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Abstract

Human insulin-like growth factor-1 (IGF-1) plays important roles in development and regeneration
of skeletal muscles and bones but requires daily injections or surgical implantation. Current
clinical IGF-1 lacks e-peptide and is glycosylated, reducing functional efficacy. In this study,
codon-optimized Pro-IGF-1 with e-peptide (fused to GM1 receptor binding protein CTB or

cell penetrating peptide PTD) was expressed in lettuce chloroplasts to facilitate oral delivery.
Pro-IGF-1 was expressed at high levels in the absence of the antibiotic resistance gene in lettuce
chloroplasts and was maintained in subsequent generations. In lyophilized plant cells, Pro-IGF-1
maintained folding, assembly, stability and functionality up to 31 months, when stored at ambient
temperature. CTB-Pro-1GF-1 stimulated proliferation of human oral keratinocytes, gingiva-derived
mesenchymal stromal cells and mouse osteoblasts in a dose-dependent manner and promoted
osteoblast differentiation through upregulation of ALP, OSX and RUNX2 genes. Mice orally
gavaged with the lyophilized plant cells significantly increased IGF-1 levels in sera, skeletal
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muscles and was stable for several hours. When bioencapsulated CTB-Pro-IGF-1 was gavaged
to femoral fractured diabetic mice, bone regeneration was significantly promoted with increase
in bone volume, density and area. This novel delivery system should increase affordability and
patient compliance, especially for treatment of musculoskeletal diseases.
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1.

Introduction

Forty years ago, recombinant human insulin was made in £. colior yeast [1] and delivered
through injections after purification. Although insulin pens or pumps have improved blood
glucose monitoring or insulin delivery more precisely, needle-based delivery has been the
only option for five decades. In addition, high cost of fermentation facilities, prohibitively
expensive protein purification technologies, cold storage/transportation and sterile delivery
make protein drugs unaffordable for a large global population earning < $2/day. Indeed,
top ten biologic drugs currently exceed 75% GDP of countries in the globe [2]. One
approach to reduce cost of protein drugs is to express them in edible plant cells. However,
glucocerebrosidase produced in carrot cells [3], approved by FDA in 2012 [4], failed to
provide anticipated cost savings to Gaucher’s disease patients when compared to other
production systems such as CHO cells or human fibrosarcoma cells [5] due to the high cost
of purification, the cold chain requirement, and injectable delivery.

In addition to the cost advantage, orally delivered therapeutic protein drugs (PDs) would

be preferable to daily injections and could increase patient compliance, particularly for
those patients who require long-term treatments such as muscle disorder, bone healing, or
diabetes. PDs expressed in plant cells can be stored for several years at ambient temperature,
after lyophilization, maintaining their efficacy [6,7]. Bioencapsulated PDs in plant cells

are protected by the plant cell wall from digestive enzymes and acidic pH. They can

be released into the circulatory system and delivered to target cells or tissues when gut
bacteria lyse the plant cell wall and PDs enter intestinal epithelial cells via endocytosis

or pinocytosis depending on fused tags [Cholera non-toxic B subunit (CTB) or protein
transduction domain (PTD)] [2,8]. This natural process eliminates the need for prohibitively
expensive fermentation, purification, and cold storage/transportation [2,9]. Although the
attempt to orally deliver glucocerebrosidase made in carrot cells was not successful [3]

due to lower levels of expression, in a landmark clinical trial, orally delivered low doses

of peanut antigens in plant cells showed that allergy can be suppressed and FDA approval

is anticipated very soon [10]. This plant cell-based oral delivery approach has opened the
door for the clinical applications of proteins made in plant cells. The released antigens can
modulate the gut immune system to treat a number of allergies and suppress antibodies
against injected protein drugs, which frequently happens in enzyme replacement therapies
[2,8,9]. In this study, we explore repetitive long-term oral delivery of a protein drug using
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human Insulin-like growth factor (IGF-1) as a novel therapeutic PD for musculoskeletal
diseases.

IGF-1, upon binding to the IGF-1 receptor, is a major player in skeletal muscle and bone
development, growth, and maintenance of physiological strength. This growth factor can
directly enhance muscle mass and bone density [11]. Treatment of myotonic dystrophy
type 1 patients with IGF-1/IGF-1 binding protein complex via subcutaneous injections for
24 weeks increased body mass and metabolism [12]. While conditional deletion of IGF-1
in collagen type 1 alpha 2-expresssing cells reduces osteoblast number, activity and bone
mass in mice [13], overexpression of IGF-1 increased bone volume and remodeling [14].
In addition, lower IGF-1 levels in serum have been suggested to be associated with an
increased risk of fractures [15,16]. Local delivery of IGF-1 accelerates bone formation

in a rat fracture healing model [17] and IGF-1 administration in patients increased bone
healing, with rapid clinical improvements with hip or tibial fractures during osteoporosis
[18]. Interestingly, decreased levels of IGF-1 both in serum and in fracture region have been
reported in diabetic rat, which has been suggested to be one of the reasons for defective
bone healing or delayed union [19]. Moreover, IGF-1 facilitates survival, proliferation,
differentiation in bone-resorbing osteoclasts and bone-forming osteoblasts. A previous
study showed that decreased circulating IGF-1 resulted in reduction of bone density [20].
IGF-1 also regulates tooth root development and root dentin stem cells. Exogenous IGF-1
stimulated proliferation and differentiation of isolated human tooth root stem cells [21].
Aforementioned roles of IGF-1 in proliferation/differentiation of satellite cells leading to
muscle generation, together with bone growth/remodeling including dental root development
can enhance its potential as a therapeutic for multiple musculoskeletal disorders.

IGF-1 is present in three forms in the extracellular matrix: precursor IGF-1 which retains
e-peptide (Pro-IGF-1), Pro-IGF-1 with N-glycosylation (Gly-Pro-IGF-1), and mature IGF-1
[22]. Due to its retention, potential biological activities of e-peptide have emerged for either
the e-peptide alone or for the precursor. Pro-IGF-1 with e-peptide demonstrated positive
effects for muscle disorders treatment and increased binding to IGF-1R than mature IGF-1,
whereas Gly-Pro-1GF-1 showed less efficiency at IGF-1R activation [23]. IGF-1 in clinical
trials for muscle therapy is delivered via daily subcutaneous injections lacking e-peptide
but with e-peptide, its functional efficiency could be increased (clinicaltrials.gov/ct2/show/
NCTO01207908, [24]). Previous studies suggested potential biological roles of e-peptide.
Pro-1GF-1 and Gly-Pro-IGF-1 are predominant rather than mature IGF-1 in skeletal muscles
and this proportion was maintained even after viral over-expression of the /g7 gene.

The e-peptide requirement for muscle mass was proposed based on lack of improvement

on muscle hypertrophy in young mice after over-expression of IGF-1 [25] and increased
phosphorylation of cascade proteins was shown when Pro-IGF-1 was virally over-expressed
[22]. Moreover, independent e-peptide has stimulated IGF-1R signaling and regulated cell
proliferation and differentiation in various human cells and cell lines [22]. Therefore, the
retention of e-peptide in Pro-IGF-1 expressed in chloroplasts will be conducive to improve
efficacy of IGF-1 currently used in the clinic.

In addition to developing a novel IGF1, we address several limitations of previous studies on
oral delivery of PDs using IGF-1. The low level expression that led to inadequate delivery of
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PDs is addressed through expression in chloroplasts, up to 10,000 copies of foreign genes in
each plant cell, which is the highest copy number feasible in any protein bioreactor [2,8,26—
28]. In addition, chloroplasts are ideal for several post-translational modifications including
disulfide bonds required for proper folding and functionality of biopharmaceuticals [27,28].
Another limitation is presence of antibiotic resistance genes in genetically modified cells.
Although genetically modified soybean and corn containing antibiotic resistance genes
have been approved by FDA and consumed by billions of people around the globe in the
past three decades, the higher copy number used to enhance expression in chloroplasts

may pose some hurdles, even when drugs are delivered infrequently when compared

to daily consumption of GM food. Previous studies have reported IGF-1 expression in
seeds [29], non-edible plants [30] or cell cultures [31] but a precursor form of IGF-1, Pro-
IGF-1 retaining e-peptide, has never been expressed or functionality evaluated in suitable
animal models upon oral delivery. Bone morphogenetic protein 2 expression failed in
lettuce chloroplasts but was expressed via the nuclear genome. However, no fusion tag

for transmucosal delivery was used for evaluation of oral delivery [32].

Therefore, in this study, we created plants expressing codon optimized Pro-IGF-1 containing
the e-peptide fused with transmucosal carriers Cholera non-toxic B subunit (CTB) or cell
penetrating protein transduction domain (PTD) in chloroplasts. Most importantly, we deleted
the antibiotic resistance gene, evaluated transgene stability in subsequent generations of
plants, efficacy in proliferation or differentiation of different human/mouse oral cells, oral
delivery to the circulatory system and muscle, and bone healing in a diabetic fracture

mouse model. Together with the complete removal of the antibiotic resistance gene, this
novel platform should facilitate clinical studies of bioencapsulated biopharmaceuticals for
affordable oral drug delivery and enhanced patient compliance.

Results

2.1. Generation of lettuce/tobacco transplastomic lines expressing CTB-Pro-IGF-1

Tobacco and lettuce systems were used to evaluate expression because the former is known
for three decades whereas the edible lettuce is an emerging new system with only a few
therapeutic proteins expressed so far. Furthermore, selectable marker removal has been so
far reported only in tobacco chloroplast genomes and no antibiotic free therapeutic protein
has been reported in an edible crop. The precursor form of human IGF-1 with e-peptide
(Pro-1GF-1) was synthesized after codon optimization to improve its expression level in
chloroplasts, based on the codon usage hierarchy analyzed using highly expressed psbA
gene sequences from 133 plant species [33]. Out of a total 105 codons of Pro-IGF-1, 65
codons were optimized resulting in increased AT content from 43% to 57%. In addition,
three amino acids were changed (K68G, R74A, and R77A) to avoid the recognition by
endoprotease so as to prevent e-peptide cleavage [34] (Fig. S1 and Table S1). In a previous
study, mutations of Pro-IGF-1 on the prohormone processing and predicted glycosylation
sites increased proportion of non-glycosylated Pro-IGF-1 without losing activity to IGF-1R
[23]. However, the predicted glycosylated sites were not edited in this study because it is
well known that the chloroplast is a glycosylation free zone and it offers protection from
glycosylation even with potential glycosylated sites.
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The codon optimized Pro-IGF-1 was fused to CTB via a hinge (GPGP) and a furin

cleavage (KKRKSV) sequence [35], and the fusion construct was cloned into the lettuce
(pLsLF) (Fig. 1A) or tobacco (pLD-utr) chloroplast transformation vectors (Fig. 1E). After
bombardments of the plasmids to lettuce/tobacco leaves, shoots regenerated after the first
round of selection were tested using PCR analysis with specific primer sets (Fig. 1A and E)
to confirm site specific integration of the expression cassettes (Fig. 1B). PCR-positive shoots
were subjected to another round of selection to achieve homoplasmy. The homoplasmic
states were confirmed by Southern blots using suitable probes (SB-P) (Fig. 1C and F) and
expression of CTB-Pro-IGF-1 was detected in western blots (Fig. 1D). The transformed
chloroplast genomes showed distinct fragments of 11.6 kb (Fig. 1C) or 6.7 kb (Fig. 1F) in
lettuce or tobacco, respectively, confirming the integration of the CTB-Pro-IGF-1 expression
cassettes when compared to smaller fragments in the untransformed chloroplast genomes
(9.1 kb (Fig. 1C) or 4.4 kb (Fig. 1F) in lettuce or tobacco, respectively). The western blot
showed expression of CTB-Pro-IGF-1 protein of the expected size (24.3 kDa) (Fig. 1D).
These results confirmed the generation of lettuce/tobacco homoplasmic lines expressing
CTB-Pro-IGF-1.

2.2. Generation of marker-free PTD-Pro-IGF-1 homoplasmic lettuce lines

The marker-free chloroplast vector (pLsLF-MF) was generated by multiple cloning steps
(Fig. S2) containing the spectinomycin resistant aminoglycoside-3”-adenylyl-transferase
(aadA) gene under the control of plastid ribosomal RNA promoter (Prrn) and 3’UTR
(TrbcL). The aadA is inserted between two copies of chloroplast encoded CF1 ATP synthase
subunit beta (afpB) promoter region (649 bp) as shown in Fig. 2A. The codon-optimized
synthetic Pro-1GF-1 fused to PTD via the hinge and furin sequence was cloned into the
marker-free chloroplast expression cassette, under the control of the psbA promoter/5” UTR
and 3" UTR. The bombarded lettuce leaves were regenerated on spectinomycin containing
media and subsequently screened with specific sets of PCR primers during the first (data
not shown) and second round of selections (Fig. 2B). The 16s-F/aadA-R primer set anneals
to the endogenous chloroplast genome sequence and the aadA transgene within the cassette
(Fig. 2A), which amplified a 3.3 kb DNA fragment (Fig. 2B). The set of UTR-F/23s-R
primers was used to verify 3" region of the expression cassette (Fig. 2A), which produced a
fragment of 2.4 kb (Fig. 2B).

During the selection of lettuce chloroplast transformants on spectinomycin, the selection
marker is excised, leaving one copy of the azpB region in the transplastomic genome by
homologous recombination between the two directly repeated afpB fragments. Upon marker
gene excision, the primer set of 16s-F/atpB-R should amplify a 2.4 kb PCR product and the
16s-F/aadA-R should not produce any PCR products. As shown in Fig. 2B, transplastomic
line 1 showed no PCR product when amplified with the 16s-F/aadA-R primer set, resulting
from the excision of the aadA gene, with the presence of an amplified 2.4 kb fragment

by the 16s-F/atpB-R. This excision didn’t affect the stable integration of the PTD-IGF-1
expression cassette, which was confirmed by the PCR amplification of a 2.4 kb fragment
using the UTR-F/23s-R primer set. In lines 2, 3, and 4, 3.3 kb PCR products were
produced by the 16s-F/aadA-R, indicating that the aad/A marker gene was still present in
the chloroplast genomes (Fig. 2B). Three primary shoots showed positive results in the
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1st PCR screening; among 9 shoots screened in the 2nd round of selection, 6 shoots were
positive for transgene cassette integrations and one shoot showed complete removal of the
aadA gene.

The PCR positive shoots (line 2, 3 and 4) in Fig. 2B were examined along with the antibiotic
resistance gene-free shoot (line 1) and untransformed wild type lettuce by Southern blot
analysis (Fig. 2C). In the Southern blot, while untransformed lettuce showed a single 9.1

kb fragment, transplastomic line 1 showed a 10.7 kb fragment supporting the PCR results
(Fig. 2B) and achievement of homoplasmic marker-free line (marker gene excision from all
copies of the chloroplast genome). Interestingly, in line 2, 3, and 4, two fragments at 12.7 kb
and 10.7 kb in sizes were detected, which represents a heteroplasmic state with or without
the marker excision. Regardless of the aadA gene excision, expression of PTD-Pro-IGF-1
protein was detected at the expected size, 14.5 kDa, in all the examined lines when using
IGF-1 antibody, while no band was detected in the untransformed wild type lettuce (Fig.
2D).

To evaluate stability of the marker-free homoplasmic status in the next generation, 10
marker-free seeds were germinated on spectinomycin-free media. Genomic DNA PCR with
the same primer sets used in TO transplastomic line and Southern blots were carried out
(Fig. 2E and F). All the examined seedlings showed the excision of antibiotic resistance
gene but maintained the integration of the PTD-Pro-IGF-1 expression cassette. Expression
of PTD-Pro-IGF-1 in the T1 generation was also confirmed by western blots against anti-
IGF-1 (Fig. 2G). As shown in the TO plants (Fig. 2D), all examined T1 plants expressed
PTD-Pro-IGF-1 after the marker gene excision. Also, when T1 marker-free transplastomic
lines were germinated on antibiotic containing media (spectinomycin 25 and 50 pg/mL), the
leaves bleached out in 6 days after germination and the plants stopped growing 15 days after
germination (Fig. S3). Randomly selected 4 lines of T2 marker-free plants also showed the
antibiotic resistance gene-free homoplastomic state expressing Pro-IGF-1, as confirmed by
Southern blot and immunoblot analysis, respectively (Fig. 2H and I). These data confirm
that the marker-free state is stably maintained through subsequent T1 and T2 generations,
while maintaining expression of Pro-IGF-1.

2.3. Characterization of CTB/PTD-Pro-IGF-1 expression in lyophilized plant cells

Expression of CTB-Pro-IGF-1 in both lettuce (Fig. 3A and B) and tobacco (Fig. 3C and

D) chloroplasts was evaluated using antibodies against CTB or IGF-1. The two different
antibodies detected the same size of the target protein. Based on a standard curve generated
using known amounts of IGF-1 peptide, a concentration of expressed PTD-Pro-IGF-1 in
lyophilized lettuce leaves was 270 ug/g dry weight (Fig. 3E). Likewise, using a CTB
standard curve, CTB-Pro-IGF-1 concentration was 370 pg/g in lyophilized lettuce TO

lines (data not shown). Concentrations of the expressed therapeutic protein were compared
between fresh and lyophilized cells using immunoblot analysis with antibodies against CTB
or IGF-1 (Fig. 3F and G). Concentrations of both CTB- and PTD-Pro-1GF-1 were ~10-fold
higher in the lyophilized samples when compared to those in fresh leaves based on weight.
Such increase in concentration based on weight is due to removal of water and this is not
specific to IGF-1 but is observed in all quantified plant proteins.
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Harvested fresh leaves were frozen and stored at =80 °C, and the frozen leaves underwent

a 3-day sublimation process at low atmospheric pressure (400 mTorr) with gradual
temperature change (from —40 °C to 25 °C) to remove solid water molecules adhering

to proteins, without any loss of biological activity. Since lyophilization only removes the
solid water molecules attached to the frozen proteins, the same protein profile is observed

in western blots in fresh and lyophilized samples (Fig. 3 F and G). The pentameric form

of CTB, which is created by disulfide bonds, 30 hydrogen bonds, 7 salt bridges and several
hydrophobic interactions among CTB monomers, can bind to GM1 receptor [36]. CTB
carries any fused proteins across gut epithelial cells by binding to GM1 receptors, so that
the fused proteins can be delivered to the circulatory system when cleaved off from the

CTB by the ubiquitous protease furin [8]. To investigate formation of the pentameric CTB
structure, GM1 binding ELISA was performed using fresh or lyophilized lettuce (Fig. 3H)
or tobacco (Fig. 31) leaves expressing CTB-Pro-IGF-1. The absorbance values of the fresh
and lyophilized cells expressing the CTB fusion proteins at 450 nm were as high as the
CTB standard proteins (positive control), with no significant signal in negative controls.
These results show that the expressed CTB-Pro-IGF-1 in chloroplasts can be properly
folded in the pentameric form and the integrity of the pentameric structure can be also
maintained after lyophilization. It should be noted that GM1 ELISA performed in this

study is a qualitative assay and not quantitative, because pentamers form aggregates in

plant extracts. Therefore, quantitation to determine drug dose is done using western blots.
The presence of the pentameric CTB-Pro-IGF-1 structures in the tobacco lyophilized cells
further confirmed using non-reducing SDS-PAGE (Fig. 3J). The size of the pentameric form
of CTB-Pro-IGF-1 is ~121.5 kDa but a larger size was observed, which is probably a dimer
form of the pentameric structure. This may be due to the strong interactions between CTB
pentamers in absence of reducing agents [36] and/or inter or intra molecular disulfide bonds
in IGF-1 [27]. Most importantly, the single protein band in Fig. 3J supports existence of only
the assembled CTB-Pro-IGF-1 pentamers in plant cells and absence of any cleaved products
shows remarkable stability.

Expression levels of Pro-IGF-1 in the transplastomic lines were significantly increased in
the next generation (Fig. 3K and 3L). The levels of both CTB-Pro-1GF-1 or PTD-Pro-IGF-1
were higher in T1 lines than those of TO lines, with an average of 15-fold in CTB- and
7-fold in PTD-Pro-1GF-1, irrespective of the marker removal or the fusion tag. Expression
levels of Pro-1GF-1 were stable up to 31 months (Fig 3 M, N, O) in lyophilized plant cells.
No significant change in IGF-1 level was observed in the lyophilized powder (IGF-1 pg/g
Dry Weight) during long-term storage, with an average of 370 ug/g of CTB- and 270 ug/g
of PTD-Pro-IGF-1, when the same batch of plant powder was examined in western blots
at different storage time points, regardless of the selectable marker excision. Evaluation

of lyophilized plant cells stored for 1-20 months showed similar folding and assembly of
the CTB pentamer structures for GM1 receptor binding efficacy, irrespective of long-term
storage duration (Fig. 3H and I). The expression of IGF-1 didn’t impact plant growth or
fertility probably because plants do not have IGF-1 receptors or IGF-1 signaling pathways.
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2.4. Cell proliferation induced by chloroplast expressed CTB-Pro-IGF-1

To evaluate cell proliferation effects of the plant derived CTB-Pro-IGF-1 in vitro, MTT
assay was performed on four different human and mouse cell types: HOK (Human

Oral Keratinocytes), GMSCs (Human Gingiva-derived Mesenchymal Stromal Cells), SCCs
(Human head and neck Squamous Carcinoma Cells), and mouse osteoblasts (MC3T3).
CTB-Pro-1GF-1 was purified from lyophilized plant cells, due to higher concentration than
in fresh plant cells (Fig. 3 F and G), using the affinity of nickel binding to histidine
residues when CTB monomers form the pentameric CTB-Pro-1GF-1 structures (Fig. S4).
After the purified chloroplast derived protein was evaluated by immunoblot analysis with a
commercial human mature IGF-1 peptide, different concentrations of CTB-Pro-1GF-1 were
tested in four different oral cell types. The chloroplast derived CTB-Pro-IGF-1 stimulated
proliferation of HOK (~1.2-fold), GMSCs (~1.7-fold) and mouse osteoblasts (~1.7-fold)
when compared to the commercial IGF-1 (Fig. 4A, B, and 4D), while similar effects on
proliferation was observed in SCCs (Fig. 4C). These results demonstrate that the plant
derived human IGF-1 with e-peptide promotes cell proliferation in a dose dependent manner.
Cell proliferation rate is higher on HOK, GMSCs, and mouse osteoblasts, indicating the
human Pro-1GF-1 expressed in plant chloroplasts is fully functional and more effective
than the currently used mature IGF-1 product in the clinic. The recombinant Pro-IGF-1

can be superior to the clinical IGF-1 due to the retention of the e-peptide, stabilized by
three point mutations made in the endoprotease recognition site to prevent its cleavage,
confirming the importance of e-peptide in growth and repair. To determine whether the
plant derived Pro-IGF-1 can promote osteoblast differentiation, MC3T3 cells were incubated
in OS medium with or without purified CTB-Pro-1GF-1 for 5 days and expression levels

of osteogenesis markers (ALP, OSX, RUNX2) were examined. Our data showed that
treatment with CTB-Pro-IGF-1 at 300 ng/ml significantly up-regulated the expression of
ALP, OSX, and RUNX2, demonstrating that the plant derived Pro-IGF-1 can promote
osteoblast differentiation along with proliferation (Fig. 4E).

2.5. Evaluation of IGF-1 levels after oral delivery

We orally gavaged Pro-1GF-1 expressed in chloroplasts of tobacco, lettuce with marker, and
lettuce without marker to evaluate IGF-1 levels in sera and muscles after their oral delivery.
Our results show efficient delivery of all three plant products to the sera of C57BL6/J mice
(Fig. 5A). Baseline values of 4.3 ng/ml + 1.35 (SEM) of circulating IGF-1 were increased
by 2 h-10.6 ng/ml £ 1.6 (SEM) in the sera of mice fed with CTB-Pro-IGF-1 lyophilized
tobacco plant powder (5 pug IGF-1). Likewise, CTB-Pro-IGF-1 produced in lettuce also
increased from a baseline of 3.9 ng/ml £ 0.61 (SEM) to 11.62 ng/ml + 1.9 (SEM), with a

5 ug dose of IGF-1. These results show similar absorption levels from both plant products
utilizing CTB for transport via the GM1 receptors. When PTD-Pro IGF-1, which utilizes
macropinocytosis for penetration of the epithelial barrier was tested, similar absorption
efficacy was observed. Increases from baseline values of 2.8 ng/ml £ 0.5 (SEM) to 8.1
ng/ml + 1.5 (SEM) in gavaged mice were found. No significant differences between males
and females were observed. Within each group, some differences in bioavailability were
seen but we observed 2-3-fold increase on an average in all gavaged groups. These results
demonstrate that PTD-Pro-IGF-1 produced in transplastomic plants, that lack the antibiotic
resistance gene, can be orally delivered via an endocytic mechanism.
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We conducted pharmacokinetic experiments in mice for quantification of IGF-1 in sera
following oral gavage (Fig. 5B). IGF-1 levels were measured at 2, 6, 8, and 24 h. At 2

h, IGF-1 showed a 39% increase over baseline (0 h), declined to 35% at 6 h, 8% at 8 h

and slowly returned to baseline levels after 24 h. As explained above, release of Pro-1GF-1
in the gut lumen depends on gut microbial enzymes capable of digesting the plant cell

wall. Very few gut bacterial species capable of releasing enzymes have been characterized
and further research is needed to characterize their role. However, we could examine the
effectiveness of cell wall-degrading enzymes produced by gut microbes to release Pro-1IGF-1
from the plant cells in vitro (Fig. 5C). Four digestive enzymes present in the gastrointestinal
tract (mannanase, pectinate lyase, endoglucanase and exoglucanase) were expressed in plant
cells. PTD-Pro-IGF-1 expressing lyophilized plant cells (10 mg) were incubated in vitro in
the presence or absence of a mixture of plant cell wall degrading enzymes expressed in plant
cells [37,38]. After 2 h incubation at room temperature, an increase of IGF1 from 7 £ 2
ng/ml in the absence of enzymes to 27 + 1 ng/ml in the presence of enzymes, providing
further insight into the mechanism of drug release in the gut lumen.

Furthermore, the presence of increased IGF-1 in gastrocnemius (Fig. 5D) and soleus
muscle (Fig. 5E) at 5 h after the oral gavage indicates that CTB and PTD act as
transmucosal carriers for the delivery of IGF-1 to muscle tissues. IGF-1 was increased

in both gastrocnemius and soleus muscle ~28% at 5 h after feeding (Fig. 5D and E),
indicating that CTB or PTD-Pro-IGF-1 can be efficiently delivered into different muscle
tissues. Although the plant cells were gavaged after storage for 4, 6, 31 months (due to
creation of the transplastomic lines at different time points), the gavaged Pro-IGF-1 in all
three plant cells increased IGF-1 levels in sera 2.5- to 3 fold, regardless of duration of
storage, confirming their functionality after prolonged storage as lyophilized powder. This
unique advantage eliminated the need for cold storage and transportation of protein drugs
currently used in the clinic.

2.6. Systemic administration of IGF-1 promotes bone regeneration in diabetic fracture

model

To further characterize the effect of CTB-Pro-IGF-1 in vivo in a disease model, we chose to
use fracture models in both Diabetes (Dia) and age/gender matched non-diabetes wild type
(CON) mice. Micro-CT images, which covered around 3 mm proximal and 3 mm distal to
the fracture sites, were acquired at 6 weeks post-fracture. As expected, 3D reconstruction of
microCT images showed a significant reduction of bone formation in Dia mice compared to
that in CON mice. Dia mice had much less bone mass with low-bone density and porous
woven bone in the fracture sites compared to CON mice (Fig. 6A). Accordingly, ratio of
BV/TV (bone volume fraction) and bone connectivity density were decreased by 54% and
39% respectively. Moreover, histological analysis results showed that relative bone area was
reduced by 31% in Dia mice when compared to CON mice (Fig. 6B). The bone volume,
density and area were significantly increased after IGF-1 treatment when compared to WT
plant treated Dia mice (Fig. 6). This demonstrates that the orally delivered CTB-Pro-IGF-1
can effectively restore bone healing of diabetic fracture.
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3. Discussion

IGF-1 has been used as a therapeutic candidate to treat multiple muscle disorders.
Circulating IGF-1 produced mostly in the liver is not adequate to improve muscle
hypertrophy, therefore delivery to muscle tissue is required for efficacy. Boosting IGF-1
levels in the circulatory system is a suitable strategy since elevated IGF-1 levels in sera
resulted in muscle mass enhancement due to their trans-localization to the muscle tissues
[24]. 1t is well established that oral administration of untagged IGF-1 results in little or
no-detectable IGF-1 in sera. Therefore IGF-1 has been administered by injections in clinical
studies. No detectable IGF-1 was found in sera of pigs fed 3.4 mg/kg IGF-1 per day for
four days [39]. Recombinant IGF-1 was increased in serum levels in humans approximately
100% over 20 days of 12 hourly injections in malnourished CAPD patients [40]. In contrast,
the present study demonstrates that orally delivered Pro-IGF-1 raised circulating levels of
IGF-1-100% at 2 h and ~28% increases in local muscle tissues at 5 h after a single dose in
mice.

We compared increases in IGF-1 in sera and muscles between PTD-Pro-1GF-1 and CTB-
Pro-IGF-1 fed mice to distinguish efficiency of non-receptor mediated vs. receptor-mediated
delivery. We observed ~28% increases of IGF-1 in muscle tissues for both PTD-Pro-IGF-1
and CTB-Pro-IGF-1 fed mice. In contrast to the receptor-mediated transport of proteins
fused with CTB, PTD penetrates cell membranes by stimulating macro-pinocytosis and
does not enter immune modulatory cells [41]. The ability to deliver Pro-IGF-1 to muscle
tissue using PTD presents an unique advantage in drug delivery for prevention of antibody
development, which is often a challenge for several injected protein drugs in hemophilia or
other diseases [2,7].

Several mechanistic observations could be made based on these results. First, the
bioencapsulation of IGF-1 within plant cells protects Pro-IGF-1 from the digestive enzymes
or extremely acidic pH in the stomach. Plant cell walls have B-1,4 and B-1,6 linkages, which
can’t be hydrolyzed by human digestive enzymes [42]. Intact pant cells also prevent acid
hydrolysis of bioencapsulated proteins. Based on these concepts, intact plant cells containing
protein drugs, ranging from very small regulatory proteins (Angl1-7 [43,44], exendin [45],

or insulin [46]) to very large proteins [6,47-50] or vaccine antigens [51-60] have been
delivered to the circulation or immune system demonstrating their protection from acids and
enzymes. Indeed, such protection was visually demonstrated using lyophilized plant cells
expressing CTB-GFP; GFP fluorescence in intact cells was observed first nearby villi and
then GFP was observed inside gut epithelial M cells [35,41], which shows that GFP fused
with CTB or PTD was taken up via endocytosis or pinocytosis pathways, after their release
from plant cells in the gut lumen. The cellulolytic bacteria are closely associated with

the plant cell surface, forming a biofilm and colonizing the gut mucus [42]. This biofilm
provides another layer of protection for the protein drugs from intestinal proteases in the gut
lumen. In this study, we have provided further insight into this process by demonstrating
release of Pro-IGF1 from intact plant cells after incubation with cell wall degrading enzymes
released by commensal bacteria. Released CTB fused protein drugs bind to GM1 receptors
present on epithelial cell surface. GM1 is highly abundant - 15,000 per cell [61] and the
average surface area of the intestine is ~32 m2 [62]. Irrespective of fusion tags used, GFP
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is very efficiently delivered to the liver. Biodistribution to the liver is higher than any other
tissues because blood carries proteins from the gut to the liver via the portal vein [41]. GFP
studies show that liver takes up orally delivered proteins to a level of saturation that is not
dependent on the fusion tag.

Second, both transmucosal carriers (CTB, PTD) are equally efficient in delivering IGF-1
into circulation, even though they use very different mechanisms to cross the gut epithelial
cells [41]. Third, furin is a ubiquitous protease presents in most cells and tissues [8].

It cleaved off the fused tags from Pro-1GF-1 producing the same size of proteins as
endogenous IGF-1 based on the detected IGF-1 in the muscle tissues after the oral gavage,
which confirms efficiency of the engineered furin cleavage site. Release of fused proteins
without CTB into the circulation after the furin cleavage or lack of protein delivery without
transmucosal carriers have been reported in previous studies [35,63]. As stated above, no
detectable IGF-1 was found in sera of pigs fed with very high doses 3.4 mg/kg IGF-1 per
day for four days [39].

Differences observed in bioavailability in individual animals within the same group using
the same tag (CTB or PTD) are most likely due to variability in the number of plant cells
gavaged because plant cells were resuspended in PBS and gavaged using a needle. The
needle based oral delivery is not relevant to the clinic but is the only option available for
mice. In addition, food was not withdrawn from cages to fast the animals before the oral
gavage, in order to simulate natural drug delivery conditions, as in the clinic. Therefore,
there is some variability in the digestion rate of the plant cells containing IGF-1. Several
previous studies have reported efficacy of dose-dependent delivery upon oral administration
of large blood clotting factor proteins, including FIX [6,7] or FVIII [47]. Because these
studies were done in different animal models (mice, dogs) for different durations (3-12
months) using different diets or at different locations (Florida, North Carolina, Indiana,
Pennsylvania), there is no evidence to indicate that variation in gut microbes significantly
impacts the delivery of drugs bioencapsulated in plant cells. Delivery of only the fusion tag
as control without IGF-1 was not tested because of difficulty in expression of PTD alone
(4 kDa) or numerous prior studies using CTB alone as a vaccine antigen [8,52] or CTB
with a reporter protein like CTB-GFP [35]. The oral administration of IGF-1 is preferable to
daily injections, which are necessary in patients due to the 12-h half-life of IGF-1 in blood
[64]. These findings indicate that the chloroplast derived Pro-IGF-1 could be an effective
approach to treat musculoskeletal disorders by maintaining its functional characteristics
and ease of oral delivery transported into different tissues such as muscle and bone after
absorption through the intestinal epithelial cells.

IGF-1 is involved in multiple growth signaling pathways including bone growth,

fracture healing, and dental tissue regeneration through proliferation and differentiation

of chondrogenic and osteogenic cells [11]. For example, IGF-1 enhances osteogenic
differentiation of MSCs (Mesenchymal stem cells) towards osteogenic precursor cells,

such as osteoblasts [65,66] and also promotes osteogenesis and cementogenesis in
periodontal regeneration by boosting proliferation/differentiation of MSCs [67]. Human oral
keratinocytes, epidermal stem cells, can be a key source for tooth formation promoting
differentiation into enamel-secreting ameloblasts when generated with mouse embryonic
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mesenchyme [68]. Oral keratinocytes also regulate oral epithelial growth stimulated by
keratinocyte growth factors including IGF-1 [69]. The present study demonstrates that
chloroplast derived Pro-IGF-1 facilitated proliferation of oral cells including GMSCs
(Human Gingiva derived Mesenchymal Stromal Cells), HOK (Human Oral Keratinocytes),
and mouse osteoblast with significantly upregulated expression of osteoblast differentiation
marker genes. These findings indicate that this study advances the therapeutic capacity of
chloroplast derived Pro-IGF-1 for craniofacial and bone treatment. Recent clinical trials
have shown that application of recombinant human fibroblast (FGF)-2 and teriparatide
(parathyroid 1-34) resulted in bone formation after delivery to periodontal lesion via open
flap debridement surgery [70]. Additionally, studies have shown that local administration of
IGF-1 in a rat fracture model accelerate fracture healing with stronger callus formation
[71,72] and IGF-1 has a similar effect on callus formation when compared to Bone
Morphogenetic Protein-2 [73,74]. Moreover, recent clinical trials demonstrated that IGF-1
plays an important role in healing delayed union and high serum levels of IGF-1 correlate
with successful treatment outcomes [75—77]. However, despite the promising outcomes,
surgery is still required for delivering therapeutic proteins in dental medicine as well as bone
healing [70,78]. The chloroplast system offers a platform for a novel periodontal and skeletal
drug delivery to increase patient compliance and affordability.

To further examine the effect of orally delivered IGF-1 in an in vivo model, we applied

a type | diabetic fracture healing model in this study. Unexpectedly, we did not observe a
significant impact on fracture healing after IGF-1 treatment in non-diabetic mice, because
endogenous IGF-1 levels were normal. Interestingly, in the pathological diabetic condition,
when the bone regeneration is reduced, IGF-1 can restore the defective bone regeneration
caused by diabetes. We found that the bone volume, density and area were significantly
increased after IGF-1 treatment, when compared to the WT plant treated diabetic mice. It

is worth noting that the blood glucose levels are not different between diabetic mice treated
with or without IGF-1 during this study. Additionally, IGF-1 sera levels between IGF-1
treated Diabetic and non-Diabetic groups have no significant difference, suggesting diabetes
may not affect IGF-1 absorption though GM1 receptor in gut epithelium of mice. Moreover,
this also indicated that improved bone formation is due to IGF-1 effect on the bone and not
due to improvement of the diabetic condition.

The plant chloroplast system has been advanced to deliver therapeutic proteins with various
advantages including a high-level expression and ease of oral administration. However,
removal of the antibiotic resistance gene could further improve this process. Previous studies
have shown that direct DNA repeats > 600 bp promote homology-based marker excision in
tobacco chloroplast genomes [79]. More recently, we have demonstrated the first application
of marker-free transplastomic lettuce expressing food/feed enzymes [37,38]. Therefore, to
create the Pro-IGF-1, we used 649 bp of two afpB promoter regions to initiate the marker
excision from the transformed lettuce chloroplast genome. Interestingly, the aadA gene was
successfully excised even in the first round of selection. This may be due to the copy
correction mechanism that maintains identical inverted repeat regions (including spacer
regions) found in > 800 sequenced chloroplast genome [80]. These results suggest that
generation of maker-free transplastomic edible plants is efficient and precisely removes the
selectable marker genes in a short, simple method with no need for additional screening
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process. Furthermore, the excision of antibiotic resistance genes not only reduces metabolic
load of the transplastomic crops but also enables the same selection marker to be reused for
subsequent transformation events.

In conclusion, this study demonstrates that the Pro-IGF-1 expressed in plant chloroplasts
and bioencapsulated by the plant cell wall is orally deliverable in fully functional form.
Lyophilized plant cells can be stored at room temperature up to 31 months without

losing functional efficacy, facilitating affordability and enhanced patient compliance, in
sharp contrast to surgical delivery of protein drugs in dental medicine. Precise excision of
the antibiotic resistance gene from transformed lettuce chloroplast genome, inclusion of
e-peptide to enhance function of IGF-1 not present in current clinical products and ease of
repetitive oral drug delivery offer major improvements for patients who suffer from various
genetic muscle diseases, acute atrophy, injuries or bone loss.

4. Methods

4.1. Generation of CTB-Pro-IGF-1 expressing tobacco and lettuce transplastomic lines

To fuse codon-optimized and synthesized Pro-1GF-1 to CTB, overlapping PCR was done
using primers which are as follows: Ngel-CTB-F, 5-
TTCATATGACACCTCAAAATATTACTGATT; CTB-IGF-1, 5'-
TTGCCGCAATTAGTATGGCAAATGGTCCTGGACCACGTCGTAAACGCTCTGTTGGT
CCTGAAACTCTATGTGGTGCT; IGF-1-PshAI-R, 5'-
CAATAAGACCAAAGTCTCTAGATTACATACGATAATTTTTGTTTCCAGC; and IGF-1-
Xbal-R, 5" - CAATAATCTAGATTACATACGATAATTTTTGTTTCCAGC. The resultant
CTB-Pro-1GF-1 fusion construct was amplified and cloned into tobacco chloroplast
transformation vector (pLD-utr) and lettuce vector (pLsLF) [37,81]. The cloned CTB-Pro-
IGF-1 was transformed to tobacco (Petit Havana) and Lettuce (Lactuca sativa) cv. Simpson
Elite by bombardment as previously described [37,81,82]. After the bombardment, shoot
regeneration was performed as described previously [80,81]. Primary shoots were screened
using PCR with specific primer sets which are as follows: 16s-F, 5'-
CAGCAGCCGCGGTAATACAGAGGATGCAAGC; aadA-R, 5'-
CCGCGTTGTTTCATCAAGCCTTACGGTCACC; Ndel-CTB-F, 5'-
TTCATATGACACCTCAAAATATTACTGATT; IGF-1-PshAI-R, 5 -
CAATAAGACCAAAGTCTCTAGATTACATACGATAATTTTTGTTTCCAGC; UTR-F, 5'-
AGGAGCAATAACGCCCTCTTGATAAAAC; and 23s-R, 5’-
TGCACCCCTACCTCCTTTATCACTGAGC. The PCR positive leaves were subject to the
2nd round selection on regeneration media [81] containing spectinomycin 500 pg/mL for
tobacco and 50 pg/mL for lettuce. The regenerated shoots after the 2nd round selection was
screened by PCR with the same primer sets used in the 1st round selection. The achievement
of homoplasy and the expression of the fusion proteins in the homoplasmic lines were
confirmed using Southern and western blot assay respectively as described below, and the
confirmed lines were transferred to hydroponic system and then greenhouse as previously
described [37].
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4.2. Creation of marker-free PTD-IGF-1 lettuce chloroplast expression vectors

Lettuce chloroplast transformation vector in the Daniell lab, pLsLF, was used as a backbone
vector [81], which contains spectinomycin-resistant gene (aad/A, aminoglycoside 3’-
adenylytransferase gene). To design a marker-removable vector, the 649-bp long direct
repeat DNA sequence, derived from atoB promoter and 5° UTR [37,38], was PCR amplified
using tobacco total genomic DNA as a template and then the sequence-confirmed direct
repeats were cloned to flank aadA expression cassette. For the insertion of single-digested
atpB fragments into the vector backbone, NEBuilder HiFi DNA (NEB, Ipswich, MA)
assembly kit was used to avoid the possible ligation of the fragments in a reverse direction.
The codon-optimized Pro-1GF-1 was also fused to PTD using overlapping PCR and the used
primers are as follows: Ndel-PTD-F, 5'-
ATTTTACATATGAGACACATCAAGATCTGGTTCCAAAACCGCCGCATGAAGTGGAA
AAA; PTD-IGF-1-F, 5'-
CCGCCGCATGAAGTGGAAAAAGGGTCCTGGACCACGTCGTAAACGAT; and IGF-1-
PshAI-R, 5 -
CAATAAGACCAAAGTCTCTAGATTACATACGATAATTTTTGTTTCCAGC. The PCR-
amplified PTD fused Pro-IGF-1 construct was cloned into the newly designed marker-free
vector, pLsLF-MF (please refer to the detailed process of the maker-free vector construction
in suppl Fig. 2) and the constructed plasmids were then delivered by gene gun into lettuce
(Lactuca sativa) cv. Simpson Elite leaves [81].

4.3. Screening of marker-free PTD-Pro-IGF-1

After bombardment, lettuce leaves were cut into small pieces (less than 1 cm?2) and

grown on regeneration media [MS salts (Caisson, Smithfield, UT), Gamborg vitamins
(PhytoTechnology Laboratory, Lenexa KS), BAP 0.2 mg (Sigma, St Louis, MO), NAA
0.1 mg (Sigma, St Louis, MO), Myaoinositol 100 mg (Sigma, St Louis, MQO), PVP

500 mg (Sigma, St Louis, MO), sucrose 30 g (Sigma, St Louis, MO), phytablend

5 g (PhytoTechnology Laboratory, Lenexa, KS)] containing spectinomycin 50 pg/mL.
Primary shoots (4—6 weeks) generated form the selection media were screened using
specific PCR primer sets: 16s-F, 5'-CAGCAGCCGCGGTAATACAGAGGATGCAAGC;
aadA-R, 5'-CCGCGTTGTTTCATCAAGCCTTACGGTCACC; atpB-

R, 5'-GAATTAACCGATCGACGTGCTAGCGGACATT, UTR-F,

5’- AGGAGCAATAACGCCCTCTTGATAAAAC; 23s-R, 5'-
TGCACCCCTACCTCCTTTATCACTGAGLC. In another round of selection, any regenerated
shoots showing bleached leaves were immediately subject to PCR analysis to confirm the
excision of aadA gene and then transferred to spectinomycin-free media to induce roots.
Once the roots were produced, homoplasmy and transgene expression were confirmed

by Southern and western blot assay, respectively. For the western blot, fresh leaves were
ground in liquid nitrogen; 100 mg of the ground powder was suspended in 300 uL

of extraction buffer (100 mM NaCl, 10 mM EDTA, 200 m Tris-Cl, pH 8, 0.05% v/v
Tween 20, 0.1% v/v SDS, 400 mM Sucrose, 14 mM B-mercaptoethanol, 100 mM DTT, 2
mM phenylmethylsulfonyl fluoride, and proteinase inhibitor cocktail). Detailed subsequent
steps are described below. Southern blot assay was performed according to manufacturer’s
protocol of DIG high prime DNA labelling and detection starter kit Il (Roche, Penzberg,
Germany). The transplastomic plants were grown in AeroGarden hydroponic system for
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2 weeks, supplemented with liquid plant food (Miracle-Gro, Marysville, OH), and then
transferred to greenhouse for biomass increase. For the growth in the greenhouse, the
transplastomic plants were planted in soil, mixed with a 1:1 ratio of garden soil (Miracle-
Gro, Marysville, OH) and potting soil (Erthgro), and the plants were fertilized with Miracle-
Gro Water Soluble All Purpose Plant Food once or twice per week under the conditions of
16-h: 8-h light cycle at 22 °C. Harvested leaves were lyophilized as previously described
[33].

4.4. Quantitation and characterization of CTB/PTD-Pro-IGF-1 in lyophilized cells

4.5.

To investigate expression of CTB or PTD fused Pro-IGF-1, 10 mg of lyophilized leaf power
was rehydrated in 500 pL of extraction buffer (100 mM NaCl, 10 mM EDTA, 200 m Tris-Cl,
pH 8, 0.05% v/v Tween 20, 0.1% v/v SDS, 400 mM Sucrose, 14 mM B-mercaptoethanol,
100 mM DTT, 2 mM phenylmethylsulfonyl fluoride, and proteinase inhibitor cocktail) for 1
h at 4 °C and was then sonicated using Sonicator 3000 (Misonix, Farmingdale, NY) under
the conditions of three cycles of 5 s on and 10 s off. After the extracted proteins were
quantified by Bradford assay (Bio-rad Laboratories, Hercules, CA), the protein samples
were heated at 70 °C in 1X Laemmli sample buffer for 10 min and separated on SDS-PAGE
(12%). Immunoprobing was performed using rabbit anti-CTB (1:10,000) (Gen Way Biotech,
San Diego, CA), rabbit anti-IGF-1 (1:4,000) (Abcam, Cambridge, UK), and goat anti

rabbit IgG-HRP (1:4,000) (Southern Biotechnology, Birmingham, AL). The protein size
marker was detected using Precision protein Strep Tactin-HRP conjugate (1:5000) (Bio-rad
Laboratories, Hercules, CA). Chemiluminescent signals emitted by HRP were developed
onto X-ray films and the developed X-ray films were then analyzed using ImageJ software
(1J 1.46; NIH) for the densitometry assay to quantify the expression levels of the fusion
proteins. Standard curves were created using known amounts of CTB protein (Sigma, St
Louis, MO) or IGF-1 peptide (Abcam, Cambridge, UK).

Immunoblots of CTB-Pro-IGF-1 in non-reducing gels

Ten mg of lyophilized tobacco leaf powders was rehydrated in 500 pL of the extraction
buffer containing no reducing agents such as 14 mM pB-mercaptoethanol, 100 mM DTT
for 1 h at 4 °C, sonicated, and quantified as described above. After the extracted proteins
were mixed with sample buffer (250 mM Tri-Cl, pH 6.5, 10% w/v SDS, 50% v/v glycerol,
0.2 mM bromophenol blue), electrophoresis and western blot were performed as described
above.

4.6. Quantitation of Pro-IGF-1in fresh and lyophilized leaves

Equal amounts of fresh and lyophilized leaf materials were extracted in the same volume

of extraction buffer, and the extracted proteins were loaded in a serially diluted way

and followed by immunoprobing steps described above. For lettuce lines expressing CTB-
Pro-IGF-1 or marker-free PTD-Pro-IGF-1, 1X indicates the volume of 10 uLI from the
resuspended protein samples, which were prepared from the extraction of 10 mg of
lyophilized powder in 300 pL of protein extraction buffer. The sample preparation of
tobacco line expressing CTB-Pro-IGF-1 was the same as the lettuce line but 1X indicates the
volume of 1 pL. For loading controls, membranes were deprobed using Western Stripping
Buffer (Thermo Fisher Scientific, Waltham, MA) for 10 min at 37 °C, then immunolabeled
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with rabbit anti-RbcL antibody (Rubisco Large Subunit) (Agrisera, Vannas, Sweden) diluted
1in 40,000 in PTM for 1 h. The subsequent western blot steps were followed as described
above.

4.7. GM1-Ganglioside receptor binding assay

The formation of pentameric structure of CTB-Pro-1GF-1 expressed in both lyophilized
tobacco and lettuce was evaluated using CTB-CTB-GM1 binding ELISA. The binding assay
was carried out as described previously [6].

4.8. Purification of CTB-Pro-IGF-1 and cell proliferation assay

Four hundred milligrams of lyophilized and ground tobacco transplastomic lines containing
CTB-Pro-IGF-1 was rehydrated in 20 mL of plant protein extraction buffer (50 mM NaP,
300 mM NacCl, 1.4 mM beta-mercaptoethanol, 0.5% v/v Tween 20, and 2 tablets of protease
inhibitor cocktail, pH 7.8) for 1 h at 4 °C and homogenized. The homogenate was spun
down after sonication. The supernatant was incubated with buffer exchanged 2 mL of Ni
resin (Clontech, Fremont, CA) for overnight. Once it was stacked up in columns, they

were washed in a sequence with 15 mL of binding buffer (50 mM NaP, 300 mM NaCl,

pH 7.8) and 30 mL of wash buffer (50 mM NaP, 300 mM NaCl, 20 mM imidazole,

pH 7.8). Then, they were eluted with elution buffer (50 mM NaP, 300 mM NacCl, 250

mM imidazole, pH 7.8). Purified CTB-Pro-1GF-1 was evaluated on a Coomassie blue
stained gel and its concentration was calculated based on standard curves made with

known concentration of IGF-1 peptide (Abcam, Cambridge, UK) on the same protein gel
followed by immunoblot analysis as described above. Certain number of cells [2,500 of
HOK (Human Oral Keratinocytes), 5,000 of GMSCs (Human Gingiva derived Mesenchymal
Stromal Cells), 3,000 of SCCs (Human head and neck Squamous Carcinoma Cells), and
4,000 of MC3TC (Mouse Osteablast Cells) in 100 uL growth media were seeded in three
96-well plates. After 16 h at 37 °C with 5% CO2, a series concentration of the purified
CTB-Pro-1GF-1 and human IGF-1 commercial peptide (Abcam, Cambridge, UK) were
incubated with the cells. PBS added in the cells was used as negative control for 0 ng of
peptide. After 24, 48, and 72 h, absorbance of viable proliferated cells were measured by
MTT assay (Roche, Basel, Switzerland) at 570 mm with references at 655 nm. The data was
biologically repeated twice run in triplets.

To examine the osteogenic differentiation, MC3T3 cells were treated with osteogenic
medium (OS medium). OS medium is a-MEM (Gibco, Waltham, MA) containing 10%
FBS, 10 mM B-glycerophosphate (Sigma, St Louis, MO), 50 pg/ml ascorbic acid (Sigma)
and 10-8 M dexamethasone (Sigma). After 5 days treatment in OS medium with purified
CTB-Pro-IGF-1 at 100 ng/ml, 200 ng/ml and 300 ng/ml, cells were isolated for RNA
extraction and gPCR analysis for osteogenetic markers: Alkaline phosphatase (ALP), runt
related transcription factor 2 (RUNX2) and Osterix (Osx).

4.9. Animal studies

C57BL/6J mice 8-10 weeks of age were purchased from the Jackson Laboratories and
housed in pathogen-free conditions at the University of Pennsylvania under institutionally
approved protocols. Lyophilized plant cells were rehydrated in PBS to a final volume of 300
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UL per gavage dose (containing 5 pg of CTB or PTD tagged IGF-1) and briefly vortexed

for 3-4 s. Three groups of mice, 18 per group (9 males and 9 females) were fed using a

20 gauge gastric gavage needle. Blood (50-80 pL) was drawn from the submandibular vein
before and 2 h after gavage and allowed to clot at room temperature for 2 h. Subsequently,
sera were separated by centrifugation at 3000 RPM for 15 min at 4 °C and stored at

—-80 °C. Levels of IGF-1 in sera were assessed by ELISA assay. Soleus or gastrocnemius
muscles were dissected from the hind limb of controls and mice fed CTB or PTD tagged
IGF-1, snap frozen in liquid nitrogen and assessed for IGF-1 by western blot. For Kinetic
studies, baseline blood was drawn from the sub-mandibular vein of six mice (3 male and 3
female) and subsequently mice were gavaged with plant powder expressing CTB-Pro-IGF-1
as described above. Blood samples were drawn at 2, 6, 8, and 24 h after gavage and sera was
collected. IGF-1 levels in sera were determined by ELISA.

4.10. Release of PTD-Pro-IGF-1 from plant cells using cell wall degrading enzymes

4.11.

4.12.

Lyophilized lettuce cells expressing PTD-Pro-IGF-1 was incubated in PBS for 5 min and
the supernatant was separated by centrifugation (14,000 RPM for 10 min). The pellet was
resuspended in PBS in the presence or absence of a mixture of plant cells (5 mg) expressing
enzymes (mannanase, pectinate lyase, endoglucanase, exoglucanase). After 2 h incubation
at room temperature the supernatant was separated by centrifugation and PTD-IGF-1 was
quantitated by ELISA.

ELISA assay of IGF-1in sera

IGF-1 standards (Abcam, Cambridge, UK) and sera samples were diluted in coating buffer
(15 mM Na2CO03, 35 mM NaHCO3, 3 mM NaH3, pH9.6) and allowed to bind to Costar
(3590) high-binding EIA/RIA plates overnight. Subsequently, plates were washed 3 times in
PBS-0.1% Tween-20 (PBST), blocked with 3% milk in PBST (PTM) for 1 h and incubated
in primary antibody, rabbit anti-IGF-1 in PTM 1:2000 (Abcam, Cambridge, UK) for 2 h at
37 °C. Next, plates were washed 3 times in PBST and incubated in secondary antibody goat
antirabbit 1gG1 conjugated to HRP in PTM 1:4000 (Southern Biotechnology, Birmingham,
AL) at 37 °C for 1 h. Plates were then washed in PBST, incubated in TMB peroxidase
substrate (Rockland) for 10 min at room temperature, followed by stop solution (2 N
H2S04). Absorbance was read at 450 nm.

Immunoblotting analysis of muscle tissues

Soleus and gastrocnemius muscle tissues were thawed from liquid nitrogen and
homogenized in lysis buffer (10 vol per muscle wet weight) consisting of 50 mM Tris-HCL,
pH 7.4; 0.25% sodium deoxycholate; 150 mM NaCl and 1% Triton X-100; protease and
phosphatase inhibitors (Sigma, St Louis, MO). Tissue homogenates were assessed for
protein by Bradford assay (Bio-rad Laboratories, Hercules, CA). Tissues were analyzed

by electrophoresis and western blotting as described above. For loading controls, the
membrane was incubated in Western Stripping Buffer (Thermo Fisher Scientific, Waltham,
MA) for 5 min at 37 °C, was incubated in primary antibody mouse anti-actin (Santa

Cruz Biotechnology, Dallas TX), 1:4000 or mouse anti-GAPDH (Abcam, Cambridge, UK),
1:4000 in PTM, washed in PBST, and incubated in HRP conjugated goat-anti-mouse IgG
(Southern Biotechnology, Birmingham, AL) 1:4000 and developed by chemiluminescence.
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4.13. Murine type | diabetic femur fracture model

Twenty-five eight-week old C57BL/6J male mice from Jackson Laboratory were randomly
assigned to four groups: CON group (6 male non-diabetic mice, oral gavage with lyophilized
wide type (WT) plant cells), IGF-1 group (6 male non-diabetic mice, oral gavage with
lyophilized plant cells containing CTB-Pro-1GF-1), Dia group (7 male diabetic mice, oral
gavage with lyophilized WT plant cells), Dia-IGF-1 group (6 male diabetic mice, oral
gavage with lyophilized plant cells containing CTB-Pro-IGF-1). WT plant cells powder and
lyophilized plant cells (20 mg) containing 5 pg CTB-Pro-IGF-1 were respectively rehydrated
in PBS to a final volume of 300 uLI per gavage dose. The period of oral gavage was 6 weeks
and the frequency of it was once a day.

Mice from Dia and Dia-IGF-1 groups were given daily intraperitoneal injections with STZ
(50 ug/g body weight in 0.1 M citrate buffer) for 5 days to induce type | diabetes at 3
weeks before fracture as previously described [83]. Blood glucose levels were examined 7
days after the final streptozotocin injection by obtaining blood from tail vein and measuring
glucose concentration with a glucometer (ONE TOUCH Ultra 2, LifeScan, Switzerland).
Mice with no fasting blood glucose levels greater than 300 mg/dl were considered diabeties.

Closed femoral fractures with intramedullary nail fixation were performed in 12-week
(wk)-old mice previously described [84,85]. Briefly, closed fractures were generated by a
three-point blunt guillotine driven by a dropped weight, which creates a uniform transverse
fracture of the femur. The fractured femurs were harvested at 6 weeks post fracture for
analysis.

4.14. Micro-computed tomography (microCT) imaging and radiography

Mice were anesthetized by isoflurane and the fracture sites were radiographed using a
Faxitron MX-20 (Faxitron X-Ray) at D0, D7, D14 and D21 to monitor the progress of
fracture healing. At the end of this study, bone microarchitecture of the fractured femur was
tested using Scanco Medical PCT 35 at the Imaging Core, Penn Center for Musculoskeletal
Disorders. Scans were performed at 55 keV and 3D images were reconstructed at the
fracture line extending at least 3 mm to the proximal and distal. The ratio of the bone
volume to the total volume (BV/TV) and bone density were determined in the fracture callus
with density thresholds set at 300 mg/cm3 HA.

4.15. Histological analyses

Fracture calluses were excised, fixed with 4% paraformaldehyde and decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) for a minimum three weeks at 4°C. The samples
were then embedded in OCT. Longitudinal sections (8 um thick) were cut from the mid-
portion of the callus and mounted serially on gelatin-coated glass slides and stained with
hematoxylin and eosin (Sigma-Aldrich) for histological examination. The morphological
characteristics of bone healing were observed by Leica fluorescent microscope (DMI6000B,
Leica, Germany).
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Fig. 1. Generation of lettuce/tobacco transplastomic lines expressing codon-optimized CTB-Pro-
IGF-1 gene.

(A) Schematic illustration of CTB-Pro-1GF-1 expression cassette for lettuce chloroplast
transformation. (A and E) 16s rRNA and 23s rRNA, 16s and 23s ribosomal RNA; trnl,
isoleucyl-tRNA,; trnA, alanyl-tRNA; Prrn, rRNA operon promoter; aadA, aminoglycoside
3’-adenylytransferase; TrbcL, 3" UTR of ribulose bisphosphate carboxylase large subunit;
PpsbA, promoter of psbA; CTB-Pro-IGF-1(co), codon optimized premature form of human
insulin-like growth factor-1 with CTB (Cholera non-toxic B subunit) fusion; TpshA, 3’-
UTR of psbA; SB-P, Southern blot probe. Primer sets used for PCR screening are indicated
in arrows. (B) Genomic DNA PCR screening, (C) Southern blot analysis, and (D) Protein
expressions of the lettuce lines expressing CTB-Pro-IGF-1. Expected sizes are indicated in
arrows (24.3 kDa). (B-D) Lanes 1 to 4, individual transplastomic lines; WT, untransformed
wild type; LS, lettuce. (E) Schematic illustration of CTB-Pro-IGF-1 expression cassette for
tobacco chloroplast transformation. (F) Southern blot analysis of CTB-Pro-IGF1 tobacco
transplastomic lines. WT, untransformed wild type; lanes 1 and 2, transplastomic lines; PH,
tobacco Petit Havana.
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Fig. 2. Generation of marker-free lettuce transplastomic lines expressing codon-optimized PTD-
Pro-1GF-1 gene.

(A) Schematic diagram of chloroplast transformation vector containing PTD-Pro-IGF-1
expression cassette and marker excision process. 16s rRNA and 23s rRNA, 16s and 23s
ribosomal RNA,; trnl, isoleucyl-tRNA; atpB; chloroplast encoded CF1 ATP synthase subunit
beta; Prrn, rRNA operon promoter; aadA, aminoglycoside 3”-adenylytransferase; TrbcL, 3’
UTR of ribulose bisphosphate carboxylase large subunit; PpsbA, promoter of psbA; PTD-
Pro-IGF-1(co), PTD (Protein Transduction Domains) fused codon optimized premature form
of human insulin-like growth factor-1; TpsbA, 3'-UTR of psbA; trnA, alanyl-tRNA; SB-P,
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Southern blot probe. (B) Genomic DNA PCR screening, (C) Southern blot, and (D) Protein
expression of PTD-Pro-1GF-1 lines. Expected size is indicated in an arrow (14.5 kDa).
(B-D) Lanes 1 to 4, four individual TO transplastomic lines; WT, untransformed wild type;
MF, lettuce marker-free. (E) PCR screening (F) Southern blot, and (G) Protein expression
of PTD-Pro-IGF-1 in antibiotic-free T1 generation. (E and F) Lanes 1 to 10; ten individual
T1 transplastomic plants, WT; untransformed wild type lettuce; PC, positive control with
marker. Expected sizes are indicated in arrows (3.3/2.4/2.4 kb of PCR products and 14.5
kDa of PTD-Pro-IGF-1). (H) Southern blot and (1) protein expression of PTD-Pro-IGF-1
in antibiotic-free T2 generation. (H and 1) Lanes 1 to 4; four individual T2 transplastomic
plants, WT; untransformed wild type lettuce. Expected sizes are indicated in arrows (14.5
kDa).
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Fig. 3. Characterizations of CTB/PTD-Pro-IGF-1 in lettuce/tobacco transplastomic lines.
(A-D) Immunoblot assays of CTB-Pro-IGF-1 expressed in (A and B) lettuce and (C and

D) tobacco lyophilized cells against (A and C) anti-CTB and (B and D) anti-IGF-1. (E)
Quantification of PTD-Pro-1GF-1 expressed in marker-free lettuce lyophilized cells. (F and
G) Comparison of CTB/PTD-Pro-IGF-1 expressions in between equal amount (1X) of fresh
and lyophilized leaf materials. (F) Lettuce CTB-Pro-IGF-1 and (G) marker-free lettuce
PTD-Pro-IGF-1 transplastomic lines. RbcL was used as loading controls. (A-G, K and L)
Approximately 24.3 kDa of CTB-Pro-IGF-1 protein and 14.5 kDa of PTD-Pro-IGF-1 are
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indicated in arrows. PH, tobacco Petit Havana; LS, lettuce; MF, marker-free lettuce; WT,
untransformed wild type tobacco or lettuce. CTB or IGF-1 peptide were used as controls. (H
and 1) ELISA of CTB-Pro-IGF-1 pentamer form in (H) lettuce and (I) tobacco binding to
GM1 receptor. The data is representative of two biological repeats run in triplets. Data are
expressed as the mean + SEM (***P-value < 0.001 vs. wild type by ANOVA). CTB was
used as positive controls. Lyo, lyophilized leaves. (J) Non-reducing immunoblot analysis of
tobacco CTB-Pro-IGF-1 against anti-CTB. (K and L) Comparison of (K) CTB-Pro-IGF-1
and (L) PTD-Pro-IGF-1 expressions in between TO and T1 generations. RbcL was used as
loading controls. Data are expressed as the mean + SEM (**P-value < 0.01 by ANOVA).
(M-0) Stability of (M) lettuce CTB-Pro-1GF-1, (N) lettuce PTD-Pro-1GF-1 or (O) tobacco
CTB-Pro-IGF-1 during long-term storage. Data are shown as the mean + SD (P-value > 0.5
by ANOVA between groups).
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Fig. 4. CTB-Pro-IGF-1 promotes keratinocyte, MSCs and osteoblast cell proliferation and
osteoblast differentiation.

(A-D) Relative absorbance of viable (A) HOK (Human Oral Keratinocytes), (B) GMSCs
(Human Gingiva derived Mesenchymal Stromal Cells, MSCs), (C) SCCs (Human head
and neck Squamous Carcinoma Cells), and (D) MC3TC (Mouse Osteoblast Cells) after
incubation with purified CTB-Pro-IGF-1. IGF-1 peptide was utilized as positive control.
The data is representative of two biological repeats run in triplets. Data are expressed as
the mean + SEM. * indicates P-value < 0.05 vs. IGF-1 by ANOVA. (E) gPCR analysis of
osteogenesis marker genes. ALP, Alkaline Phosphatase; RUNX2, Runt related transcription
factor 2; Osx, Osterix. Mouse osteoblastic cell line MC3T3 was induced in osteogenic media
(OS) with 100 ng/ml (IGF-100), 200 ng/ml (IGF-200) and 300 ng/ml (IGF-300) of purified
CTB-Pro-IGF-1 for 5 days. CON, MC3T3 cells in growth media; OS, MC3T3 cells in
osteogenic media. * indicates P < 0.05 vs. CON and # indicates P < 0.05 vs. OS.
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Fig. 5. Characterization of oral Delivery of CTB-Pro-IGF-1 and PTD-Pro-1GF1.
(A) Absorption of IGF-CHK-1 in sera at 2 h after oral gavage. C57BL/6J mice (n=14 to 16

mice per group) were fed with lyophilized cells containing 5 pg dose of CTB/PTD-IGF-1.
Data points represent individual male (blue dots) or female (pink dots) mice. ** P-value <
0.01. (B) Kinetic analysis of CTB-Pro-IGF-1 in plasma over 24 h (n = 6). Data are shown
as % change = SEM. *P < 0.05 and #P < 0.01 by ANOVA. (C) Release of PTD-Pro-IGF-1
from intact plant cells in vitro in the presence or absence cell wall degrading enzymes
(mannanase, pectinate lyase, endoglucanase, exoglucanase) expressed in plant cells. Mean
+ SEM. *P < 0.05 by £#Test. (D) IGF-1 levels in gastrocnemius muscle at 5 h after oral
administration of CTB-Pro-IGF-1 (left) as determined by densitometric quantitation of
western blots, with GAPDH as an internal loading control (right). Mean value £ SEM. *
indicates P-value < 0.05 vs. unfed by ANOVA. (E) IGF-1 levels in soleus muscle at 5 h after
oral administration of PTD-Pro-IGF-1 as determined by immunoblot against anti-IGF-1
(left), after normalization to B-actin (right). Mean value = SD. ** indicates P-value < 0.01
vs. unfed by ANOVA. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

Biomaterials. Author manuscript; available in PMC 2021 March 01.

Page 31
*
I I #
|
< 8 *P <0.05
Hours #P <0.01
e = *
E 800
LR =
3 e”
E>
‘a 0
z
§
= 1 Unfed  CTB-Pro-IGF-1
Fed
‘P <005
= L]
- o
N -+
o™
Epw
2 2
£ "7 Unfed  PTD-ProdGF-
Fed
P < 0M



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Park et al.

Non-Dia Non-Dia >

Dia

Dia

WT

IGF

WT

IGF

Page 32

Non-DiaWT

VOX-BVITV

w B
o o

-
o

Relative
bone area (%)
o5 3

& 5 «
0\% o\‘b o\‘b
& ‘P <005
& W

Eig.l_& Oral administration of CTB-Pro-1GF-1 promotes bone regeneration in diabetic fracture
ealing.

(A) Rgpresentative images of 3-D re-constructs from sections of micro CT scan in the
fracture area at 6 weeks post fracture (right). Quantitative measurements of newly formed
bone at the fracture gap (right). BV/TV, bone volume fraction; Conn-Dens, connectivity
density. (B) Histological analyses (top) and relative bone area (bottom) for each group. Data
are expressed as the mean £ SEM. *P < 0.05 between groups. **P < 0.01 between groups.
Non-Dia WT group (non-diabetic mice, oral gavaged with lyophilized wide type plant
cells), Non-Dia IGF group (non-diabetic mice, oral gavaged with lyophilized plant cells
containing CTB-Pro-IGF-1), Dia WT group (diabetic mice, oral gavaged with lyophilized
wide type plant cells), Dia IGF group (diabetic mice, oral gavaged with lyophilized plant
cells containing CTB-Pro-IGF-CHK-1).
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