifluoromethane, pro-
pane, nitrogen and the like.

[0093] Embodiments of the pharmaceutical formulations
of'the invention include those in which the ELP is formulated
in an injectable composition. Injectable pharmaceutical for-
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mulations of the invention are prepared as liquid solutions or
suspensions; or as solid forms suitable for solution in, or
suspension in, liquid vehicles prior to injection. The prepara-
tion may also be emulsified or the active ingredient encapsu-
lated in liposome vehicles in accordance with other embodi-
ments of the pharmaceutical formulations of the invention.

[0094] Suitable excipient vehicles are, for example, water,
saline, dextrose, glycerol, ethanol, or the like, and combina-
tions thereof. In addition, if desired, the vehicle may contain
minor amounts of auxiliary substances such as wetting or
emulsifying agents or pH buffering agents. Methods of pre-
paring such dosage forms are known, or will be apparent upon
consideration of this disclosure, to those skilled in the art.
See, e.g., Remington’s Pharmaceutical Sciences, Mack Pub-
lishing Company, Easton, Pa., 17th edition, 1985. The com-
position or formulation to be administered will, in any event,
contain a quantity of the compound adequate to achieve the
desired state in the subject being treated.

[0095] Routes of administration applicable to the methods
and compositions described herein include intranasal, intra-
muscular, subcutaneous, intradermal, topical application,
intravenous, nasal, oral, inhalation, intralacrimal, retrolacri-
mal profusal along the duct, intralacrimal, and other enteral
and parenteral routes of administration. Routes of adminis-
tration may be combined, if desired, or adjusted depending
upon the agent and/or the desired effect. An active agent can
be administered in a single dose or in multiple doses. Embodi-
ments of these methods and routes suitable for delivery,
include systemic or localized routes. In one embodiment, the
composition comprising the ELP is administered intralacri-
mally through injection. In further embodiments, the compo-
sition is administered systemically, topically on top of the
eye, by retrolacrimal profusion, or intranasally.

Treatment of Disease

[0096] Methods and compositions disclosed herein are use-
ful in treating disorders of the eye. The lacrimal gland acinar
cell targeted ELPs provide a site-specific target therapeutic.
Accordingly, these ELP nanoparticles may be useful to
encapsulate or attach drugs for treating disorders localized to
the eye. By way of example, these disorders can include,
age-related macular degeneration, Sjogren’s syndrome,
autoimmune exocrinopathy, diabetic retinopathy, graft versus
host disease (exocrinopathy associated with) retinal venous
occlusions, retinal arterial occlusion, macular edema, post-
operative inflammation, uveitis retinitis, proliferative vitreo-
retinopathy and glaucoma. In one embodiment, the disease is
Sjogren’s syndrome. In another embodiment, the disease is
keratoconjunctivitis sicca (dry eye). In another embodiment
the disease is scleritis. In another embodiment the disease is
glaucoma.

Combination Treatments

[0097] Administration of the therapeutic agent or substance
of the present invention to a patient will follow general pro-
tocols for the administration of that particular secondary
therapy, taking into account the toxicity, if any, of the treat-
ment. It is expected that the treatment cycles would be
repeated as necessary. It also is contemplated that various
standard therapies, as well as surgical intervention, may be
applied in combination with the described therapy.

Aug. 15,2013

Example 1

ELPs Comprising Targeting Ligands

[0098] Since discovered a half century ago, human aden-
ovirus has attracted attention because different types cause
significant levels of respiratory, ocular, and gastrointestinal
disease. Because of its pathological effects, a significant
amount of information is therefore available on its mode of
interaction with cells. Adenovirus serotype 2 and serotype 5
within subgroup C, the best understood types of this virus,
attach to cells through the initial binding of the fiber protein to
the cell-surface coxsackievirus and adenovirus receptor
(CAR). CAR is a 46-kDa high affinity receptor that is present
in many human tissues, including liver, heart, lacrimal gland,
lung, and brain and which is thought to function as a cell
adhesion protein. Upon surface binding, adenovirus entry in
most cells is facilitated through interaction of an additional
adenoviral capsid protein, the penton base, with integrin
receptors on the plasma membrane, a process facilitating
efficient entry via endocytosis. This mechanism, which
occurs in cells expressing the most abundant CAR protein in
the body, has been reported to deliver a region of the fiber
capsid protein, the knob, to a subcellular degradative com-
partment. After entry, through either fiber/knob- or penton-
dependent interactions, mechanisms have been described for
the subsequent interactions between the virus and other intra-
cellular transport machinery, which facilitate efficient traf-
ficking of the viral DNA to the nucleus. For these and other
reasons, most notably the ability of adenovirus to transduce
non-dividing cells, adenovirus serotype 5 and other serotypes
have been explored as vectors for gene therapy. However,
despite their relatively efficient cellular endocytosis and gene
transfer, viral vectors in general have intrinsic drawbacks,
such as limited opportunities for repeat administrations due to
acute inflammatory responses and delayed humoral or cellu-
lar immune responses. In addition, some viral vectors inte-
grate DNA into the genome, resulting in insertional mutagen-
esis.

[0099] In the past few decades, numerous research groups
have focused on drug carriers, such as liposomes, micelles,
dendrimers, and polymersomes. Relatively few drug carriers
have been approved for use in humans, which suggests that
better strategies and materials may be required to generate
successful nanomedicines. One emerging strategy is to
design genetically engineered protein polymers that self-as-
semble directly into nanoparticles. For example, the elastin-
like-polypeptides (ELP) are a genetically engineered
polypeptide with unique phase behavior, which promotes
recombinant expression, protein purification and self-assem-
bly of nanostructures. Genetically engineered EL.Ps are bio-
degradable and biocompatible. ELPs are composed of the
repeated amino acid sequence (VPGXG), (SEQ ID. NO: 1),
where the hydrophobicity of X determines the polypeptide
phase behavior. Exemplified herein, EL.Ps are identified by
the single letter amino acid code of the guest residue followed
by the number of repeat units, n. For example, S48148 repre-
sents a diblock copolymer ELP with 48 serine (S) pentamers
at the amino terminus and 48 isoleucine (I) pentamers at the
carboxy terminus.

[0100] Lacrimal acinar epithelial cells exhibit a unique
fiber-dependent internalization mechanism for adenovirus
type 5, and this internalization mechanism can be recapitu-
lated by the knob domain of the fiber protein. This mechanism
seems to operate in hepatocytes as well to enable internaliza-
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tion of free knob protein to intracellular degradative compart-
ments. This is in contrast to other demonstrations that fiber is
responsible only for the initial binding of adenovirus to the
cell via CAR, and not for internalization, which is driven by
the penton base capsid protein and integrin receptors on the
plasma membrane, a process facilitating efficient entry. Some
studies have recently shown that CAR, which is a cell adhe-
sion protein and thought to be largely surface associated, can
in fact be endocytosed. Altogether these studies suggest that
in certain cells, such as acinar cells and hepatocytes where
CAR is highly abundant, that a subpopulation may serve as an
internalization receptor when bound to fiber or knob proteins.
The physiological relevance of this endocytotic population of
CAR in these cells is so far unknown. To exploit this apparent
CAR internalization pathway and high affinity interaction
with viral proteins for drug delivery while minimizing the use
of'the entire viral capsid, described herein is the development
of a simple gene product that assembles nanoparticles deco-
rated with the knob domain of adenovirus fiber protein. The
most significant advantages of this platform include: (i) com-
patibility with genetic engineering; (ii) no bioconjugate
chemistry is required to link fusion proteins to the nanopar-
ticle; (iii) and the resulting polypeptides assemble into nano-
particles that are monodisperse, multivalent, and biodegrad-
able. These particles are predominantly composed of diblock
copolymers of ELP. ELP block copolymers self-assemble
multimeric nanoparticles above a transition temperature that
can be controlled by adjusting their hydrophobicity and
molecular weight (FIG. 1). Above the critical temperature for
the ELP diblock copolymer, the knob-ELP fusion protein also
assembles nanoparticles. It was investigated whether nano-
carriers displaying the knob domain may exhibit selective
internalization into tissues expressing unique CAR-depen-
dent endoyctosis of fiber and knob. Described herein are the
biophysical properties and cellular uptake of a knob-ELP,
which self assembles nanoparticles that have potential appli-
cations for drug delivery and gene therapy.

Materials and Reagents

[0101] TB dry powder growth medium was purchased from
MO BIO Laboratories, Inc. (Carlsbad, Calif.). NHS-
Rhodamine was purchased from Thermo Fisher Scientific
(Rockford, 111.). Thrombin CleanCleave™ Kit, Polyethylen-
imine, Copper Chloride and insulin were obtained from
Sigma-Aldrich (St. Louis, Mo.). The knob domain gene
sequence was ordered from Integrated DNA Technologies
(Coralville, lowa). LysoTracker Green CN 26 was purchased
from Invitrogen (Carlsbad, Calif.). Goat anti-mouse CAR
antibody was obtained from R&D Systems (Minneapolis,
Minn.). IRDye®800-conjugated donkey anti-goat second
antibody was purchased from Rockland (Gilbertsville, Pa.).
Blocking buffer was purchased from Li-COR Biosciences
(Lincoln, Nebr.). The QIAprep Spin Miniprep Kit and
QIAquick Gel Extraction Kit were purchased from Qiagen
(Valencia, Calif.).

Knob-ELP Vector Design

[0102] The plasmids encoding ELP were designed simi-
larly to those reported previously (see, for e.g., A. Chilkoti, et
al., Advanced Drug Delivery Reviews 54 (2002) 1093-1111
and J. R. McDaniel, et al., Biomacromolecules 11(4) (2010)
944-952 which is incorporated by reference). The knob
domain gene sequence was designed with restriction enzyme
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Ndel and BamHI at 5' and 3' of the knob gene respectively. A
thrombin amino acid recognition site (GLVPRGS; SEQ ID.
NO: 7) was incorporated between the knob sequence and the
ELP sequence. A recognition site for BseRI was also incor-
porated to facilitate the insertion of ELP genes with comple-
mentary two base pair 5' overhang(s). The plasmids contain-
ing genes that encode for ELP and knob were double digested
by BseRI and BssHII, and the DNA pieces containing ELP
and knob were purified using a gel extraction kit and then
ligated together. Successful clones were confirmed by diag-
nostic DNA digestion, DNA sequencing, and mass spectrom-
etry of the polypeptide gene products.

Purification of ELP Fusion Proteins

[0103] E. colistrain BLR (Novagen Inc., Milwaukee, Wis.)
was transformed with the modified pET-25(+) expression
vectors containing the ELP or knob-ELP genes. The bacteria
were grown overnight in 5 m[. TB dry medium supplemented
with 1 pg/ml, ampicillin in an orbital shaker at 37° C. Then
bacteria were centrifuged down, and the pellet was resus-
pended in 2 liters TB dry medium and cultured for 24 hours in
an orbital shaker at 37° C. The bacteria were again harvested
by centrifugation at 4° C. and resuspended in phosphate
buffer saline (PBS). The bacteria were lysed by discontinuous
pulsed ultrasonication in an ice-water bath. The insoluble
debris was removed from the lysate by centrifugation and
nucleic acids were precipitated by adding polyethylenimine
(0.5% w/v final concentration) and removed by centrifuga-
tion at 4° C. From the clarified bacterial lysates, the ELPs and
knob-ELPs were purified by inverse transition cycling (ITC),
which has been described previously [20-22]. Briefly, ELP
solutions were warmed at room temperature and NaCl was
added (1-3 M final concentration) to induce the ELP phase
separation. The aggregated ELP fusion polypeptides were
separated from the lysate by centrifugation at room tempera-
ture. The ELP pellet was resolubilized in PBS within an
ice-water bath. The resolubilized ELP solution was centri-
fuged at 4° C. to remove remaining aggregated proteins. It
was previously reported that purification cycles were
repeated for two to six rounds as needed to purify various ELP
fusion proteins (See, for e.g., D. E. Meyer, et al., Nature
Biotechnology 17 (1999) 1112-111520, and K. Trabbic-Carl-
son, et al., Protein Sci 13(12) (2004) 3274-3284 which is
herein incorporated by reference). In this study, the purifica-
tion cycle was repeated five times to remove nearly all of the
contaminating F. coli proteins, which was essential because
contaminants may aggregate during heating and bias the
hydrodynamic radius. The purity of purified knob-ELP was
measured using SDS-PAGE in a 10% gel. After electrophore-
sis, the gel was stained with Coomassie brilliant blue.

Characterization of Knob-ELP

[0104] As described above, the knob-ELP was designed as
a fusion protein consisting of a knob domain and an ELP. To
study these multifunctional polypeptides, they were charac-
terized by non-denaturing PAGE, turbidometric analysis of
their temperature-dependent phase behavior, and dynamic
light scattering. Native fiber/knob proteins are trimeric; there-
fore, the ability of knob-ELPs to self-associate was charac-
terized using non-denaturing PAGE. Knob-S48148 and
recombinant knob was mixed with sample buffer without
2-mercaptoethanol, and then loaded onto a 10% polyacryla-
mide gel without SDS at 4° C. At this temperature, the ELP
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nanoparticles remain dissociated, which enables the polypep-
tides to enter the gel. After three hours of electrophoresis, the
gel was stained with Coomassie brilliant blue.

[0105] To explore the temperature-dependent phase behav-
ior of the ELPs, optical density and hydrodynamic radius
were observed over a range of temperatures. Knob-596,
S48148 and knob-S48148 were diluted to 25 uM in PBS on ice
and the absorbance at 350 nm was monitored with a DU800
UV-Vis spectrophotometer (Beckman Coulter, Brea, Calif.)
at a temperature gradient of 1° C./minute. For dynamic light
scattering studies, S48148 and knob-S48148 were diluted to
25 uM in PBS and passed through 20 nm membrane filters at
4° C., and BSA, a protein with a similar molecular to knob-
S48148 was used as a control. Then 90 pl, sample of was
transferred into a 384 well microplate and covered with 20 pl,
mineral oil. The microplate and mineral oil were pre-chilled
at4° C. at least for 1 hour. The microplate was centrifuged at
4° C. to remove air bubbles from samples before and after
addition of mineral oil. Then the sample was measured in a
DynaPro plate reader (Wyatt Inc., Santa Barbara, Calif.) at
temperature intervals of 1° C. The resulting hydrodynamic
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radii were collected and analyzed by Dynamics (Wyatt Inc.,
Santa Barbara, Calif.). The measurements were repeated
three times and particle radius for BSA, S48148 and knob-
S48148 at 15° C. and 37° C. were analyzed by a one-way
analysis of variance (R*=1.000, p=1072°, n=18).

Thrombin Cleavage of Knob-ELP

[0106] A thrombin recognition site was designed between
the knob domain and ELP sequence (Table 1), which was
cleaved by thrombin (Sigma-Aldrich, St. Louis, Mo.).
Thrombin immobilized on agarose beads was centrifuged to
remove the storage buffer and washed with cleavage buffer
(from the thrombin cleavage kit). The knob-S48148 was then
diluted with cleavage buffer to 1 mg/mL and suspended with
thrombin agarose slurry for 24 hours at room temperature.
After incubation, the thrombin agarose beads were removed
by centrifugation. The cleaved knob (21.7 kD) was resolved
by SDS-PAGE and gels were stained with Coomassie bril-
liant blue. The SDS-PAGE gel was scanned with a Molecular
Imager Gel Doc XR System (Bio-Rad, Hercules, Calif.) and
analyzed with software Quantity one (Bio-Rad).

TABLE 1

Summar

of Expressed Polypeptides

*kk

**Critical Expected Measured *k kK
aggregation molecular molecular Hydrodynamic
Peptide temperature weight weight radius (nm)
label *Amino acid sequence (e C.) (kD) (kD) at 37° C.
knob-3596 knob- (VPGSG) o6Y (SEQ 68.2 60.179 - 5.3
ID. NO: 8)
knob-I96 knob- (VPGIG)¢sY (SEQ - 62.682 - -
ID. NO: 9)
knob-548I148 knob- 19.5 61.431 61.241 21.7
G (VPGSG) 45 (VPGIG) 45Y
(SEQ ID. NO: 10)
548TI48 G (VPGSG) 45 (VPGIG) 4gY 26.5 39.643 39.670 23.7

(SEQ ID. NO: 10)

*Knob amino acid sequence with thrombin cleavage site underlined:
GAITVGNKNNDKLTLWITPAPSPNCRLNAEKDAKLTLVLTKCGSQILATVSVLAVKGSLAPISGTVQSAHLI IRFDENGVLLNNSFLDPEYWNFRNG
DLTEGTAYTNAVGFMPNLSAYPKSHGKTAKSNIVSQVYLNGDKTKPVILTITLNGTQETGDTTPSAY SMSFSWDWSGHNY INEIFATSSYTFSYIAQ

EGLVPRGSG (SEQ ID. NO: 11)

**determined using optical density by UV-Vis spectrophotometer.
***determined using MALDI mass spectrometry.

****xdetermined using dynamic light scattering.

Self-Assembly or Disassembly of Nanoparticles-Above/Be-
low their Phrase Transition Temperatures

TABLE 2
Summary of Expressed Polypeptides
Measured Transition
molecular Temperature
weight (e C.)
Peptide Amino acid sequence (kDa) T1 T2
548TI48 G (VPGSG) 45 (VPGIG) 45Y (SEQ 39.67 26.5 75
ID. NO: 10)
knob-548I48 knob-G(VPGSG) 44 (VPGIG) 45Y 61.24 19.5 60

(SEQ ID. NO: 10)
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Conjugation with NHS-Rhodamine

[0107] To track cellular uptake, the ELPs S48148 and knob-
S48148 were conjugated with a detectable label, NHS-
Rhodamine (Thermo Fisher Scientific Inc, Rockford, I11.) via
covalent modification of primary amines at the amino end of
the peptide. For S48148, the only available amine is at the
amino terminus; however, knob-S48148 has an additional 11
lysine residues that may be sites of modification. The conju-
gation was performed in 100 mM borate buffer for 2 hours at
4° C., and the conjugated ELP was separated by size exclu-
sion chromatography on a PD10 desalting column (GE
Healthcare, Piscataway, N.J.).

Cellular Uptake of Knob-ELP/ELP

[0108] Hepatocytes were expected to be enriched in the
CAR receptor, according to previous reports (see, for e.g., J.
Xie, L. et al., J. Virol. 80(23) (2006) 11833-11851). To con-
firm this, a western blot was performed on a murine hepato-
cyte cell-line. CHO cells were used as a negative control.
2x10* cells were mixed with SDS-PAGE sample buffer and
heated above 95° C. for 5 minutes. CAR was detected by
western blotting using a goat anti-mouse CAR antibody as the
primary antibody and IRDye®800-conjugated donkey anti-
goat antibody as the secondary antibody. The result was
scanned using an Odyssey® Imaging System (L.i-COR, Lin-
coln, Nebr., USA) and quantified with the Odyssey® 1.1
software.

[0109] To observe uptake into mouse hepatocytes, cells
were cultured on 35 mm glass coverslip-bottomed dishes with
medium [(DMEM (4.5 g/I) containing 10% fetal bovine
serum, 5 pg/ml insulin, and 0.02 pg/ml epidermal growth
factor]. Uptake studies were conducted when hepatocytes
reached 70% confluence. After washing with warm fresh
medium, hepatocytes were cultured in medium containing 10
uM of either S48148 or knob-S48148 conjugated with
rhodamine, and 75 nM LysoTracker green. After 30 minutes
incubation at 37° C., the cells were rinsed with warm fresh
medium to remove the free knob-ELP/ELP in the medium.
Next cells were incubated with 75 nM LysoTracker green in
a 37° C. incubation chamber. The chamber is mounted on a
Zeiss LSM 510 Meta confocal microscope system, which is
equipped with argon and red and green HeNe lasers and
mounted on a vibration-free table.

[0110] To demonstrate the specificity of knob-ELP inter-
nalization for the CAR pathway, hepatocytes were pre-bound
with goat anti-mouse CAR antibody. After confirming that
the goat anti-mouse CAR antibody has a high affinity with the
mouse hepatocytes, the anti-mouse CAR antibody (0.2
mg/ml) was diluted with warm medium 10-fold and incu-
bated with the hepatocytes for 30 minutes at 37° C. Knob-
S48148 conjugated with rhodamine was then added to the
medium at a concentration of 10 uM. After 30 minutes incu-
bation with knob-S48148 and 75 nM LysoTracker green, the
hepatocytes were rinsed, then incubated in fresh warm
medium with 75 nM LysoTracker green and imaged as
described above.

Example 2

Transcytosis of Knob-ELPs to Lacrimal Gland Acinar Lumen

[0111] Intracellular uptake of carboxyfluorescein (CF)-
conjugated ELPs in lacrimal gland acinar cells (LGACs) is
shown in FIG. 13. Unlike CF-S48148, CF-Knob-S48148
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exhibits strong internalization which was shown in green in
reconstituted LGACs. FIG. 13 shows that endocytosed
CF-Knob-S48148 was transcytosed into reconstituted acinar
lumen which was stained by expressed Lifeact-RFP proteins
(red). Lumen A (S48148) and lumen B (Knob-S48148) are
shown in FIG. 14. Internalized knob-S48148 was transcy-
tosed into the luminal area of LGACs as shown in lumen B.

[0112] In a separate experiment the basal-to-apical trans-
port of Cy5-Knob-S48148 in primary cultures of Lacrimal
Gland Acinar Cells (LGACs) was observed. As shown in FIG.
17, uptake of Cy5-Knob-S48148 in LGACs with overex-
pressed RFP-Rab5a. Rabbit LGACs were transduced on day
2 with Adenovirus encoding RFP-Rab5a (red) in order to
stain early endosome structures. After 16-18 hours LGACs
were incubated with 30 uM Cy5-Knob-S48148 (green) at 37°
C. for 10 min before imaging by confocal microscopy over 40
min. In FIG. 17, asterisks denote the acinar lumen, and the
arrowheads indicate the dynamic fusion of early endosomes
containing Cy5-Knob-S48148 nanoparticles internalized
from the basolateral membrane. The transcytosis experiments
were conducted in primary rabbit lacrimal gland acinar cells
(LGACs). LGACs were isolated and maintained in a laminin-
based primary culture system and grown on the 35 mm petri
dishes for 2 to 3 days. These culture conditions let LGACs
reconstitute polarity, establish lumina, and format secretory
vesicles. The dishes were pre-coated with commercial matri-
gel (BD Sciences, Franklin Lakes, N.J.). The dishes were
incubated with 1 m[ matrigel at 1:50 dilution with ice cold
medium at 37° C. for 30 min and the dishes were emptied
prior to adding cells. Female New Zealand White rabbits
weighing between 1.8 and 2.2 kg were obtained from Irish
Farms (Norco, Calif.). Before the experiment, the LGACs
were pre-incubated at the second day with baculovirus encod-
ing RFP-Rab5a overnight, which can indicate basolateral and
apical early endosomes of rabbit LGACs. Cy5 labelled knob-
S48148 (Cy5 knob-S48148) was utilized in the transcytosis
experiment. 30 M Cy5-knob-S48148 diluted in the same
medium as cell cultured at 4° C. and then warmed to 37° C.
and added into dishes. The cells were cultured with CyS5
knob-ELPs in a 37° C. incubator with 5% CO,. After 10
minutes incubation, the LGACs were washed with fresh
warm medium three times to remove the free Cy5-knob-
S48148 in the medium. Then the cells were incubated with
fresh warm medium in a 37° C. incubation chamber. The
chamber is mounted on a Zeiss LSM 510 Meta confocal
microscope system, which is equipped with argon and red and
green He—Ne lasers and mounted on a vibration-free table.

[0113] It was also found that overexpression of Myosin Vb
tail suppresses accumulation of knob-S48148 nanopraticles at
the acinar lumen. A mCherry myosin Vb tail, an inhibitor of
LGAC transcytosis from basolateral to apical membranes,
was found to significantly reduce the transcytosis of knob-
S48148 (FIG. 19). Quantification of these results is shown in
FIG. 20A-B. For this experiment, LGACs were pre-infected
with adenovirus mCherry-Myosin Vb tail. To obtain the indi-
cation of lumen area of LGACs, the cells were also pre-
infected with Adenovirus EGFP-actin and helper virus at a
37¢ C. incubator with 5% CO, overnight. To avoid the clash of
fluorescence colours, the knob-S48148 used in transcytosis
inhibition was conjugated with CyS5. The LGACs were grown
on 35 mm glass-bottomed dishes for two days. Adenovirus
EGFP-actin and helper virus with or without adenovirus
mCherry Myosin Vb tail were added into dishes and cultured
overnight. After waiting for expression of fluorescence, con-
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focal microscopy was used to make sure adenovirus
mCherry-myosin Vb tail and adenovirus EGFP-actin grow in
LGACs. On the third day, knob-S48148 conjugated with Cy5
was then mixed with the cold medium at a concentration of 30
uM, warmed to 37° C. and then added into dishes. After 60
minutes incubation in a 37° C. incubator with 5% CO,,
LGACs were thoroughly rinsed with fresh warm medium
then immediately imaged under a Zeiss LSM 510 Meta con-
focal microscope system, which is equipped with argon and
red and green He—Ne lasers and mounted on a vibration-free
table. All images were captured under the confocal micro-
scope and processed using Image] (NIH, USA).

[0114] FIG. 15 shows a schematic representation showing
knob-S48148 nanoparticles targeted to CAR in LGACs. As
depicted in FIG. 15A, Knob-S48148 reversibly assembles
into micelles or disassembles into peptide monomers in
response to temperature. Knob-S48148 contains a full-length
Ad5 knob domain at its N-terminus followed by a thrombin
cleavage site and the protein polymer S48148. FIG. 15B
depicts multivalent knob-S48I48 nanoparticles associate
with the CAR, abundantly expressed on the cellular surface of
hepatocytes and LGACs, and followed by internalization via
CAR-mediated endocytosis. Endocytosed Knob-S48148
nanoparticles are transported to early endosomes in LGACs,
which is followed by basal-to-apical transport to the acinar
lumen, a process called transcytosis. In reconstituted rabbit
LGAC s, internalized knob-S48148 nanoparticles are shuttled
between basal early endosomes, apical early endosomes, and
sorting endosomes.

In Vivo Retention of Knob-S48148 in the LG of BALB/c
Mice.

[0115] Twelve-week-old male BALB/c mice were admin-
istered, by intra-lacrimal gland injection, 5 pl. of 50 uM
rhodamine-labelled S48148 or rhodamine-labelled knob-
S48148 (red) combined with 50 pg CF-dextran (10 kD,
green). After 1 h, mice were euthanized and the glands were
retrieved, embedded into the O.C.T. compound (Tissue-Tek),
and frozen on dry ice. The frozen tissue blocks were cut into
10 um thick sections and imaged using confocal fluorescence
microscopy. The white arrows indicate endocytosed S48148
or knob-S48148 nanoparticles. The bar represents 10 pm.
Mouse LGs injected with rhodamine-labelled knob-S48148
display stronger apical-membrane/luminal accumulation,
surface association, and internalization than did untargeted
S48I148. This data is shown in FIG. 16. For this experiment,
the mice were euthanatized by intraperitoneal injection with
55 mg ketamine and 14 mg xylazine per kilogram of body
weight, followed by cervical dislocation. 5 pl, of 50 uM
rhodamine labelled knob-S48148 or S48148 was injected into
the lacrimal glands of mice. After 60 minutes, the tear was
collected from one eye of mouse by adding Carbachol into the
related lacrimal gland. For another gland, it was removed
after the tear collection was done at the first eye. After
removal, [.Gs were snap frozen and stored on the dry ice. The
frozen glands were cut into 10 pm thick sections and mounted
on glass slides. Then the sections were examined with a
confocal laser scanning microscope (LSM) at excitation
wavelengths of 488 and 534 nm.

Knob-ELP Purification

[0116] A series of ELPs were genetically engineered,
expressed in E. coli, and purified using the ELP temperature-
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dependent phase transition property (Table 1). The purified
material was characterized for molecular weight and purity
using SDS-PAGE and matrix assisted laser desorption ion
mass spectrometry (FIG. 2, Table 1). Three fusion peptides
with knob were prepared, knob-S96, knob-S48148, and knob-
196. The ELPs S96 and 196 have a high and low transition
temperature respectively; however, they do not form nano-
particles (data not shown). In contrast, the ELP S48148 was
shown to form nanoparticles at physiological temperatures
(Table 1). Each of these fusion peptides appears as a major
band around 60 kD (FIG. 2), which corresponds to the pre-
dicted and observed molecular weights as determined using
mass spectrometry (Table 1). Some contaminating E. coli
proteins appear to co-purify with both knob-196 and knob-
S96 but not knob-S48148. Although not essential for this
study, the non-chromatographic purification of proteins fused
to ELPs represents a powerful advantage of this approach.

Characterization of Knob-ELP

[0117] To determine if the knob-ELP fusion peptides exist
in a trimeric form, as they do for native adenovirus as required
for appropriate CAR binding, non-denaturing gel electro-
phoresis was performed (FIG. 3). Knob-S48148 surprisingly
showed three strong bands around 60 kD, 120kD and 180 kD,
which indicated monomer, dimer and trimer forms of knob-
ELP. For comparison, a recombinant knob purified using
nickel affinity chromatography (without ELP) was also con-
firmed to form predominantly trimers. The recombinant knob
lane indicates several minor bands, with molecular weights
slightly lower than knob. These minor bands may come from
partial proteolysis of knob. This data suggests that the ELP
architecture may influence the native quaternary structure of
fused proteins domains, whereby block copolymers that
assemble nanoparticles (S48148) also promote formation of
native trimers. So the recombinant knob-ELP has properties
similar to those of the native knob.

[0118] To characterize the ELP behavior of the knob fusion
peptides, the transition temperatures were identified by opti-
cal density (FIG. 4) and the assembly of nanoparticles was
confirmed using dynamic light scattering. Knob-596, a
monoblock ELP, only exhibits one increase in optical density
over a temperature gradient at a temperature well above
physiological conditions. Knob-196 also shows a single
increase in optical density; however, due to the hydrophobic-
ity of the isoleucine X residue, this fusion peptide phase-
separates near room temperature. In contrast, the diblock ELP
Knob-S48148 displayed two phase transition temperatures,
one around 19.5° C. and another around 60° C. Qualitatively,
this behavior is similar to S48148, which has two transition
temperatures at 26.5 and 75° C. For knob-S48148, at tempera-
tures below 19.5° C., the polypeptides are free in solution;
however, between 19.5 and about 40° C. the peptides are
presumed to form nanoparticles. Above 60° C., the S48 block
phase separates, and nanoparticles are not stable. By compar-
ing the critical aggregation temperatures of knob-S48148 and
S48148, it can be easily observed that the knob domain
slightly depresses the nanoparticle assembly temperature
(Table 1).

[0119] While optical density is useful to determine the tem-
perature of assembly, dynamic light scattering is necessary to
verify the size and formation of stable nanoparticles. Upon
heating, both S48148 and knob-S48148 self-assemble into
nanoparticles and this assembly was shown to be reversible
upon cooling (FIG. 5(A)). When the temperature increased



US 2013/0210747 Al

from 10 to 37° C., both knob-S48148 and S48148 transitioned
from unimers to nanoparticles, of a radius previously shown
to be nanoparticles (see, for e.g., M. R. Dreher, et. al. ] Am
Chem Soc 130(2) (2008) 687-694). This assembly is revers-
ible, and the nanoparticles were disassembled into unimers
when temperature decreased from 37 to 10° C. It was shown
by DLS that S48148 and knob-S48148 self-assemble into
nanoparticles with a diameter consistent with micelles as
reported (see, for e.g., M. R. Dreher, et. al. J Am Chem Soc
130(2) (2008) 687-694). At physiological temperature (37°
C.), the hydrodynamic radii of S48148 and knob-S48148
nanoparticles were 23.7 and 21.7 nm respectively. As
observed using dynamic light scattering, the critical nanopar-
ticle temperature (CNT) for knob-ELP is 19.5° C. while ELP
without knob is 26.5° C. This downward shift in CNT is
consistent with that observed by optical density (FIG. 4).
While the addition of knob to the ELP lowers the nanoparticle
assembly temperature, it did not change the hydrodynamic
radius. The control BSA exhibits a stable size around 4 nm,
the same as the unimers of knob-S48148 and S48148, because
BSA does not have any phase transition behavior. The
ANOVA results (FIG. 5(B)) indicate that BSA, S48148 and
knob-S48148 have similar sizes at 15° C., while the particles
size of S48148 and knob-S48148 had a significantly larger
radii at 37° C. compared with BSA (p<0.01).

[0120] S48148 protein polymer nanoparticles with and
without the Knob domain were viewed by cryo-transmission
electron microscopy (TEM) imaging. Cryo-TEM specimens
were prepared using FEI Vitrobot (Hillsboro, Oreg.). ELP
solutions were keptin an ice bath (4° C.) before processing. A
typical procedure involves first loading ~6 ul. of the sample
on a TEM grid coated with a lacey carbon film (LC325-Cu,
Electron Microscopy Sciences). Then, the specimen was
carefully blotted under 95% humidity following blotting
parameters that were preset depending on the viscosity and
concentration of the studied sample. The blotted grid was
immediately transferred into liquid ethane, and stored in lig-
uid nitrogen environment. Micrographs were acquired using
FEI Tecnai 12 TWIN transmission electron microscope
equipped with 16 bit 2Kx2K FEI eagle bottom mount camera
(Hillsboro, Oreg.). All images were captured under 100 kV
accelerating voltage and processed using Image] (NIH,
USA). As shown in FIG. 18B, the particles were found to have
an average particle size from about 30-40 nm.

Cleavage of Knob-ELP

[0121] To determine if these ELPs can be utilized as a
strategy to purify free knob, a thrombin recognition site was
incorporated into the construct between knob and the ELP
(Table 1). The knob-S48148 construct was incubated with a
thrombin cleavage solution, which partially cleaved the
fusion peptide, as validated by a band near 20 kD (FIG. 6).
Since the thrombin recognition site can be cleaved, there
exists the possibility of harvesting recombinant knob from
knob-ELP fusion peptides. More importantly, the molecular
weight bands resulting from cleavage of knob from ELP
further confirm the successful expression of the knob-ELP
constructs.

Cellular Uptake

[0122] To determine if knob-mediated internalization is
conferred to knob-ELP fusion peptides, live cell uptake
experiments were conducted to study the internalization of
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knob-S48148 into a hepatocyte cell line. This study was car-
ried out in transformed mouse hepatocytes because of the
high expression of CAR, which has been hypothesized to
mediate the novel fiber and knob-dependent endocytotic
uptake that has been observed. Prior to uptake studies, it was
necessary to confirm that the hepatocyte cell line does express
CAR (FIG. 7). A western blot comparing CAR expression in
three representative and commonly utilized cell types indi-
cated that hepatocyte lysates showed very strong immunore-
activity around 46 kD in mouse hepatocyte cell lysate only,
which is the correct molecular weight for CAR. CHO cell
lysates showed a slight band and there was no expression
detectable in Hela cell lysates.

[0123] Having demonstrated that the hepatocyte cell line
expresses CAR, a rhodamine-labeled knob-S48148 was
employed to explore uptake via the CAR pathway. A
rhodamine-labeled S48148 was used as a control for cell-
surface binding of ELPs. With 30 minutes incubation at 37°
C., there was a significant cellular uptake of knob-S48148
(FIG. 8). For reference, LysoTracker green was used to stain
low pH lysosomes inside the cells. A control sample without
ELP shows no signal (absence of red labeling). In contrast,
both knob-S48148 and S48148 can be clearly seen at the
surface of the hepatocytes. Compared with S48148, knob-
S48148 exhibited much stronger punctate red fluorescence
inside hepatocyte cells, and S48148 exhibited slightly more
intense fluorescence on the cell surface. Both the intracellular
fluorescence of knob-S48148 and S48I48 that was seen was
co-localized with low pH compartments; however, only
knob-S48148 showed an abundant punctate intracellular fluo-
rescence labeling pattern (FIG. 8).

[0124] Having demonstrated an effect of the fused knob
domain on the cellular internalization of the fluorescent label,
a competitive binding study was used to determine the speci-
ficity of uptake for the CAR pathway (FIG.9). Pre-incubation
with anti-mouse CAR antibody reduced the intracellular
punctate fluorescence associated with intracellular knob-
S48148 nanoparticles relative to the signal detected in hepa-
tocytes without antibody pre-binding. This result suggests the
anti-mouse CAR antibody blocks or alters the internalization
of knob-S48148 into hepatocytes. Incubation with a non-
specific antibody similarly did not affect knob-S48148 uptake
(data not shown). In conjunction with the previous experi-
ment, this data supports a model of uptake of knob-ELP
nanoparticles via a unique CAR-mediated endocytotic path-
way.

[0125] To develop a novel targeted drug carrier, the knob
domain of fiber protein from adenovirus 5 was fused with a
diblock ELP capable of assembling nanoparticles. Plasmids
encoding knob-ELP and ELP were constructed and purified
from E. coli. Non-denaturing PAGE demonstrated that knob-
ELP fusion peptides form trimeric and dimeric quaternary
structures, which is a property of the native knob. Dynamic
light scattering indicated that both knob-S48148 and S48148
can self-assemble into compact nanoparticles, with hydrody-
namic diameters around 40 nm. The critical nanoparticle
temperature of S48148 and knob-S48148 were 26.5 and 19.5°
C. respectively. Cellular uptake experiments indicated that
both S48148 and knob-S48148 bind a hepatocyte cell line;
however, the knob-S48148 showed more intracellular vesicu-
lar uptake, specifically into lysosomal compartments. A com-
petitive binding experiment with anti mouse CAR antibody
blocks the internalization of knob-S48148, suggesting that
uptake is mediated by knob-CAR binding and endocytosis.
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Unlike adenovirus, this simplified fusion peptide lacks many
of the capsid proteins responsible for immunogenicity; fur-
thermore, the knob-domain lacks the adenoviral RGD motif
that targets integrins. As such, these polypeptide nanopar-
ticles are a potentially useful new class of drug carriers that
target a unique uptake mechanism, which is differentially
expressed throughout the body.

[0126] It should be understood that although the present
invention has been specifically disclosed by preferred
embodiments and optional features, modification, improve-
ment and variation of the inventions embodied therein herein
disclosed may be resorted to by those skilled in the art, and
that such modifications, improvements and variations are
considered to be within the scope of this invention such as for
example, embodiments described in Appendix A attached
hereto. The materials, methods, and examples provided here
are representative of preferred embodiments, are exemplary,
and are not intended as limitations on the scope of the inven-
tion.

[0127] The invention has been described broadly and
generically herein. Each of the narrower species and subge-
neric groupings falling within the generic disclosure also
form part of the invention. This includes the generic descrip-
tion of the invention with a proviso or negative limitation
removing any subject matter from the genus, regardless of
whether or not the excised material is specifically recited
herein.

[0128] In addition, where features or aspects of the inven-
tion are described in terms of Markush groups, those skilled
in the art will recognize that the invention is also thereby
described in terms of any individual member or subgroup of
members of the Markush group.

[0129] All publications, patent applications, patents, and
other references mentioned herein are expressly incorporated
by reference in their entirety, to the same extent as if each
were incorporated by reference individually. In case of con-
flict, the present specification, including definitions, will con-
trol.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 14

<210> SEQ ID NO 1

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<220> FEATURE:

<221> NAME/KEY: MOD_RES

<222> LOCATION: (4)..(4)

<223> OTHER INFORMATION: Any amino acid

<400> SEQUENCE: 1

Val Pro Gly Xaa Gly

1 5

<210> SEQ ID NO 2

<211> LENGTH: 240

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 2

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val

1 5 10 15

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro

20 25 30
Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
35 40 45
Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
50 55 60

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly

65 70 75 80

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val

85 90 95
Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
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100 105 110

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
115 120 125

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
130 135 140

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
145 150 155 160

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
165 170 175

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
180 185 190

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
195 200 205

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
210 215 220

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
225 230 235 240

<210> SEQ ID NO 3

<211> LENGTH: 240

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 3

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
1 5 10 15

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
20 25 30

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
35 40 45

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
50 55 60

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
65 70 75 80

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
100 105 110

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
115 120 125

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
130 135 140

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
145 150 155 160

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
165 170 175

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
180 185 190

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
195 200 205

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
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210 215 220

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
225 230 235

<210> SEQ ID NO 4

<211> LENGTH: 195

<212> TYPE: PRT

<213> ORGANISM: Human adenovirus

<400> SEQUENCE: 4

Gly Ala Ile Thr Val Gly Asn Lys Asn Asn Asp Lys Leu Thr Leu
1 5 10 15

Thr Thr Pro Ala Pro Ser Pro Asn Cys Arg Leu Asn Ala Glu Lys
20 25 30

Ala Lys Leu Thr Leu Val Leu Thr Lys Cys Gly Ser Gln Ile Leu
35 40 45

Thr Val Ser Val Leu Ala Val Lys Gly Ser Leu Ala Pro Ile Ser
50 55 60

Thr Val Gln Ser Ala His Leu Ile Ile Arg Phe Asp Glu Asn Gly
65 70 75

Leu Leu Asn Asn Ser Phe Leu Asp Pro Glu Tyr Trp Asn Phe Arg

Gly Asp Leu Thr Glu Gly Thr Ala Tyr Thr Asn Ala Val Gly Phe
100 105 110

Pro Asn Leu Ser Ala Tyr Pro Lys Ser His Gly Lys Thr Ala Lys
115 120 125

Asn Ile Val Ser Gln Val Tyr Leu Asn Gly Asp Lys Thr Lys Pro
130 135 140

Thr Leu Thr Ile Thr Leu Asn Gly Thr Gln Glu Thr Gly Asp Thr
145 150 155

Pro Ser Ala Tyr Ser Met Ser Phe Ser Trp Asp Trp Ser Gly His
165 170 175

Tyr Ile Asn Glu Ile Phe Ala Thr Ser Ser Tyr Thr Phe Ser Tyr
180 185 190

Ala Gln Glu
195

<210> SEQ ID NO 5

<211> LENGTH: 19

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:
peptide

<400> SEQUENCE: 5

Thr Trp Ala Ser Arg Gln Glu Pro Ser Gln Gly Thr Thr Thr Phe
1 5 10 15

Val Thr Ser

<210> SEQ ID NO 6

<211> LENGTH: 104

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 6

Arg Pro Glu Val His Leu Leu Pro Pro Pro Ser Glu Glu Leu Ala

Gly
240

Trp

Asp

Ala

Gly

Val

80

Asn

Met

Ser

Val

Thr

160

Asn

Ile

Synthetic

Ala

Leu
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1 5 10 15

Asn Glu Leu Val Thr Leu Thr Cys Leu Ala Arg Gly Phe Ser Pro Lys
20 25 30

Asp Val Leu Val Arg Trp Leu Gln Gly Ser Gln Glu Leu Pro Arg Glu
35 40 45

Lys Tyr Leu Thr Trp Ala Ser Arg Gln Glu Pro Ser Gln Gly Thr Thr
50 55 60

Thr Phe Ala Val Thr Ser Ile Leu Arg Val Ala Ala Glu Asp Trp Lys
65 70 75 80

Lys Gly Asp Thr Phe Ser Cys Met Val Gly His Glu Ala Leu Pro Leu
85 90 95

Ala Phe Thr Gln Lys Thr Ile Asp
100

<210> SEQ ID NO 7

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 7

Gly Leu Val Pro Arg Gly Ser
1 5

<210> SEQ ID NO 8

<211> LENGTH: 481

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 8

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
1 5 10 15

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
20 25 30

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
35 40 45

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
50 55 60

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
65 70 75 80

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
85 90 95

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
100 105 110

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
115 120 125

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
130 135 140

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
145 150 155 160

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
165 170 175
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Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
180 185 190

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
195 200 205

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
210 215 220

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
225 230 235 240

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
245 250 255

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
260 265 270

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
275 280 285

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
290 295 300

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
305 310 315 320

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
325 330 335

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
340 345 350

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
355 360 365

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
370 375 380

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
385 390 395 400

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
405 410 415

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
420 425 430

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
435 440 445

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
450 455 460

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
465 470 475 480

Tyr

<210> SEQ ID NO 9

<211> LENGTH: 481

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 9

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
1 5 10 15

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
20 25 30
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Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
35 40 45

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
50 55 60

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
85 90 95

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
100 105 110

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
115 120 125

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
130 135 140

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
145 150 155 160

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
165 170 175

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
180 185 190

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
195 200 205

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
210 215 220

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
225 230 235 240

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
245 250 255

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
260 265 270

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
275 280 285

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
290 295 300

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
305 310 315 320

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
325 330 335

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
340 345 350

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
355 360 365

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
370 375 380

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
385 390 395 400

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
405 410 415

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
420 425 430

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
435 440 445



US 2013/0210747 Al

21

-continued

Aug. 15,2013

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile

450

455

460

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val

465

Tyr

<210>
<211>
<212>
<213>
<220>
<223>

<400>

PRT

SEQ ID NO 10
LENGTH:
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Description of Artificial Sequence:

482

polypeptide

SEQUENCE :

10

Gly Val Pro Gly Ser

1

Val

Pro

Gly

Ser

65

Gly

Val

Pro

Gly

Ser

145

Gly

Val

Pro

Gly

Ser

225

Gly

Val

Pro

Gly

Pro

Gly

Ser

50

Gly

Val

Pro

Gly

Ser

130

Gly

Val

Pro

Gly

Ser

210

Gly

Val

Pro

Gly

Ile
290

Gly

Ser

35

Gly

Val

Pro

Gly

Ser

115

Gly

Val

Pro

Gly

Ser

195

Gly

Val

Pro

Gly

Ile

275

Gly

Ser

20

Gly

Val

Pro

Gly

Ser

100

Gly

Val

Pro

Gly

Ser

180

Gly

Val

Pro

Gly

Ile

260

Gly

Val

5

Gly

Val

Pro

Gly

Ser

85

Gly

Val

Pro

Gly

Ser

165

Gly

Val

Pro

Gly

Ile

245

Gly

Val

Pro

470

Gly

Val

Pro

Gly

Ser

70

Gly

Val

Pro

Gly

Ser

150

Gly

Val

Pro

Gly

Ser

230

Gly

Val

Pro

Gly

Val

Pro

Gly

Ser

Gly

Val

Pro

Gly

Ser

135

Gly

Val

Pro

Gly

Ser

215

Gly

Val

Pro

Gly

Ile
295

Pro

Gly

Ser

40

Gly

Val

Pro

Gly

Ser

120

Gly

Val

Pro

Gly

Ser

200

Gly

Val

Pro

Gly

Ile

280

Gly

Gly

Ser

25

Gly

Val

Pro

Gly

Ser

105

Gly

Val

Pro

Gly

Ser

185

Gly

Val

Pro

Gly

Ile

265

Gly

Val

475

Ser Gly
10

Gly Vval

Val Pro

Pro Gly

Gly Ser
75

Ser Gly
90

Gly Vval

Val Pro

Pro Gly

Gly Ser

155

Ser Gly
170

Gly Vval

Val Pro

Pro Gly

Gly Ser

235
Ile Gly
250
Gly Vval

Val Pro

Pro Gly

Val

Pro

Gly

Ser

Gly

Val

Pro

Gly

Ser

140

Gly

Val

Pro

Gly

Ser

220

Gly

Val

Pro

Gly

Ile
300

Pro Gly Ile Gly

Pro

Gly

Ser

45

Gly

Val

Pro

Gly

Ser

125

Gly

Val

Pro

Gly

Ser

205

Gly

Val

Pro

Gly

Ile

285

Gly

Gly

Ser

30

Gly

Val

Pro

Gly

Ser

110

Gly

Val

Pro

Gly

Ser

190

Gly

Val

Pro

Gly

Ile

270

Gly

Val

480

Ser Gly
15

Gly Val

Val Pro

Pro Gly

Gly Ser
80

Ser Gly
95

Gly Val

Val Pro

Pro Gly

Gly Ser

160

Ser Gly
175

Gly Val

Val Pro

Pro Gly

Gly Ser

240
Ile Gly
255
Gly Val

Val Pro

Pro Gly

Synthetic
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Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
305 310 315 320

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
325 330 335

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
340 345 350

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
355 360 365

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
370 375 380

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
385 390 395 400

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
405 410 415

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
420 425 430

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
435 440 445

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
450 455 460

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
465 470 475 480

Gly Tyr

<210> SEQ ID NO 11

<211> LENGTH: 203

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 11

Gly Ala Ile Thr Val Gly Asn Lys Asn Asn Asp Lys Leu Thr Leu Trp
1 5 10 15

Thr Thr Pro Ala Pro Ser Pro Asn Cys Arg Leu Asn Ala Glu Lys Asp
20 25 30

Ala Lys Leu Thr Leu Val Leu Thr Lys Cys Gly Ser Gln Ile Leu Ala
35 40 45

Thr Val Ser Val Leu Ala Val Lys Gly Ser Leu Ala Pro Ile Ser Gly
50 55 60

Thr Val Gln Ser Ala His Leu Ile Ile Arg Phe Asp Glu Asn Gly Val
65 70 75 80

Leu Leu Asn Asn Ser Phe Leu Asp Pro Glu Tyr Trp Asn Phe Arg Asn
85 90 95

Gly Asp Leu Thr Glu Gly Thr Ala Tyr Thr Asn Ala Val Gly Phe Met
100 105 110

Pro Asn Leu Ser Ala Tyr Pro Lys Ser His Gly Lys Thr Ala Lys Ser
115 120 125

Asn Ile Val Ser Gln Val Tyr Leu Asn Gly Asp Lys Thr Lys Pro Val
130 135 140

Thr Leu Thr Ile Thr Leu Asn Gly Thr Gln Glu Thr Gly Asp Thr Thr
145 150 155 160

Pro Ser Ala Tyr Ser Met Ser Phe Ser Trp Asp Trp Ser Gly His Asn
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165 170 175

Tyr Ile Asn Glu Ile Phe Ala Thr Ser Ser Tyr Thr Phe Ser Tyr Ile
180 185 190

Ala Gln Glu Gly Leu Val Pro Arg Gly Ser Gly
195 200

<210> SEQ ID NO 12

<211> LENGTH: 480

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 12

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
1 5 10 15

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
20 25 30

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
35 40 45

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
65 70 75 80

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
85 90 95

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
100 105 110

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
115 120 125

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
130 135 140

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
145 150 155 160

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
165 170 175

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
180 185 190

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
195 200 205

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
210 215 220

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
225 230 235 240

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
245 250 255

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
260 265 270

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
275 280 285

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
290 295 300

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
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305 310 315 320

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
325 330 335

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
340 345 350

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
355 360 365

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
370 375 380

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
385 390 395 400

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
405 410 415

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
420 425 430

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
435 440 445

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
450 455 460

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
465 470 475 480

<210> SEQ ID NO 13

<211> LENGTH: 480

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 13

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
1 5 10 15

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
20 25 30

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
35 40 45

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
65 70 75 80

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
85 90 95

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
100 105 110

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
115 120 125

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
130 135 140

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
145 150 155 160

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
165 170 175

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro



US 2013/0210747 Al Aug. 15,2013
25

-continued

180 185 190

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
195 200 205

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
210 215 220

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
225 230 235 240

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
245 250 255

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
260 265 270

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
275 280 285

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
290 295 300

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
305 310 315 320

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
325 330 335

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
340 345 350

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
355 360 365

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
370 375 380

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
385 390 395 400

Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val
405 410 415

Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro
420 425 430

Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly
435 440 445

Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser
450 455 460

Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly Val Pro Gly Ser Gly
465 470 475 480

<210> SEQ ID NO 14

<211> LENGTH: 480

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 14

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
1 5 10 15

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
20 25 30

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
35 40 45

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
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50 55 60

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
65 70 75 80

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
100 105 110

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
115 120 125

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
130 135 140

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
145 150 155 160

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
165 170 175

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
180 185 190

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
195 200 205

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
210 215 220

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
225 230 235 240

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
245 250 255

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
260 265 270

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
275 280 285

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
290 295 300

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
305 310 315 320

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
325 330 335

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
340 345 350

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
355 360 365

Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile
370 375 380

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly
385 390 395 400

Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val
405 410 415

Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro
420 425 430

Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly
435 440 445
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Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile

450 455 460

Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly Val Pro Gly Ile Gly

465 470 475

480

1. A drug delivery agent comprising an elastin-like peptide
(ELP) component and a ligand component, wherein:

(a) the ligand component specifically binds to a CAR and/

or plgR receptor; and/or

(b) the ligand component is mIgA and/or knob ligand, or a

biological equivalent thereof of the mlIgA or knob
ligand.

2. The drug delivery agent of claim 1, further comprising a
detectable label.

3. The drug delivery agent of claim 1, further comprising a
therapeutic agent.

4. The drug delivery agent of claim 3, wherein the thera-
peutic agent is an anti-cancer drug.

5. The drug delivery agent of claim 1, wherein the ELP
component comprises a diblock.

6. The drug delivery agent of claim 5, wherein the ELP
component comprises a polypeptide with the sequence
(VPGSG),5(VPGIG),5 (SEQ ID NO: 12).

7. The drug delivery agent of claim 1, wherein the ELP
component comprises a polypeptide with the sequence
(VPGSG)g4 (SEQ ID. NO: 13).

8. The drug delivery agent of claim 1, wherein the ELP
component comprises a polypeptide with the sequence (VP-
GIG)ys (SEQ ID. NO: 14).

9. The drug delivery agent of claim 1, wherein the ligand
component is a mIgA ligand.

10. The drug delivery agent of claim 9, wherein the mIgA
ligand comprises a polypeptide having the sequence of SEQ
ID. NO: 5 or a biological equivalent thereof.

11. The drug delivery agent of claim 1, wherein the ligand
component is a knob ligand.

12. The drug delivery agent of claim 11, wherein the knob
ligand comprises a polypeptide having the sequence of SEQ
ID. NO: 4 or a biological equivalent thereof.

13. A polynucleotide encoding the drug delivery agent of
claim 1.

14. A host cell comprising the polynucleotide of claim 13.

15. A composition comprising a carrier and a drug delivery
agent of claim 1.

16. A method for preparing a drug delivery agent, compris-
ing expressing the polynucleotide of claim 13.

17. A method for preparing a drug delivery agent, compris-
ing expressing the polynucleotide of in the host cell of claim
14.

18. The method of claim 16, further comprising separating
or purifying the drug delivery agent.

19. A method for delivering a drug comprising an elastin-
like peptide (ELP) to a cell, comprising contacting the cell
with a drug delivery agent of claim 1, wherein:

(a) the ligand component specifically binds to a CAR and/

or plgR receptor; and/or

(b) the ligand component is mIgA and/or knob ligand, ora

biological equivalent thereof of the mIgA or knob
ligand.

20. A method for delivering a drug to the luminal area of
LGACs by transcytosis, comprising contacting the LGAC
with a drug delivery agent of claim 1, wherein:

(a) the ligand component specifically binds to a CAR and/

or plgR receptor; and/or

(b) the ligand component is mIgA and/or knob ligand, ora

biological equivalent thereof of the mIgA or knob
ligand.

21. The method of claim 20, wherein the drug is in contact
with the ocular surface of the eye.

22. The method of claim 20, wherein the drug is released
from interstitial to luminal surfaces on a mucosal epithelial
cell.

23. The method of claim 19, wherein the contacting is in
vitro or in vivo.

24. The method of claim 19, wherein the cell is one or more
of' a mucosal cell, an epithelial cell or a hepatocyte and/or
contained within a lacrimal gland or tissue.

25. A method for treating a disease of the lacrimal gland,
comprising administering to a patient in need of such treat-
ment a drug delivery agent of claim 1 wherein:

(a) the ligand component specifically binds to a CAR and/

or plgR receptor; and/or

(b) the ligand component is mIgA and/or knob ligand, ora

biological equivalent thereof of the mIgA or knob
ligand, thereby treating the patient.

26. The method of claim 25, wherein the disease is cancer
or Sjorgren’s Syndrome.

27. The method of claim 25, wherein the administration is
by inhalation or via injection.

ok ok k%
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ABSTRACT SUMMARY

The delivery of protein and peptide therapeutics
to the ocular surface remains a challenge. Due
to the rapid turnover of the ocular tear film,
sustained release may be necessary to maintain
therapeutic concentrations. To approach this
problem, we have explored the fusion of
thermally-responsive protein polymers directly
to therapeutic proteins. As a candidate
biopharmaceutical, we have focused on lacritin,
which is under evaluation as a treatment for dry
eye disease (DED). Lacritin is found in human
tears and has both prosecretory and mitogenic
functions in the anterior segment of the eye. It is
deficient in the tears of DED patients, and
lacritin replacement enhances the quality of the
tear film in animal models. To modulate the
ocular residence time of lacritin, we have
expressed it in fusion to a library of elastin-like
polypeptides (ELPs). ELPs are thermally
responsive protein polymers that can be tuned to
phase separate when they reach the temperature
of the ocular surface. Lac-ELP fusions have
thermally-responsive properties similar to those
of the plain ELP and also have activity in a
variety of in vitro and in vivo models, including
the induction of tear secretion from the lacrimal
glands of non-obese diabetic (NOD) mice.

INTRODUCTION

The lacrimal gland-cornea axis plays a
critical role in maintaining ocular health. While
avascular cornea serves as both a protective
barrier and main refractive element of the visual
system, the lacrimal gland is the major organ
secreting key proteins and electrolytes into the
tear film that overspreads the cornea and
conjunctiva [1]. Beyond a hydrating effect, tear
proteins contribute to anti-microbial and anti-

inflammatory defense of the exposed ocular
surface [2]. DED is a multifactorial disease of
the tears and ocular surface causing visual
disturbance and tear film instability [3].
Accordingly to reports, severe DED affects
approximately 5 million Americans above age
50 and its global prevalence ranges from 5% to
35% [3]. Traditional approaches to treat DED
include lubricating the ocular surface with
artificial tears, conserving the secreted tears
using tear plugs and eye-shields, or treating the
associated ocular surface inflammation with eye
drops containing anti-inflammatory medications
[4]. Nevertheless, these therapies are generally
regarded as ineffective and there remains a
demand for novel DED therapy.

EXPERIMENTAL METHODS

Lac-ELP genes were expressed in E. coli
and purified by inducing ELP-mediated phase
separation. This was followed by size exclusion
chromatography to obtain pure material (Fig.
1b). Phase behavior of fusion proteins was
characterized by optical density (Fig. 1C). In
vitro activities were tested using rabbit lacrimal
gland acinar cells and SV40-immortalized
human corneal epithelial cells. In vivo
prosecretory potential of Lac-ELPs were tested
on 12-week non-obese diabetic (NOD) mice via
single bonus intra-lacrimal gland injection.

RESULTS AND DISCUSSION

A novel fusion protein library based on
recombinant human lacritin and elastin-like-
polypeptides (ELPs) was designed as a potential
therapeutic for the ocular surface. The Lacritin-
ELP fusion proteins imparted thermo-sensitive
assembly of viscous coacervates that may
promote retention in the lacrimal gland, on the



cornea, or on contact lenses. Lac-ELP induced
tear secretion from male NOD mice, which have
inflammation in their lacrimal gland resulting in
low tear flow (Fig. 2). Viscous coacervates Lac-
V96 formed local drug depot in murine lacrimal
gland near injection site (not shown). Using
human corneal epithelial cells, Lac-ELPs
evoked both a Ca’" wave and closure of a
scratch (not shown).

Figure 1. Purification and thermal
characterization of a Lac-ELP fusion. A)
Cartoon of Lac-ELP showing lacritin at the N-
terminus and an ELP tag at the C-terminus of
the fusion protein, with a thrombin recognition
site between the two moieties. B) SDS-PAGE of
purified Lac-ELP (LV96), ELP (V96) and
lacritin (Lac). C) Representative transition
temperatures were characterized for LV96 and
V96, which phase separate above 26.8 °C and
31.6 °C respectively. These fusions would be
expected to phase separate upon the eye.

CONCLUSION

Exploration of ELP-mediated retention of
protein drugs in the anterior segment of the eye
opens new possibilities for functionalizing
peptide and protein-based therapeutics. In this
abstract, we demonstrate that lacritin fusions
retain both tear secretion potential and also the

temperature dependence needed to enhance their
retention upon administration to the eye.

Figure 2. Lacritin ELP fusion proteins
stimulate tear secretion in non-obese diabetic
(NOD) mice. Representative pictures showing
tear secretion stimulated by an intralacrimal
gland injection of A) a positive control, 50 uM
carbachol (CCh), B) 100 uM Lac-ELP (LV96),
or C) an unmodified ELP (V96). Blue arrow:
collected tear volume after 30 min. D) Tear
volumes were quantified and showed
significantly enhanced tear secretion of LV96
when compared to plain ELP V96 (**p<0.01,
n=9). Data are shown as mean+S.D.
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