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Abstract

Among viruses, lentiviral vectors have been popular vectors for gene delivery due to their efficient
mode of gene delivery. However, the non-specific delivery of genes associated with lentiviral
vectors may result in undesirable side effects. Here, we propose a heterogeneous nanoparticle
delivery system for targeted delivery of lentiviral particles containing a therapeutic gene. The
heterogeneous nanoparticles consist of the low density lipoprotein receptor 3 (LDLR3) and the
keratinocyte growth factor (KGF), each fused to elastin-like-polypeptides (ELPs), LDLR3-ELP
and KGF-ELP, respectively. Our results show that while homogeneous nanoparticles comprising
of LDLR3-ELP alone blocked viral transduction, heterogeneous nanoparticles comprising of
KGF-ELP and LDLR3-ELP enhanced viral transduction in cells expressing high levels of the KGF
receptors compared to cells expressing low levels of KGF receptors. Overall, this novel design
may help with the targeting of specific cells that overexpressed growth factor such as KGF
receptors.
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INTRODUCTION

Genetic diseases caused by a defective gene, single modification in a gene or mutations
affect millions of people worldwide. People with genetic diseases such as cystic fibrosis (1),
cancer (2), and Parkinson’s (3) are getting treatments to improve their quality of life but
there are no cures for these diseases. Gene therapy that aims to deliver a gene of interest to
replace, inactivate or correct the defective gene to help the diseased tissue function properly
is the most promising approach for curing these debilitating genetic diseases. Scientists have
used multiple gene delivery techniques such as lipid mediated gene delivery (4), cationic
polymers (5), electroporation (6), microinjection (7), and viruses (8). Due to their efficient
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mode of gene delivery, viruses such as lentivirus are popular vectors for gene delivery (9).
Lentiviral vectors are attractive because they can infect both dividing and non-dividing cells
(10-12), and they integrate into the cells’ genome (13). The problem with lentiviral vectors
is their lack of specificity, which can result in indiscriminate transduction (14). The non-
specific delivery of therapeutic genes could lead to undesirable side effects such as toxicity
(15, 16), insertional mutagenesis (15, 16), and immunogenicity (15, 16). The need for
targeted therapy is imperative because it could lower the probability of these undesirable
side effects and increase the probability of delivering the gene of interest to the desired site.

Most recombinant lentiviral vectors in use for gene therapy are pseudotyped by the vesicular
stomatitis virus (VSV) glycoprotein G (VSV-G) (17). This is primarily due to VSV
exhibiting a very robust and pantropic infectivity which has been extensively studied and
characterized (18). VSV-G pseudotyped lentiviruses display remarkable stability, high
transduction efficiency and the same broad tropism as VVSV. Thus, currently they are the gold
standard for several gene therapy procedures (19). Recent studies have indicated that VSV-G
interacts with the low density lipoprotein receptor (LDLR) thereby enabling the entry of the
virus into the cells (20). The widespread expression of LDLR accounts for the broad
applicability of VSV-G pseudotyped viral vectors for gene therapy.

Elastin like polypeptides (ELPs) are gaining popularity as drug delivery vectors (21, 22) due
to their ability to be genetically encodable and to undergo phase transition (23). ELPs are
protein-based polymers that have been used as novel drug carriers (24—-26). They are
composed of repeating sequence of pentapeptides, (Val-Pro-Gly-X-Gly),, where X can be
any amino acids except for Proline (27). Proline destroys the inverse phase transition
property of ELPs (28). This sequence of pentapeptides is derived from the hydrophobic
chain of tropoelastin, a soluble form of elastin (29). ELPs have an interesting physical
property where they undergo an entropically driven phase transition rendering them
insoluble above the transition temperature (29). This property enables ELPs to be expressed
in a bacterial host (such as Escherichia coli) and to be purified rapidly using inverse
temperature cycling (ITC) (30). Moreover, since ELPs are genetically encodable, chimeric
fusion proteins comprising of biologically active motifs and ELPs can be synthesized easily
(31, 32). These fusion proteins retain the biological activity of the fused motif as well as the
phase transitioning property of ELPs, thereby enabling the self-assembly of nanostructures
such as nanoparticles above the transition temperature (32). These characteristics of ELPs
make them attractive targeted delivery vehicles for viral gene delivery.

Our lab has previously described a heterogeneous nanoparticle delivery system based on
ELPs that focuses on selective delivery of peptides through selective enhancement of
macropinocytosis via growth factors (33). Here we describe the application of the same
delivery system for targeted delivery of lentiviral particles to high growth factor receptor
expressing cells. Specifically, we report the construction of heterogeneous nanoparticles
comprising of two chimeric ELP fusion proteins, namely the low density lipoprotein
receptor repeat 3 (LDLR3)-ELP and keratinocyte growth factor (KGF)-ELP. We report that
VSV-G pseudotyped lentiviral particles bind to the heterogeneous nanoparticles via LDLR3-
ELP, thereby preventing viral entry in cells. We further show that the heterogeneous
nanoparticles containing the bound lentiviral vector are internalized in cells overexpressing
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the keratinocyte growth factor receptor (KGFR) via KGF-ELP, thereby resulting in
successful targeted transduction. We believe that this approach of selective transduction will
lead to successful gene therapy treatment with minimum side effects. Moreover, the modular
nature of the chimeric ELP fusion protein system ensures that this approach can easily be
used to target any growth factor receptor thereby broadening the applicability of this strategy
to multiple cell types.

Fusion Protein Comprising of the Viral Envelope Binding Domain (VBD) and Elastin Like
Polypeptide (ELP) was Successfully Expressed and Purified Using Inverse Temperature
Cycling (ITC)

Previous studies have shown that virus pseudotyped with the vesicular stomatitis virus
glycoprotein G (VSV-G) envelope enters the cell by binding with the low density lipoprotein
(LDL) receptor (20). In order to create a fusion protein that binds to the lentiviral vector to
prevent the non-selective infection of untargeted cell types, a fragment of the LDL receptor
gene, LDL receptor repeat 3 (LDLR3), was cloned upstream of the elastin like peptide gene
(Figure 1A).

This gene encoding the fusion protein LDLR3-ELP (where ELP is V40C2) was then
expressed in a bacterial host (£. coli) and purified by ITC. After three ITC cycles, isolated
protein was stained with simply safe blue and analyzed for purity by SDS-PAGE gel
electrophoresis. The single black band with a molecular weight of 50 kDA shown in figure
1B confirms purity of LDLR3-ELP fusion protein.

LDLR3-ELP Maintains the Phase Transition Property and Self Assembles Into
Nanoparticles

The successful purification of LDLR3-ELP using ITC suggests that LDLR3-ELP fusion
protein retained the physical phase transition property characteristic of ELPs. To further
characterize the phase transitioning property of LDLR3-ELP, dynamic light scattering (DLS)
was used to analyze the transition temperature of LDLR3-ELP at a concentration of 2 uM.
The results show that LDLR3-ELP transitions near 30°C (Figure 2A). Previous studies
described for other ELP based fusion proteins (27) state that at the transition temperature the
fusion protein form fairly monodispersed aggregates with radii in the nanometer range. To
ascertain whether this is the case with LDLR3-ELP, we measured the particle size and
dispersity with DLS at a concentration of 2 UM, at homeostatic physiological temperature
37°C. The dispersity of proteins was tightly distributed around a mean size of 150 nm with
respective minimum and maximum sizes of 12 nm and 615 nm with 96.4% of peak 1 area
intensity is 204 nm and 3.6% of peak 2 area intensity is 3.6 nm (Figure 2B).

LDLR3-ELP Inhibits Lentivirus Infectivity and does not Induce Cell Death

Previous studies have shown that recombinant soluble LDLR (sLDLR) inhibited
transduction by a lentivirus pseudotyped with the VSV-G envelope (20). To test if LDLR3-
ELP fusion protein maintained the activity of the fused LDLR3 domain, a transduction assay
using lentiviral particles pseudotyped with the VSVG envelope containing the green
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fluorescent protein (GFP) gene was performed. The lentivirus and LDLR3-ELP fusion
protein were incubated together and then introduced to cells. Indeed, 20 uM of LDLR3-ELP
inhibited the viral transduction efficiency of more than 99% (Figures 3A and 3B).

Previous studies have reported that SLDLR inhibits virus infectivity by binding to the VSV-
G envelope of the lentivirus. To show that the LDLR3-ELP binds with the lentivirus
pseudotyped with VSV-G envelope, we incubated the lentiviral vector with different
concentrations of LDLR3-ELP fusion protein. The transitioned LDLR-3-ELP along with
any bound lentiviral vector was then pelletized by centrifugation and the supernatant was
collected. The collected supernatant was then put atop of the cells and flow cytometry was
used to quantify the data. Indeed, we observed a decrease in transduction efficiency of more
than 90%. This suggests that most of the lentiviral vector was bound to the LDLR-3-ELP
(Figures 4A and 4B). We also carried out an immunoprecipitation assay using magnetic
beads to show lentiviral vector binding to LDLR3-ELP at 4°C or 37°C (Figure 4C).
Interestingly, the binding increased by nearly 3 folds at 37°C compared to 4°C and thus we
carried out the viral binding at 37°C for subsequent experiments.

We further performed an MTT assay to make sure that LDLR3-ELP was not toxic to cells.
Our results indicate that LDLR3-ELP with a concentration as high as 20 pM is not toxic to
cells (Figure 5).

Targeted Internalization of LDLR3-ELP Using Growth Factors in High Growth Factor
Receptor Expressing Cells

Our results clearly indicate that LDLR3-ELP binds to the lentiviral vector and thus prevents
the lentiviral vector from entering and infecting the cells. We reasoned that the lentivirus can
selectively be delivered to the cells by targeted delivery of LDLR3-ELP to the cells. We have
previously described a heterogeneous ELP based nanoparticle delivery platform containing
growth factors that selectively delivers payload in high growth factor receptor expressing
cells. We reasoned that targeted gene therapy can be achieved using this platform (33). To
test this hypothesis we created heterogeneous nanoparticles (NPs) comprising of
keratinocyte growth factor (KGF)-ELP and LDLR3-ELP (Figure 6A). To test if KGF-ELP
enhances the internalization of LDLR3-ELP, heterogeneous nanoparticles containing labeled
LDLR3-ELP and KGF-ELP were created. Indeed, these heterogeneous NPs were selectively
internalized and able to deliver LDLR-3-ELP in the high KGFR expressing A549 cells
(Figure 6B).

Heterogeneous Nanoparticles Comprising of LDLR3-ELP and KGF-ELP Result in Targeted
Delivery of the Gene in High Growth Factor Receptor Expressing Cells

Next, we tested whether the heterogeneous NPs comprised of LDLR-3 ELP and KGF-ELP
can selectively deliver the VSV-G pseudotyped lentiviral vector to high KGFR expressing
Ab549 cells, thereby resulting in selective transduction. To this end, the lentiviral vector was
incubated with 1 uM LDLR3-ELP and the LDLR3-ELP bound with the lentiviral vector was
collected by centrifugation. The pellet containing the LDLR-3-ELP bound with the lentiviral
vector was re-suspended in cold media and was then mixed with 1 uM KGF-ELP, resulting
in the formation of heterogeneous NPs containing the lentiviral vector and KGF-ELP. These
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heterogeneous nanoparticles have a higher probability of being uptaken by high KGFR
expressing cells (A549 cells) than low KGFR expressing cells (H293 cells) (Figure 7A).
These nanoparticles resulted in a 5.5 fold increase of transduction efficiency in high KGFR
expressing A549 cells. (Figure 7B). On the other hand there was a modest increase of about
1.5 fold in H293 cells which have low levels of the KGFR (Figure 7B). To determine the
number of gene copies per cell we quantified the geometric mean of the fluorescence
intensity of each treatment. These intensities were normalized to the corresponding control
cell types to account for the variability of transduction due to cell types. We found that there
was a 30 % increase in the normalized intensity in A549 cells compared to H293 cells
(Figure 7C) suggesting that multiple viral particles were introduced in the high KGFR
expressing A549 cells line.

As described previously in our lab the heterogeneous nanoparticles are selectively delivered
in high KGFR expressing cell lines via KGF induced macropinocytosis (33). To further
show that this is indeed the case here, we carried out the experiments in the presence of
recombinant KGF (rKGF). Indeed, rKGF enhanced the transduction efficiency in both
homogeneous LDLR3-ELP nanoparticles as well as in LDLR3-ELP and KGF-ELP
heterogeneous nanoparticles (Figure 8).

ELP and KGF-ELP do not bind to the Virus

To confirm that the increase in transduction efficiency demonstrated by the heterogeneous
NPs is not because of KGF binding with the lentiviral vector, we tested whether KGF-ELP
or ELP binds to the lentiviral vector. The lentiviral vector with either 12 uM ELP or 12 pM
KGF-ELP were incubated together and centrifuged. Cells were then treated with the
supernatant and the transduction efficiency was assessed. Indeed, neither the ELP nor the
KGF-ELP treatment of the lentiviral vector resulted in a decrease in transduction efficiency
of the viral supernatant (Figures 9A and 9B) thus suggesting that neither of them bound to
the virus.

Virus is Released from LDLR3-ELP after Cellular Internalization

To test if the virus remained bound to LDLR-3-ELP after cellular entry we carried out
immunoprecipitation assay of cell lysates treated with the lentiviral vector containing
heterogeneous NPs. We found that the lentiviral vector was released from the LDLR3-ELP
nanoparticles within 24 hours of treatment (Figure 10). These data suggest that after
internalization of the virus containing nanoparticles, the lentiviral vector detaches itself from
LDLR3-ELP.

DISCUSSION

Gene therapy is a promising technique for the treatment of many debilitating genetic
diseases, such as cystic fibrosis and cancer. Targeted gene therapy is essential because it may
lower the probability of side effects including toxicity (15, 16), insertional mutagenesis (15,
16), and immunogenicity (15, 16). Viruses, such as lentiviruses, are attractive options for
gene therapy because they can integrate into the cells’ genome (13) and infect both dividing
and non-dividing cells (10-12). Here, we described a novel approach that results in the
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selective internalization of the lentiviral vector encoding a GFP gene in cells that
overexpress keratinocyte growth factor receptors, thereby delivering the gene to the targeted
cells. Specifically, we created heterogeneous nanoparticles comprising of two chimeric
fusion proteins namely, low density lipoprotein receptor 3 (LDLR3)-ELP and keratinocyte
growth factor (KGF)-ELP. We show that the heterogeneous nanoparticles deliver the
lentiviral vector selectively to high KGF receptor expressing cells resulting in selective
delivery of the gene encoding green fluorescent protein to those cells.

Important characteristics of ELP include: they can undergo self-assembly at a transition
temperature, they are genetically encodable, immunogenic; and they are biocompatible. We
demonstrated that the fusion protein, LDLR3-ELP, maintained the phase transition property
and self-assembled into nanoparticles above transition temperature. These fusion proteins
retained the biological activity and phase transitioning properties of ELPs, as shown in
previous studies (29, 31, 32). This allowed recombinant expression and simple purification
of the fusion proteins by a series of hot and cold cycles. Self-assembly is important because
this quality allows for the creation of chimeric nanoparticles comprising of different
chimeric fusion proteins such as KGF-ELP and LDLR3-ELP as described here.
Additionally, synthetic genes encoding any ELP fusion proteins can easily be synthesized
using standard molecular biology approaches. Thus, this approach can easily be broadened
to include other growth factors to target other cells expressing different growth factor
receptors such as epidermal growth factor receptor (EGFR) or nerve growth factor receptor
(NGFR).

Our experiments indicate that LDLR3-ELP inhibited transduction by a lentivirus
pseudotyped with the vesicular stomatitis virus glycoprotein G (VSV-G) envelope. We
further demonstrated that this inhibition was mediated by the binding of the LDLR3-ELP to
the lentiviral vector. This inhibition is similar to previous studies that have shown that
recombinant soluble LDLR (sLDLR) inhibited transduction by a lentivirus pseudotyped with
the VSV-G envelope (20). This study further demonstrated that the inhibition was mediated
by the binding of the SLDLR to the VSVG envelope, thereby preventing the lentiviral vector
from binding to the LDL receptor on the target cells and denying its entry. We believe that
LDLR3-ELP blocks the viral transduction in a similar fashion. The binding of the LDLR3-
ELP to the lentiviral vector indicates that the binding ability of LDLR3, in the fusion protein
LDLR3-ELP, remained unaffected. This observation is similar to previous studies by several
others and us for chimeric ELP fusion proteins where the biological activity of the functional
domain remains unaffected by the ELP fusion (31, 32). Moreover, the inhibitory activity of
LDLR3-ELP without KGF-ELP also demonstrates that its potential application as an agent
in antiviral therapy.

Viruses can infect multiple cells causing undesired side effects. Thus, to minimize side
effects, it is essential to selectively deliver the virus only to the target cells. We further show
that heterogeneous nanoparticles comprising of LDLR3-ELP and KGF-ELP can induce
selective transduction of VSV-G pseudotyped lentiviral vector in high KGFR expressing
cells. This can be explained by enhanced internalization of the lentiviral vector mediated by
the heterogeneous nanoparticles. Interestingly, we observed that the transduction efficiency
induced by the heterogeneous nanoparticles was further increased by recombinant KGF.

Gene Ther. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monfort and Koria

Page 7

This indicates that the selective internalization is not a receptor mediated internalization
process. On the contrary we believe that the internalization of the lentiviral vector bound to
LDLR-3-ELP is mediated by KGF induced macropinocytosis which has been previously
described in our lab (33).

While several nanoparticulate systems have been developed for the targeted delivery of
plasmids (34) or SIRNA (35), very few studies focus on the selective delivery of viruses for
targeted gene therapy. For example, the use of magnetic nanoparticles loaded with
adenoviral vectors for gene delivery to stented arteries has been described (36). It is to be
noted that a magnetic field was used to achieve site specific delivery in that approach. A
similar approach involving magnetic nanoparticles and lentivirus has been described for the
transduction of endothelial cells (37) and the delivery of oncolytic adenovirus (38).
Nonetheless, the targeted approach described in this work is different than these strategies as
it focuses on the ligand receptor interactions as opposed to providing a magnetic field for
site specific delivery. Moreover, applying site directed magnetic field in various parts of the
body could be challenging as opposed to simply targeting the receptors for gene delivery.

It is to be noted that here we have employed a single cysteine-rich repeat (No. 3) of the
LDLR fused with ELP and expressed in E. Colifor binding of the lentiviral vector. The
LDL-binding region of LDLR consists of 7 cysteine-rich repeats and needs to be expressed
in eukaryotes in order to maintain correct folding and correct disulfide bonding.
Consequently, the binding affinity of the LDLR3-ELP to the viral vector is very low,
requiring 20 uM or 1.5 mg/ml of nanoparticles to inhibit the viral vector (Figure 3). This
concentration translates to at least 10 g of nanoparticles per 6 L of the blood of one patient.
This amount is far from being practical and thus fusion proteins having higher binding
affinity need to be generated in the future, for successful in vivo experiments and translation
to clinic. Nonetheless the approach is promising ex-vivo and currently we are working on
developing novel fusion proteins with higher binding affinities.

In summary, we have developed a novel nanoparticle based delivery system for targeted
delivery of the VSV-G pseudotyped lentiviral vector encoding a green fluorescent protein
gene to cells. Delivering the lentiviral vector to the target cells selectively has been a major
challenge. We demonstrated that the chimeric ELP fusion protein heterogeneous NPs
consisting of LDLR3-ELP as a viral binding domain and KGF-ELP as a targeted protein,
can overcome this challenge. This novel design may help target specific cells and can be
used as an application for treatment of genetic diseases while limiting side effects of non-
targeted gene delivery.

MATERIALS AND METHODS

Materials

Dulbecco modified eagle medium (DMEM) and fetal bovine serum (FBS) were purchased
from Life Technologies. A549, H1650, H23, and H292 cells were kindly donated by Dr.
Haura from Moffit Cancer Center. Peptide genes and growth factors were purchased from
GenScript (Piscataway, NJ). H293 cells were purchased from ATCC (Manassas, VA). The
gel extraction, miniprep, and midiprep kits were purchased from QIAGEN (Valencia, CA).
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RT-PCR reagents were purchased from Bio-Rad (Hercules, CA). The restriction enzymes
and other enzymes used for cloning were purchases from New England Biolabs (Ipswich,
MA). The lentiviral plasmids: psPAX2 and pMD2.G was a gift from Didier Trono (Addgene
plasmid #12259 and #12260, respectively). The lentiviral gene plasmid, pLVTHM-
syndecan-1 shRNA GFP, was kindly donated by Dr. Ralph Sanderson from University of
Alabama.

Human lung carcinoma cells, A549 and H292, and human lung adenocarcinoma cells, H23
and H1650, and human embryonic kidney cells, H293, were cultured in DMEM
supplemented with 10% FBS and 1% antibiotic antimycotic (AA) in a humidified incubator
at 37°C and 5% CO,.

Synthesis of LDLR3-ELP and KGF-ELP

The PUC57 plasmids containing the genes (VPGVG),VPGCG(VPGVG),, LDLR3, and
KGF were purchased from GenScript (Piscataway, NJ). Recursive direction ligation method
was used to create V40C2 encoding gene as previously described (39). PfIMI and Bgll
enzymes were used to cut the LDLR3 and KGF genes. A 1.0% agarose gel was used to run
these genes. The genes were then extracted using QIAquick gel extraction kit. The PfIMI
was used to linearize the pUC19 vector containing the ELP sequence and the removed
LDLR3 or KGF genes were cloned in with the ELP gene. As a result, the pUC19 vector
containing LDLR3-ELP or the KGF-ELP fusion protein gene situated by PfIMI and Bgll
sites. PfIMI and Bgll enzymes were used to remove the sequence encoding fusion proteins
from the pUC19 vector. As mentioned above, a gel extraction was performed to recover the
sequence encoding fusion proteins. The pET25b+ expression vector was modified to
incorporate a Sfil cloning site for the LDLR3-ELP or the KGF-ELP fusion protein gene to
be cloned. Through heat shock at 42°C, the pET25b+ expression vector containing the
LDLR3-ELP or the KGF-ELP fusion protein gene was transformed into BLRD competent
cells.

Purification of LDLR3-ELP

For protein production, the BLRD competent cells were grown overnight in an agar plate. A
single colony was selected from the streaked agar plate containing carbenicillin for starting a
culture of 75 mL. This culture was inoculated overnight and transferred to a one liter culture
the next day. This one liter culture was grown overnight and inverse transition cycling was
used to purify LDLR3-ELP or the KGF-ELP fusion as previously described (27). Since
LDLR3-ELP have six cysteine residues, double amount of the reducing agent dithiothreitol
(DTT) was added to the cold centrifugation to reduce the formation of disulfide bonds. After
the ITC process, the ELP fusion proteins solution were dialyzed for 48 hours. They were
then lyophilized for 72 hours to be stored at room temperature.

LDLR3-ELP Total Protein Assay

The fusion protein LDLR3-ELP purity was conducted using total protein stain assay with
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The lyophilized
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LDLR3-ELP was dissolved in 4°C PBS to a final concentration of 2 uM and 10 uM. Both
the bacterial lysates and the dissolved lyophilized LDLR3-ELP were analyzed by SDS-
PAGE (12% acrylamide gels).

Characterization of LDLR3-ELP

Dynamic light scattering (DLS) instrument (Zetasizer Nano S, Malver, UK) was used to
analyze the transition temperature from 4°C to 40°C at a step of 2°C and size of the LDLR3-
ELP at the body’s physiological temperature, 37°C. Three readings were performed in each
temperature point with an equilibrium time of 10 minutes. For both transition temperature
and size, 2 uM of LDLR3-ELP was prepared in 1X phosphate buffered saline (PBS) and 1
mL of the solution was inserted into a cuvette for readings. For the transition temperature,
readings were based on scattered light intensity versus temperature. For the size, readings
were based on mean intensity versus diameter size at 37°C.

Labeling of the Fusion Proteins

For the particle internalization experiments, fluorescein-5-maleimide (AnaSpec Inc cat #
81405) was used to label the cysteines that are present in the fusion proteins. Fluorescein-5-
maleimide was added to the fusion proteins. The mixture was incubated at room temperature
for one hour on an orbital shaker. Then it was incubated at 4°C overnight. A series of hot
and cold cycles were then performed to remove unconjugated fluorescein on a centrifuge at
20,000 G for 10 minutes each time. After the hot spin, the supernatant was discarded and
equal amount of volume of cold sterile PBS was added. Once the pellet was dissolved, the
supernatant was collected at 4°C. The hot and cold cycle was repeated at least two times to
remove all of the unconjugated fluorescein.

For the immunoprecipitation assay, LDLR3-ELP was conjugated with biotin-maleimide
(Sigma-Aldrich cat # B1267). The above protocol was applied to remove unconjugated
biotin.

Internalization assay for fusion proteins

Cells (20,000/well) were seeded in a 48-wells plate and cultured in DMEM supplemented
with 10% FBS and 1% AA. They were grown until 30% confluency is reach and were
starved for 24 hours then were treated in serum free media with the indicated treatments for
48 hours. Lentiviral vectors were not added in this experiment. For analysis, plate was put on
ice for five minutes to dissolve fusion proteins, then cells were wash three times with ice-
cold sterile PBS and were trypsinized using 0.25% trypsin (200 uL). The trypsin reaction
was neutralized by an addition of 200 uL of DMEM supplemented with 10% FBS and 1%
AA. Solution were transferred into micro-test tubes and cells were pelleted and re-suspend
in 250 pL of PBS containing 50 pg/mL of trypan blue to capture only the internalized
labeled fusion proteins and not the ones that are bound to the periphery of the cells. Flow
cytometry was used to quantify the data and the percent of fluorescent cells was reported.

Cytotoxicity Assay

Cells (20,000/well) were seeded in a 48-wells plate and cultured in DMEM supplemented
with 10% FBS and 1% AA. They were grown until 30% confluency is reached and were
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starved for 24 hours then were treated in serum free media with the indicated treatments for
48 hours. After their respective treatments, plate was put on ice for five minutes to dissolve
fusion proteins, then cells were wash three times with ice-cold sterile PBS. Thiazolyl blue
tetrazolium bromide (MTT, Acros Organics cat # 298-93 uL) was added to each well to a
final concentration of 1.2 mM. Cells were then incubated for three hours at 37°C. After the
incubation time, cells were washed once with room temperature sterile PBS to remove the
excess MTT medium. Dimethyl sulfoxide (DMSO, Fisher Bioreagents cat # BP231-1) was
added to solubilize the formazan crystals. For data analysis, EON microplate
spectrophotometer (BioTek, Winooski, VT) was used to read the absorbance at 570 nm.

Transduction Assay

A549 cells (20,000/well) and H293 cells (30,000/well) were seeded in a 48-wells plate and
cultured in in DMEM supplemented with 10% FBS and 1% AA, respectively. A549 were
grown until 30% confluency is reached and were starved for 24 hours, whereas H293 cells
were cultured with 10% FBS throughout the experiment. H293 cells treatment started when
their confluency reached 30%. LDLR3-ELP was added to the lentivirus and the micro-test
tubes were incubated at 4°C for 15 minutes. Afterwards, all vials were incubated at 37°C for
30 minutes followed by centrifugation (10,000g for 5 minutes) at 37°C. A negative control
containing the virus was not centrifuged to determine if the virus degrades throughout the
protocol. Supernatant was collected and the pellet was re-suspended in an equal amount of
4°C heat inactive media. Both supernatant and re-suspended pellet were incubated at 4°C for
15 minutes. Then, ELP, KGF-ELP, recombinant KGF, and LDLR3-ELP were added
respectively and all samples; supernatant and re-suspended pellet were incubated for 30
minutes at 37°C. Treatments were added to cells for 24 hours with the virus containing NPs.
After 24 hours, the old media was discarded, for the A549 cells fresh 37°C serum free media
containing DMEM supplemented and 1% AA was added to each well, for the H293 cells
fresh 37°C serum media containing DMEM supplemented, 10% FBS, and 1% AA was
added to each well. Then, 72 hours later after their respective treatments, the plates were put
on ice for five minutes to dissolve fusion proteins, cells were then washed with ice-cold
sterile PBS. For visualization purposes fluorescent pictures were taken before analysis of
flow cytometry. Nuclei were counterstained with NucBlue (Life Technologies R37605) and
fluorescent pictures were taken (20X magnification; bar 200 um) using EVOS fluorescence
microscope (Life technologies). Cells were trypsinized using 0.25% trypsin (200 uL). The
trypsin reaction was neutralized by an addition of 200 uL of DMEM supplemented with
10% FBS and 1% AA. Solution were transferred into micro-test tubes and cells were
pelleted and re-suspend in 250 pL of PBS. Then cells were analyzed using flow cytometry
and the normalized fold increase GFP-expressing cells and geometric mean of cells were
reported.

Immunoprecipitation Assay

1 uM of biotinylated LDLR3-ELP was incubated with lentiviral vectors at either 4°C or

37 °C for 30 minutes followed by incubation at 4°C for 15 minutes. Samples were incubated
with 10 pL of 10 mg/mL dynabeads M-280 Streptavidin (Invitrogen, Carlsbad, CA) at 4°C
for 30 minutes. A magnet was used to separate the dynabeads and the supernatant was
discarded. Dynabeads were washed three times with sterile 1X PBS. After wash, the
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LDLR-3-ELP was eluted using a western blot loading buffer (Cell signaling technology).
The eluted samples were then analyzed by western blot using an antibody against the VSV-
G protein (1:1000, Sigma-Aldrich cat # VV4888) and anti-rabbit IgG HRP-linked antibody
(1:5000, Cell Signaling Technology cat # 7074S) to detect the binding of the lentiviral
vector. HRP linked Anti-biotin antibody (Cell Signaling Technology cat # 7075P5) was used
to detect the biotinylated LDLR3-ELP that was eluted from the dynabeads. Image Studio
Lite was used to quantify the western blot bands.

Cells (200,000/well) were seeded in a 6-wells plate and cultured in DMEM supplemented
with 10% FBS and 1% AA. They were grown until 30% confluency is reached and were
starved for 24 hours and then were treated with nanoparticles containing biotinylated
LDLR-3-ELP and lentiviral vectors as described above. At the indicated time points cell
lysates were prepared as follows. The cells were put on ice and washed three times with ice
cold sterile PBS. The cells were then lysed with radio immune protection assay (RIPA)
buffer containing 2X halt protease and phosphatase inhibitors cocktail with 1X ethylene
diamine triacetic acid (EDTA) (Thermo scientific cat #78440). Lysates were collected and
stored at —80°C. The lysates were ¢ using streptavidin magnetic beads followed by western
blot with the VSV-G antibody as described above.

Statistical Analysis

For statistical significance, the p value was calculated for the indicated groups using
ANOVA single factor. For the significance of the p values are: ***indicates P<0.001,
**indicates P<0.05, and *indicates P<0.1. The reported errors indicated the £ SD. The
power analysis for choosing the sample size was done using the program from the division
of Biomathematics/Biostatistics Department of Pediatrics at Columbia University Medical
Center (http://www.biomath.info/power/index.html). Using typical values (mean difference
and standard deviation) of experiments we found out that a sample size of n=3 yielded a
value of alpha = 0.05 and power = 0.80 where, alpha: probability (reject HO when HO is
true), and power (reject HO when H1 is true). The variance was similar between groups that
were compared statistically.
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Figure 1. Fusion protein comprising of theviral envelope binding domain (VBD) and elastin like
polypeptide (EL P) was successfully expressed and purified using inver se temperature cycling
(ITC)

A)Sequence of LDLR3-ELP and ELP. B) The bacterial lysate and purified LDLR3-ELP

fusion protein was run on a SDS-PAGE gel and stained with simply safe blue stain for total
protein Lanes: L=ladder, lanes 1 and 2, 10 uM and 2 uM of purified LDLR3-ELP fusion
respectively, and lanes 3 and 4 bacterial lysates. SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis. Red color represents guest residues.
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Figure 2. LDLR3-EL P maintainsthe phasetransition property and self assemblesinto

nanoparticles

A) LDLR3-ELP transitions around 30°C. The transition temperature of 2 uM LDLR3-ELP
was taken using dynamic light scattering (DLS). B) LDLR3-ELP size is in the nanometer
range at physiological temperature. The size distribution of LDLR3-ELP by intensity is 204
nm at 37°C. Samples were dissolved in 1X sterile PBS.
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Figure 3. LDLR3-EL P inhibits VSV-G pseudotyped lentiviral vector infectivity
A) GFP expression in A549 cells, 20 uM ELP and 20 pM LDLR3-ELP, n=3. B) Average +

SD of the normalized GFP expression. A549 cells were starved for 24 hours. The lentiviral
vectors were incubated with the NPs prior to cell treatment. Then the cells were incubated
for 24 hours with the lentiviral vectors containing NPs. After 24 hours, the old media was
discarded and fresh serum free 37°C media was added to each well. Then, 72 hours later, the
transduction efficiency was quantified using flow cytometry. Treatments were normalized to
control (virus). These experiments were repeated two more times with triplicates.
***indicates P<0.001 when compared to control (virus). Error bars represent + SD.
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Figure4. LDLRS3-EL P bindsto thelentiviral vector and inhibitsthe VSV-G pseudotyped
lentiviral vector infectivity in A549 cells at different concentrations

A) GFP expression in A549 cells, LDLR3 at 0.50 pM, 1 uM, 2 pM, and 10 uM B) Average +
SD of the normalized GFP expression of supernatant. A549 cells were starved for 24 hours
and cells were treated for 24 hours with the lentiviral vector containing NPs as described in
materials and methods. After 24 hours, the old media was discarded, and fresh 37°C serum
free media was added to each well. Then, 72 hours later, the transduction efficiency was
quantified using flow cytometry. Treatments were normalized to control (virus). All the
treatments except with “virus no centrifuge” went through the centrifugation process. (C)
LDLR-3-ELP has three times the binding affinity at 37°C compared to 4°C. 1 uM of
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biotinylated LDLR3-ELP was incubated with lentiviral vectors either at 4°C or 37°C for 30
minutes, followed by a 15 minute incubation at 4°C. Binding of the lentiviral vector to
LDLR-3-ELP was assessed by immunoprecipitation assay as described in materials and
methods. The viral binding was assessed by western blot for the VSV-G protein. Since the
lentiviral vectors were not biotinylated, there is no band in lane three of LDLR3-ELP. Image
Studio Lite was used to quantify the western blot bands. All experiments were repeated two
more times with triplicates. ***indicates P<0.001 when compared to control (virus). Error
bars represent + SD.
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Figure5. LDLR3-EL P does not induce cell death
A549, H1650, H292, and H23 cells were starved for 24 hours then were treated in serum

free media with the indicated treatments 0.2 uM, 2 uM, 10 uM and 20 uM LDLR3-ELP for
48 hours. After 48 hours, a MTT assay was performed and a spectrophotometer was used to
read the absorbance at 570 nm. Treatments were normalized to control (no treatment). These
experiments were repeated two more times with triplicates. ***indicates P<0.001,
**indicates P<0.05, and *indicates P<0.1 when compared to control (no treatment). Error
bars represent + SD.
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Figure 6. Targeted internalization of LDL R3-EL P using growth factorsin high growth factor
receptor expressing cells

A) Schematic of heterogeneous nanoparticle. B) Average + SD of the normalized fold
increase of cell uptake. A549 cells were starved for 24 hours then were treated in serum free
media with the indicated treatments fluorescein-labeled 2 uM LDLR3-ELP and combination
of fluorescein-labeled 2 yM LDLR3-ELP and ELP and KGF-ELP, and LDLR3-ELP for 48
hours. Lentiviral vectors were not added in this experiment. After 48 hours, flow cytometry
was used to quantify the data. Before analysis, trypan blue was used in each sample
suspension to capture only the internalized labeled fusion proteins and not the ones that are
bound to the periphery of the cells. These experiments were repeated two more times with
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triplicates. ***indicates P<0.001when compared to control (2 uM LDLR3-ELP). Error bars
represent + SD.
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Figure 7. Heterogeneous nanoparticles comprising of LDLR-3-ELP and KGF-ELP result in
targeted delivery of the genein high growth factor receptor expressing cells

A) GFP expression in A549 cells and H293 cells. B) Average + SD of the normalized GFP
expression of pellet. C) Average + SD of the normalized geometric mean of cells. Cells were
starved for 24 hours and treatment started when their confluency reached 30%. The cells
were treated with the indicated NP formulations as described in materials and methods. 72
hours after treatment the transduction efficiency was quantified using flow cytometry.
Treatments were normalized to control (1uM LDLR3-ELP + 1uM LDLR3-ELP +Virus) for
each cell type to account for differences in transduction that may arise due to different cell
types. These experiments were repeated two more times with triplicates. ***indicates
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P<0.001 and **indicates P<0.05 when compared to control (1 uyM LDLR3-ELP + 1 yM
LDLR3-ELP + Virus). Error bars represent + SD.
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Figure 8. Recombinant KGF increased the transduction efficiency blocked by LDLR3-ELP
A549 cells were starved for 24 hours and then treated with lentiviral vector bound to either

LDLR-3-ELP homogeneous or KGF-ELP LDLR3-ELP heterogeneous nanoparticles in the
presence or absence of recombinant KGF (rKGF). After 24 hours, the old media was
discarded, and fresh 37°C serum free media was added to each well. 72 hours later, the
transduction efficiency was quantified using flow cytometry. Treatments were normalized to
control (1uM LDLR3-ELP + 1uM LDLR3-ELP +Virus). These experiments were repeated
two more times with triplicates. ***indicates P<0.001 when compared to control (1 pM
LDLR3-ELP + 1 uM LDLR3-ELP). Error bars represent + SD.
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Figure 9. ELP and KGF-ELP do not bind to the VSV-G pseudotyped lentiviral vector
A) GFP expression in A549 cells. B) Average + SD of the normalized GFP expression of

supernatant. A549 cells were starved for 24 hours. A binding assay was performed and cells
were treated with the supernatant. Cells were treated for 24 hours with the lentiviral vector
containing 12 uM ELP, 12 uM KGF-ELP, and 2 uM LDLR3-ELP were added respectively
After 24 hours, the old media was discarded, and fresh 37°C serum free media was added to
each well. Then, 72 hours later, the transduction efficiency was quantified using flow
cytometry. Treatments were normalized to control (virus). These experiments were repeated
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two more times with triplicates. ***indicates P<0.001 when compared to control (virus).
Error bars represent + SD.
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IP: Streptavidin coated dynabeads
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Lentiviral vectors

Figure 10. Lentiviral vector isreleased from LDL R3-EL P after internalization by cells
A549 were starved for 24 hours then were treated in serum free media with the indicated

treatments. Cells were treated for 24 hours with the lentiviral vector containing nanoparticles
that consisted of 1 uM of biotinylated LDLR3-ELP and 1 uM KGF-ELP. At the indicated
time points, cells were put on ice for five minutes followed by three ice cold washed in PBS.
The cells were lysed with radio immune protection assay (RIPA) buffer containing 2X halt
protease and phosphatase inhibitors cocktail with 1X ethylene diamine triacetic acid
(EDTA). The lysates were immunoprecipitated using streptavidin conjugated magnetic
beads (dynabeads). Then a magnetic bar was used to separate the beads from the
supernatant. Following a few washes, the immunoprecipitated complexes (dynabeads) and
the supernatant were analyzed for the presence of virus using western blots. Anti VSV-G
antibody was used to detect the lentiviral vector.
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