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Abstract

Plastid-made biopharmaceuticals treat major metabolic or genetic disorders, including
Alzheimer’s, diabetes, hypertension, hemophilia, and retinopathy. Booster vaccines made in
chloroplasts prevent global infectious diseases, such as tuberculosis, malaria, cholera, and polio,
and biological threats, such as anthrax and plague. Recent advances in this field include
commercial-scale production of human therapeutic proteins in FDA-approved cGMP facilities,
development of tags to deliver protein drugs to targeted human cells or tissues, methods to deliver
precise doses, and long-term stability of protein drugs at ambient temperature, maintaining their
efficacy. Codon optimization utilizing valuable information from sequenced chloroplast genomes
enhanced expression of eukaryotic human or viral genes in chloroplasts and offered unique
insights into translation in chloroplasts. Support from major biopharmaceutical companies,
development of hydroponic production systems, and evaluation by regulatory agencies, including
the CDC, FDA, and USDA, augur well for advancing this novel concept to the clinic and
revolutionizing affordable healthcare.
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INTRODUCTION

Protein drugs are prohibitively expensive and are not affordable for >90% of the global
population, as one-third earns less than $2 per day (69, 71). The cost of the top 10 biologic
drugs sold in 2013 exceeds the gross domestic product of 75% of all countries (139). Insulin,
which is needed to treat the global diabetes epidemic, has been available for several decades
and yet is unaffordable for more than 90% of the global population (69, 71). Beyond pricing
policies of biopharmaceutical companies, there are major technological hurdles in
production and delivery of protein drugs. Current production systems use fermentation

DISCLOSURE STATEMENT
Although there is no financial conflict of interest to report, the corresponding author is an inventor on numerous patents reporting
expression of human therapeutic proteins in chloroplasts.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniell et al.

Page 2

facilities, which cost $500-$900 million (47, 121) and require prohibitively expensive
purification of host proteins (69, 71). In addition, purified proteins are highly unstable and
require cold storage, transportation, and sterile injections (69, 71). Furthermore, current
vaccines use killed or attenuated viruses or bacteria, which can revert to virulence or
recombine with other pathogens and result in vaccine-derived diseases (10, 11, 15). Indeed,
the World Health Organization (WHO) has recommended withdrawal of oral polio vaccine
(OPV) type 2 since April 2016 because of vaccine-associated paralytic poliomyelitis in
recipients of OPV (16). OPV reverted to virulence by recombination with other
enteroviruses or point mutations (10). In order to address these concerns, it is important to
develop new strategies for production and delivery of protein drugs to prevent and treat
metabolic/genetic disorders or infectious diseases.

Almost two decades ago, the field of chloroplast genetic engineering blossomed with several
major publications on the high levels of insecticidal proteins expressed in plants, with Bt
crystals in chloroplasts (31) and maternal inheritance of the most widely used herbicide
resistance gene in genetically modified (GM) crops (19). Because these studies were
demonstrated in the model plant tobacco, there was a great need to validate these traits in
economically important crops. This was accomplished by creating transplastomic plants via
somatic embryogenesis, first demonstrated in carrot (68); carrot is highly salt-sensitive, and
transplastomic carrots could grow on 400-500 mM NaCl, which is the highest level of salt
tolerance reported in the published literature. This ushered in a new era that led to the
creation of transplastomic soybean plants with high expression of insecticidal proteins or
herbicide resistance genes but that were free of antibiotic resistance genes (33, 34). Because
this work was performed by industry (Bayer CropScience), there was excitement that these
findings would advance toward commercial development, but this second-generation
technology could not compete with nuclear GM crops already in the marketplace. Recent
reports of resistant pests, new restrictions imposed by the United States Department of
Agriculture (USDA) on planting Bt corn (61, 147), and European regulations on antibiotic-
free GM crops (30) may encourage the utilization of transplastomic plants to enhance
transgene expression and improve public perception of GM plants. In parallel, further
technical advances are needed to transform chloroplast genomes of cereal crops, a
technology that has been elusive for decades. This advance may require a better
understanding of the stability of the chloroplast genome in mature leaves (90), identification
of new selectable markers, and optimization of somatic embryogenesis in cereals.

Although GM crops meet the needs of farmers to confer insect or herbicide resistance with
minimal levels of expression, nuclear genetic engineering has not yet been successful for
molecular farming applications, which require much higher levels of transgene expression.
Therefore, the transplastomic approach was developed to capture this niche, taking
advantage of high-level expression and transgene containment capabilities. In addition,
maternal inheritance of transgenes, which minimizes or eliminates escape via pollen, and the
harvest of leaves that express protein drugs prior to flowering offer total transgene
containment. The first biopharmaceutical protein and vaccine antigen were developed 15
years ago in transplastomic tobacco (22, 122). In the past decade, significant progress has
been made in developing expression of therapeutic proteins in chloroplasts of edible plants
(lettuce) and advance their oral delivery in a dose-dependent manner using lyophilized plant
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cells in order to eliminate prohibitively expensive fermentation, purification, cold storage,
and transportation and develop affordable drugs to prevent or treat human infectious and
inherited diseases. Further advances have been made recently in commercial-scale
production of protein drugs in cGMP facilities approved by the US Food and Drug
Administration (FDA) (124) as well as in the evaluation of their efficacy and toxicology in
large animal models.

In this novel protein drug production and delivery concept using transplastomic plants,
human blood proteins or vaccine antigen genes are cloned from different genomes and are
stably integrated into the plastid genome of edible plants by bombarding chloroplast vectors
using the gene gun. When all copies of plastid genomes in each cell are modified (i.e.,
homoplasmy is achieved), protein drugs can be expressed at high levels. For example,
proinsulin can be expressed as high as 70% of total leaf protein (9, 107). When plant cells
are lyophilized, ground powder in capsules can be stored for several months or years at room
temperature without protein drugs losing their efficacy (69, 72, 74, 124). When lyophilized
plant cells are orally delivered, the plant cell wall protects protein drugs from acids and
enzymes in the stomach, which are incapable of breaking down all glycosidic bonds (40,
84). However, when intact plant cells reach the gut, commensal bacteria release cellulases
and lyse plant cells, releasing protein drugs into the gut lumen (71, 81, 145). When suitable
tags are fused to protein drugs, they cross the gut epithelium and are delivered into
circulation (9, 72, 117), the immune system (3, 16, 29, 66, 74, 102-105, 118, 123, 124, 135,
141), or even across the blood-brain barrier (BBB) (65) or blood-retinal barrier (BRB) (119).
Although these protein drug delivery concepts were developed a decade ago (81), delivery to
specific targets has since advanced further (145). Most recently, this concept has been
successfully employed to treat diabetes (9, 72, 105), hypertension (117), Alzheimer’s
disease (65), hemophilia (118, 124, 135, 141), Pompe disease (123), and retinopathy (119).
This approach has also been successful in developing protection against several infectious
diseases (3, 16, 29, 66, 74). Commercial-scale production in a cGMP facility has also been
recently achieved, facilitating further clinical development (124).

In this review, we capture recent advances in creation and production of transplastomic
plants to treat human genetic or metabolic disorders or to protect against infectious diseases.
In addition, we discuss potential challenges in expressing eukaryotic human or viral genes in
prokaryotic chloroplasts and how these challenges can be addressed using modern genomic,
proteomic, and ribosome profiling studies. Targeted proteomic quantification by mass
spectrometry is yet another new tool used to deliver precise and repetitive doses of protein
drugs made in plants, especially for quantitation of insoluble proteins without the need for
purification. Future directions in the delivery of low-cost protein drugs or virus- and cold
chain—free vaccines against infectious diseases are discussed.

CHLOROPLAST GENETIC ENGINEERING CONCEPTS

The plastid genome encodes ~80-100 proteins, all rRNAS, and ~30 of 64 tRNAs (23). It is
organized into four major regions: a small single-copy (SSC) region, a large single-copy
(LSC) region, and two copies of an inverted repeat (IR) region. Among 800 sequenced
chloroplast genomes, DNA sequences between IR regions within the same chloroplast
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genome are identical without a single nucleotide variation (23). This is due to the copy
correction mechanism, which ensures that changes made to one copy of the IR are
duplicated in the other (19, 49); however, this mechanism is poorly understood. Although
most reports assume that the plastid genome is circular, evidence of linear plastid genomes
also exists. The percentage of circular versus linear genomes is highly debated (90), and
further studies are needed to resolve this matter. Plastid genomes and genes have retained
many prokaryotic-like features: Codon usage is similar to that found in prokaryotes (16, 26,
70, 125), and few protein-coding genes contain introns (23, 28, 106, 109).

In pioneering studies, introduction of foreign genes into chloroplasts was performed in
isolated chloroplasts with the goal of reintroducing modified chloroplasts back into
protoplasts. Indeed, green chloroplasts were introduced into albino protoplasts, and
variegated plants were regenerated through this approach. Therefore, the first approach for
introduction of foreign genes into chloroplasts was done using isolated chloroplasts that
could survive for longer periods outside plant cells (20, 24). However, the invention of the
gene gun provided a major breakthrough to introduce foreign DNA using tungsten particles
coated with chloroplast vectors and gun powder to propel them into plant cells (18); gun
powder was subsequently replaced with helium to enhance the safety of this particle delivery
system (146). The first generation of chloroplast vectors utilized chloroplast origin of
replication and demonstrated autonomous replication of introduced vectors for prolonged
periods (27). Although this approach is now pursued in synthetic biology for introduction of
large synplastomes, introduction of short segments of DNA was subsequently pursued using
transgene integration by stable recombination.

Unlike nuclear transgene integration, which occurs via nonhomologous recombination,
plastid genome transformation occurs only through double homologous recombination
utilizing a homolog of £. coli RecA (61, 100). In principle, a transgene cassette could be
engineered to integrate anywhere, but the integration site is critical for maximal gene
expression. On the genomic scale, LSC regions and IRs have both been tested, and
transgenes inserted into IRs express at considerably higher levels (23). Historically, two
integration sites have been used: transcriptionally active spacer regions, which lie within
operons in the same strand, or transcriptionally silent spacer regions, which are on the strand
opposite transcribed genes (61). The most widely used integration site is between #nA and
trnlin the 165 rRNA operon, but the regions between rbcl and accD or rps12and trnV are
also used (23, 61). A direct comparison demonstrated a 25-fold increase in transgene
expression when the same expression cassette was integrated into the transcriptionally active
trnA/trnl site versus the rbcl/accD silent spacer regions (67), possibly because of multiple
endogenous/heterologous promoters and introns within #rmi/trnA genes to facilitate foreign
transcript processing. Therefore, a large majority of transplastomic studies in the published
literature utilize this site for transgene integration (Figure 14) (23).

Sequencing of more than 800 plastid genomes has shown that intergenic spacer regions are
highly variable (23); among Solanaceae members, only four intergenic spacer regions are
conserved, including the #rnA and #rn/ regions (21), and not a single one is conserved among
cereal plastid genomes (112). Because even a few mismatches between plastid vector
sequences and the host genome can dramatically reduce transformation efficiency (107), this
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variability underscores the need for complete plastid genome sequences to generate species-
specific vectors that maximize the number of independent transformation events.

Because of different codon preferences, sequences of eukaryaotic genes of interest (GOls;
Figure 14) should be optimized for plastid codon usage. The psbA gene has a unique codon
bias that may have evolved to promote more efficient translation (85), so it has been used as
the basis for several codon optimization methods (26, 70). Because plastid gene expression
is primarily regulated at the post-transcriptional level (6), selection of 5° and 3" ntranslated
regions (UTRs) (Figure 14) is also crucial for promoting maximal gene expression. In
particular, the stem-loop secondary structure of the 5 UTR stabilizes mMRNAs and promotes
efficient translation, likely through specific interactions with RNA-binding proteins (RBPs)
(8, 52, 107, 150). The 3" UTR facilitates mRNA stability of plastid-expressed genes (128).
Because the psbA gene is both transcribed and translated in a light-dependent manner, and it
is the most highly translated gene in the plastome, psbA5” and 3" UTRs have been widely
used to promote high-level expression of foreign genes in chloroplasts (23, 36, 61, 150).
Indeed, after the use of the psbA promoter and UTR in the first chloroplast vector (27), it is
still the most widely used regulatory sequence in transplastomic studies, especially in studies
that report the highest levels of transgene expression (23). However, use of heterologous
PsbA regulatory sequences decreases efficiency of translation because of reduction in
sequence-specific binding between endogenous RBPs and their targets (107).

Various studies have demonstrated that intercistronic processing is not required for efficient
translation of many polycistronic mRNAs (31, 97, 149). In particular, a recent in-depth study
analyzed ribosome footprints on chloroplast mMRNAs and found that in a dicistronic mMRNA
containing open reading frames (ORFs) for the afpB and afp£ genes, mutations affecting
translation of the upstream aZoB gene had no effect on afp£ (149). This result and others
show that ORFs are translated independently, even on the same cistron (6, 149).

As mentioned above, chloroplast vectors are delivered using biolistics (Figure 16) (136).
Plastids that successfully incorporate foreign DNA are selectively enriched to achieve
homoplasmy, which is essential for stable transgene expression (61). Including an origin of
replication (orJ) in the transgene cassette (27), which promotes replication of chloroplast
vectors prior to integration, helps to achieve homoplasmy even during the first round of
selection (49, 61). Additionally, inserting transgenes into the IR doubles the number of
transgene copies owing to copy correction, rapidly advancing transplastomic lines to
homoplasmy (49, 61).

Generally, homoplasmy is reached after multiple rounds of selection on antibiotic-containing
media (Figure 14). The most commonly used selectable marker (SM) gene (Figure 14) is
aadA, which confers resistance to spectinomycin and streptomycin (45, 127); these
antibiotics selectively inhibit plastid translation. However, interest in developing antibiotic-
free selectable markers has increased recently because of the stringent requirements for GM
plants (61). Antibiotic-free selectable markers include an anthranilate synthase mutant that
grows on a toxic tryptophan analog (7), a bacterial D—amino acid oxidase for dual positive
or negative selection of transplastomic tobacco (43), and a bacterial isopentenyl transferase
that can be used to select transplastomic plants on cytokinin-free media (35). A bacterial
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gene conferring herbicide resistance (4-hydroxyphenylpyruvate dioxygenase) has also been
used as an antibiotic-free selectable marker in both tobacco and soybean (33). Other efforts
included the use of the betaine aldehyde dehydrogenase (BADH) gene, whose product
detoxifies betaine aldehyde by converting it to glycine betaine (25). In transplastomic
carrots, BADH conferred salt-stress tolerance and turned yellow plastids green (68).
However, almost all antibiotic-free selectable markers discussed above are only suitable for
the second round of selection, and further research is needed to identify new selectable
marker genes.

An additional strategy is marker gene excision, which can be accomplished through direct
repeat-mediated recombination (30, 58) or the use of the CRE-lox system (17). More
recently, the site-specific Bxb1 recombinase has been used with attF/attB sites to precisely
excise DNA from the plastid genome in the widely used #n//trnA region, making it a
valuable tool for future studies (116). Regardless of the selection method used, when
homoplasmy is achieved mass propagation can proceed (Figure 16). Maternal inheritance of
the plastid genome in most species (Figure 15) makes transgenes easier to contain and also
lowers regulatory barriers to bringing transplastomic technology to market.

EXPRESSION OF EUKARYOTIC GENES IN PROKARYOTIC PLASTIDS

Plastid transformation technology promotes expression of high levels of recombinant
proteins; prokaryotic or short human genes are highly expressed in chloroplasts (up to 70%
of total leaf protein) (31, 107). However, low expression of larger human proteins is a major
challenge in clinical translation of therapeutic proteins (70, 71, 117, 118). Likewise,
expression of viral vaccine antigens is quite variable (82). Codon optimization based on AT
content or codon usage has been performed to address this concern (26, 42, 78, 87). Whereas
some studies reported an increase in transgene expression after codon optimization, others
observed negligible enhancement. Most importantly, these studies tested only small
eukaryotic coding sequences, and with limited mechanistic studies, they are not useful in
solving major challenges in expression of large human proteins. In vitro studies of
heterologous genes in tobacco chloroplasts have indicated that translation efficiencies of
individual codons do not always correlate with codon usage (87). Therefore, there is a
critical need for understanding and monitoring chloroplast translation. Ribosome profiling is
a new tool to study in vivo protein translation dynamics with codon-level resolution; the
technology analyzes translation using deep sequencing of ribosome-protected mRNA
fragments to map ribosomes on a genome-wide scale (59, 60, 149). High-resolution, gene-
specific ribosome density profiles show how variations in translation rate and effects such as
ribosomal pausing modulate protein synthesis and folding (60, 61). Several studies have
demonstrated in vivo ribosome behavior in maize chloroplasts (148, 149). Therefore,
ribosome profiling has been used recently to study expression of transgenes in chloroplasts
(Figure 1¢) (70). Ribosome footprints did not increase proportionately with enhanced
translation of transgenes or even decrease in codon optimized genes, but this will serve as a
useful tool in diagnosing rate-limiting steps. For example, ribosome pause sites at rare
codons in native human genes were eliminated upon codon optimization.
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Accurate quantitation of target proteins and peptides in complex biological systems is
critical to a diverse range of research and clinical applications (143). Some common
immunoassays such as ELISA cannot be used to quantify insoluble proteins due to
aggregation or formation of multimers, but accurate quantification is essential for drug
delivery. Thus, targeted methods for sensitive and specific protein quantification are needed.
Targeted proteomic quantification by mass spectrometry by parallel reaction monitoring
(PRM) has become a powerful tool for relative and absolute protein quantitation; it provides
high specificity for the target protein, high sensitivity for detection, and high-throughput
quantification with confident targeted peptide confirmation (99). PRM has been successfully
applied to validate the relative abundance of proteins in human sera (64, 101) and to study
post-translational modifications (120, 131, 132), but it has not been utilized for plant-derived
protein drugs. However, it has been successfully used recently to monitor doses of protein
drugs expressed in chloroplasts (Figure 14) (70). PRM analysis facilitated accurate
quantitation of foreign proteins based on normalization of stable isotope-labeled standard
(SIS) peptides or housekeeping chloroplast proteins, thereby eliminating limitations of
western blots in protein transfer, denaturation, solubility, or stability.

Inducing immunity or tolerance only requires presentation of linear peptide epitopes to the
immune system. However, expressing functional proteins in chloroplasts often requires
additional post-translational modifications. Recent studies have shown that human blood
proteins with disulfide bonds, such as insulin and interferon, are properly folded and are
fully functional in chloroplasts (2, 9). Chloroplasts can also assemble multimeric disulfide
bonded structures such as the nontoxic cholera toxin B (CTB) subunit, which can then bind
to GM1 receptors to facilitate drug delivery across the gut epithelium (discussed below) (3,
9, 16, 29, 66, 72, 74, 104, 105, 117-119, 123, 124, 135). Similarly, the human
papillomavirus (HPV) L1 protein has been shown to self-assemble into virus-like particles
(\VLPs) within tobacco chloroplasts (39, 138), and aggregates of VVLPs were observed in
chloroplast extracts from transplastomic lettuce expressing the prM/E protein from dengue
virus (62). Furthermore, protein disulfide isomerase/thioredoxin expression has been shown
to enhance folding and assembly of human serum albumin, which contains 17 disulfide
bonds, within chloroplasts (111). Cyclization in addition to three disulfide bonds is required
for antimicrobial activity of retrocyclin-101, and both these modifications are observed in
chloroplasts (51, 77). Indeed, the need for post-translational modifications is a major
limitation of chemically synthesized peptides, and chloroplasts are the only biological
systems known to make retrocyclin with antimicrobial activity (51). In addition, protein
lipidation and N-terminal methionine excision occur in chloroplasts (15, 44, 122). However,
the chloroplast is an A-glycosylation—free compartment, which offers unique advantages and
disadvantages (15). There are examples in which glycosylation sites in human
biopharmaceuticals such as IGF-1 are inactivated to obtain fully functional proteins (53, 94),
making plastids a feasible platform for their synthesis without the need to modify
glycosylation sites (15).

ORAL DRUG DELIVERY CONCEPTS

Administering biopharmaceuticals by injection has disadvantages, including reduced patient
compliance, possible infection at the injection site, the need for refrigerated storage and
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transportation, and the requirement for skilled personnel to administer the medication (69,
71, 73). Oral delivery of these drugs (Figure 24) could ameliorate or eliminate these
drawbacks and revolutionize health-care. A major challenge associated with oral delivery of
therapeutic proteins is degradation by acids and proteases in the stomach (15, 61).
Bioencapsulating proteins within plant cells protects them in the stomach and facilitates
their entry into the gut, where commensal microbes break down the cell wall and release the
protein drug into the intestinal lumen (Figure 26) (15, 40, 61, 71, 81, 84, 145). Translocating
the released protein from the intestine to the immune or circulatory system requires fusing it
with a transmucosal carrier protein (81, 145). The most widely used carrier protein is CTB.
Functional CTB is a homopentamer that enters target cells by binding the GM1 ganglioside,
which is present in membranes of intestinal epithelial cells, neurons, and immune cells,
among others (5, 37, 76, 81). Binding to GM1 causes retrograde trafficking of CTB through
the cell and into the ER (5, 73). Alternatively, the entire CTB-GM1 complex may be
transcytosed across the intestinal epithelium (113). Because functional CTB is pentameric, a
hinge is engineered into the fusion protein to prevent steric hindrance and facilitate the
formation of CTB pentamers (9, 29, 65, 72, 81, 117-119, 123, 135). Additionally, a protease
cleavage site is included between CTB, or any other carrier peptide, to promote the delivery
of only the therapeutic protein or antigen to the target tissue following uptake. Furin is the
most commonly used cleavage site because it is a ubiquitous protease present in most cell
types and results in complete cleavage without leaving any amino acid residue on the
therapeutic protein (9, 29, 65, 72, 81, 117-119, 123, 135).

Because GML1 is expressed in many tissue types, and particularly in neurons, therapeutic
CTB fusion proteins can cross the BBB and BRB; recent studies have demonstrated that
functional, orally delivered CTB-fused proteins bioencapsulated in plant cells can cross the
BBB or BRB and clear amyloid plaques associated with Alzheimer’s disease (Figure 2¢)
(65) or alleviate symptoms of retinopathy (Figure 2d') (119). However, the broad
distribution of GM1 also means that nontarget cells and tissues could take up CTB fusion
proteins (145). Precision targeting of orally delivered therapeutic proteins could mitigate this
problem but requires the identification and characterization of new cell- and tissue-specific
carrier peptides. A recent study aimed at identifying such proteins represents an important
step (145). In this study, authors used a dendritic cell peptide (DCpep) as a dendritic cell
(DC)-specific carrier protein, opening the door to targeting therapeutic proteins specifically
to the immune system (145). Authors also reported that a carrier peptide derived from the
protein transduction domain (PTD) of the pancreatic and duodenal homeobox-1 protein not
only delivered its GFP cargo more efficiently than CTB but also specifically targeted GFP to
nonimmune cells (145). Therefore, PTD could be used to deliver therapeutic proteins orally
without eliciting an immune response (145). Further in vivo testing of these peptides,
identification of additional peptides, and even custom-designed novel peptides should
expand the portfolio of available carrier proteins for highly specific oral drug delivery.
Mechanistic aspects of protein drug delivery across the gut, BRB, or cell membranes are
discussed in depth in a recent review (71).
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CHLOROPLAST GENOME ENGINEERING TO CONFER TOLERANCE

Hemophilia

Oral tolerance is the suppression of immune responses to an antigen by prior oral
administration of the same antigen. Detailed mechanisms of oral tolerance have been
reviewed elsewhere (15, 144), but we provide a brief conceptual overview here. Induction of
antigen-specific regulatory T cells (Tregs) is a key component of the tolerance mechanism
(142, 144). Secretion of interleukin-10 (IL-10) and transforming growth factor-p (TGF-B)
by Tregs induces apoptosis or cell cycle arrest in effector T cells and blocks co-stimulation
and maturation of DCs, which shifts DCs into tolerogenic function; when immature DCs
present antigens to T cells in the absence of inflammation, tolerance is induced (75, 86).
Thus, the interaction between Tregs and DCs plays a major role in oral tolerance (15). The
frequency of oral antigen administration is critical; multiple antigen feedings are more
effective than a single feeding in inducing oral tolerance in inflammatory immune responses
and autoimmune disease models (50, 91, 142). Moreover, continuous feeding correlates with
enhanced production of IL-10 and TGF-p (140). Age, immunological status, antigen dose,
structure, and the form of the antigen fed affect oral tolerance induction (91). Antigen
conjugation to transmucosal carrier proteins such as CTB greatly reduces required antigen
concentration and the number of doses needed for oral tolerance induction and has been
used for immunotherapy in several models of autoimmune diseases, type I allergies, and
even phase I/phase Il human clinical trials in patients with Behcet’s disease (98, 126).

Oral tolerance induction could also benefit those who suffer from genetic disorders that
cause the reduction or loss of essential proteins or enzymes. Treatment for these disorders
frequently involves injection of life-saving replacement proteins/enzymes, but neutralizing
antibodies are developed against the injected therapeutic protein, at a minimum rendering it
useless and at worst causing fatal anaphylaxis (12, 32, 61, 63). In some cases, antibody titer
can be reduced through repeated, long-term exposure to the therapeutic protein [immune
tolerance induction (ITI)], but this treatment is expensive and is not always effective (12, 61,
63, 73). Oral tolerance induction can be used to prevent inhibitor formation, as described
below for model diseases.

Hemophilia is an X-linked bleeding disorder caused by mutations in coagulation factor V111
(FVIII, hemophilia A) or coagulation factor 1X (FIX, hemophilia B) and can affect as many
as 1in 5,000 males (12). Patients that develop neutralizing antibodies (inhibitors) against
coagulation factors can be treated through ITI, but only 70% of hemophilia A and 30% of
hemophilia B patients respond (63). To combat this problem, plant-based systems to
promote oral tolerance have been developed for both hemophilia A and B. For hemophilia B,
transplastomic tobacco plants were generated that expressed pentameric CTB-fused FIX,
and powdered, frozen leaf tissue was orally administered to hemophiliac mice for two
months; after the first month, injection of FIX began. Fatal anaphylaxis occurred in >75% of
control animals that were either unfed or fed wild-type tissue, but >90% of animals fed
CTB-FIX survived (135). Although FIX injection caused inhibitor formation after feeding
stopped, when CTB-FIX feeding resumed, inhibitor levels dropped, demonstrating that
feeding CTB-FIX can both prevent and reverse inhibitor formation (135). However, long-
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term tolerance required repetitive feeding of plant cells (141). In a follow-up study, CTB-
FIX was expressed in lettuce chloroplasts and was produced at commercial scale in a cGMP
hydroponic facility (124). Lyophilized lettuce cells expressing CTB-FIX maintained their
efficacy with proper folding and assembly of CTB-FIX up to 2 years when stored at ambient
temperature (124). Inhibitor titers in hemophilia B mice fed CTB-FIX were ~15-fold lower
than control mice after FIX injections, and no mice that were fed CTB-FIX experienced
anaphylaxis in response to FIX injection (124). To treat inhibitor formation in hemophilia A,
transplastomic plants expressing CTB fused with the FVIII heavy chain (HC) or the C2
domain of the light chain were generated. Feeding powdered, lyophilized plant cells to
hemophilia A mice prior to intravenous FVIII treatment suppressed inhibitor formation by
~sevenfold (118). In animals with previous exposure to FVIII, inhibitor levels were reduced
three- to sevenfold after feeding CTB-FVIII plant cells when compared with controls,
indicating that oral delivery of CTB-FVIII can not only prevent but also reverse inhibitor
formation in hemophilia A mice (118).

Pompe Disease

Pompe disease is a lysosomal storage disorder caused by reduction or loss of the enzyme
acid a-glucosidase (GAA), leading to the accumulation of glycogen in lysosomes (32).
Currently, the only available treatment is enzyme replacement therapy (ERT); without it,
patients with the most severe symptoms could die within a year (32). However, ~25% of
Pompe patients are at high risk for formation of inhibitors, which can hinder treatment and
even worsen the disease when enzyme replacement therapy continues in the presence of
inhibitors (32). To facilitate oral tolerance to GAA, transplastomic tobacco plants were
created that expressed CTB fused with a shortened version of GAA that contained all known
antigenic epitopes (123). Full-length GAA was toxic to chloroplasts, and transplastomic
lines could not be generated (123). CTB-GAA-NT (N-terminal 410 amino acids) when
expressed in chloroplasts assembled into pentamers (123). Pompe mice were fed 1.5 ug
CTB-GAA twice per week for a month before beginning weekly injections (500 ug GAA/
mouse). Despite heavy GAA challenge—a 330-fold higher dose than that orally delivered
using plant cells—IgG antibody formation was suppressed ~threefold when compared with
control mice (123). These results demonstrate that plant-made, orally delivered antigens can
promote oral tolerance to a variety of antigenic molecules and represent a step toward
improving outcomes and quality of life for patients that require replacement therapy.

CHLOROPLAST GENOME ENGINEERING TO PREVENT OR TREAT
METABOLIC OR GENETIC DISORDERS

Oral tolerance induction does not require delivered proteins to be functional; effective
immune suppression requires only that T cell epitopes be present (118, 123, 124, 135, 141).
By contrast, disease treatment requires functional proteins. Production, mechanism of
action, and efficacy of plant-made functional biopharmaceuticals have recently been
reviewed in detail (71), but here we give several examples of functional, orally delivered
plant-made biopharmaceuticals that effectively treat metabolic or genetic disorders.
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Alzheimer’s Disease

Retinopathy

Alzheimer’s disease is an irreversible neurodegenerative disorder that affects more than five
million people in the United States, making it the sixth most common cause of death and the
third most common in older adults (88). It is the most common cause of dementia, and the
only treatment is symptom management; no treatment is currently available to halt or reverse
its progression (83, 88). A key aspect of Alzheimer’s pathology is deposition of extracellular
aggregates (plaques) of the g-amyloid (AB) peptide (129). These plagues may initiate the
disease and have been suggested as high-priority therapeutic targets (129). One potential
therapy involves myelin basic protein (MBP), which cleaves AR peptides in vitro (79).
Although delivering molecules such as MBP across the BBB is very challenging, CTB
served as an effective carrier because of GM1 in the BBB. MBP was fused to CTB and
expressed in chloroplasts (65). In ex vivo studies on brain slices, CTB-MBP reduced
amyloid plaque size up to 60% in mice and 47% in postmortem human Alzheimer’s disease
patients (Figure 2¢) (65). Most importantly, in a mouse model of Alzheimer’s disease,
feeding mice with ~30 pg of chloroplast-made CTB-MBP three times per week for three
months reduced amyloid levels up to 70% in brains and 60% in retina (65). This study is the
first report showing the successful oral delivery of a therapeutic protein across BBB and
BRB (83). The mechanism of protein drug delivery across the BBB is described in depth
elsewhere (71).

Globally, ~285 million people are visually impaired, and retinopathy accounts for at least 2
million of these cases (92). Hundreds of thousands of others are affected by inflammatory
retinal diseases (55). Both carry a high risk for blindness if left untreated. A good
therapeutic target to treat retinal inflammation is the renin-angiotensin system (RAS) (41).
The RAS consists of two axes with opposing effects: the proinflammatory ACE/Angll/AT,
axis and the anti-inflammatory/vasoprotective ACE2/Ang-(1-7)/Mas axis (110). To treat
ocular inflammation, two components of the anti-inflammatory axis, ACE2 and Ang-(1-7),
were separately fused with CTB and introduced into the tobacco plastid genome. Proteins
encoded by both constructs interacted with GM1 in vitro, and up to 5 h after oral delivery,
they were detected in sera and retinas of treated mice, confirming their ability to cross the
BRB (119). In particular, animals fed with plant material containing ~0.05 mg of CTB-
ACE?2 showed 40% more ACE2 activity in serum and 20% more ACE?2 activity in retinas
than mice given wild-type material (119). More importantly, mice fed with plant cells
containing ~0.25 mg of CTB-Ang-(1-7) or 0.05 mg of CTB-ACE2 showed reduced
symptoms of both induced and autoimmune ocular inflammation, demonstrating the efficacy
of this system to treat retinopathy (Figure 24) (119).

Hypertension

Pulmonary hypertension (PH) is an inflammatory disease characterized by elevated blood
pressure in arteries between the heart and lungs. It compromises right heart function, is
estimated to affect more than 100 million people worldwide, and is associated with a <60%
three-year survival rate (57, 114). Current treatments are prohibitively expensive, are
frequently administered via injection, and have remained essentially unchanged over time;
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even the newest therapies work on the same three pathways that have been targeted for years
(56). Despite recent clinical advances, the high death rate associated with PH warrants new
therapeutics (56). To that end, a novel treatment targeting the RAS is currently being
developed. Feeding mice with plant cells containing 0.05 mg of CTB-ACE2 or 0.5 mg of
CTB-Ang-(1-7) led to a 37% or twofold increase of these respective proteins in circulation
and protected rats from chemically induced PH (117). Oral delivery of CTB-ACE2 or CTB-
Ang-(1-7) could halt or reverse the progression of PH, improve right heart function, and
decrease pulmonary wall thickness and lung injury (Figure 2¢) (117). A combination
therapy, in which either 0.025 mg of ACE2 with 0.25 mg of Ang-(1-7) or 0.05 mg of ACE2
with 0.5 mg of Ang-(1-7) was also tested, proved more effective than either one alone, with
the latter combination showing up to a 25% greater reduction of symptoms (117). The
mechanism underlying this improvement involves ACE2 and Ang-(1-7) reducing the
abundance of transcripts encoding inflammatory cytokines and autophagic markers (up to
~fivefold) in affected tissue (117).

Diabetes is rapidly becoming an epidemic; in the United States, it was the seventh leading
cause of death in 2013, and the number of people suffering from it quadrupled between 1980
and 2012 (14). In 2012, the total cost of diabetes treatment in the United States was $245
billion, including $69 billion due to missed work, disability, and premature death (13). In the
face of such staggering numbers, the need for effective methods of prevention and treatment
is clear.

Diabetes treatment frequently involves injection of insulin, which is expensive, has a short
shelf life, and requires refrigeration (73). Orally delivered, plant-made diabetes medication
costs less and eliminates the need for cold chain and injections, encouraging patient
compliance (73). In one case, a cleavable form of CTB-fused proinsulin was incorporated
into plastid genomes of lettuce or tobacco, and resulting CTB-proinsulin was fed to mice.
Oral delivery of CTB-proinsulin (0.5 mg) derived from lettuce or tobacco could significantly
lower blood glucose levels to an extent similar to that of clinical insulin injections,
demonstrating that the fusion protein is functional in vivo (9). At reported expression levels,
producing proinsulin in transplastomic tobacco could yield up to 20 million daily insulin
doses per acre of tobacco per year. In a second strategy, exendin-4 (EX4), which is a
glucagon-like peptide that modulates glucose levels in a glucose-dependent manner, was
expressed in plant cells as a CTB fusion protein. Oral delivery of plant material containing
~200 ug of CTB-EX4 showed glucose-lowering ability similar to that of injected
commercial EX4, an ~22% reduction 90 min after gavage/injection, indicating that the
protein is functional and setting the stage for further development of these important
therapeutics (Figure 2f) (72). Additionally, orally delivered CTB-proinsulin expressed in
tobacco chloroplasts prevented pancreatic insulitis in nonobese diabetic mice by inducing
oral tolerance (105), meaning that oral delivery of CTB-proinsulin could prevent pancreatic
insulitis in type 1 diabetes.
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CHLOROPLAST GENOME ENGINEERING FOR VACCINE PRODUCTION

Traditional vaccines consist of inactivated or live attenuated pathogens, and although they
have saved millions of lives, they are not entirely safe. Viruses present in live attenuated
vaccines could revert to virulence, show antigenic variability between species, sometimes
have low levels of immunogenicity, and may transfer genes to wild-type strains (15). For
example, in 2006, an outbreak of type 2 vaccine-derived polio (VDPV2) was detected in
Nigeria (38). Subsequently, it became endemic in Africa and still persists today.
Phylogenetic analysis of the P1/capsid region sequences of isolates from the 403 cases
reported between 2005 and 2011 showed that of 23 independent VDPV2 emergences, at
least 7 established circulating lineage groups (11). Because of the prevalence of VDPV2
outbreaks over those derived from the other two Sabin strains, the WHO has mandated the
removal of trivalent OPV from use (11, 16). As a replacement, the WHO recommends the
use of either bivalent OPV, which contains only Sabin strains 1 and 3, or inactivated
poliovirus vaccine (IPV), which is administered intradermally (16, 89). However,
replacement of OPV with IPV is considerably more expensive than OPV, and although it
induces systemic immunity, it fails to induce adequate mucosal immunity (16). Because
polio spreads through contaminated water and food and multiplies in the intestine, which
houses the largest immune tissue in the body, establishment of mucosal immunity through
secretion of IgA is critical to controlling the spread of this disease; establishing a robust
immune response at the site of pathogen attack can stop infection before it starts (16, 115).
Therefore, there is a clear need for new approaches to improve current vaccines, and
chloroplast-derived subunit vaccines, which have no risk of mutation or recombination, offer
great potential for protection against infectious diseases.

Current Chloroplast-Made Vaccines

Orally administered plant-made oral vaccines have been shown to successfully induce
immunity in animal and human models by promoting both humoral and cell-mediated
immunity (Figure 34) (15, 130). Importantly, antibodies produced by oral immunization
(IgA) can neutralize pathogens on the mucosal surface before they can cause infection (115),
making oral vaccination a key tool in combating infectious disease. To date, nearly 50
subunit vaccine candidates have been expressed in chloroplasts; these reports have been
extensively reviewed recently (15, 82, 137), but we discuss a few representative cases here.
Several studies have reported the expression and immunogenicity of HIV epitopes in mouse
models (103, 104), and a dengue polyprotein expressed in lettuce chloroplasts forms VLPs
in planta (62). Bacterial vaccines include one for anthrax that resulted in 100% protection
against a lethal challenge in mice (Figure 36) (66), a plague vaccine that protected >80% of
mice from a lethal Yersinia pestis challenge (Figure 35) (3), a cholera vaccine that provided
100% protection against a cholera toxin challenge for approximately half the life span of the
average mouse (Figure 35) (29), and a functional tuberculosis subunit vaccine (74). A
chloroplast-produced malaria vaccine also completely inhibited the growth of the parasite in
a mouse model (29).

Most recently, members of the Daniell lab, in collaboration with the Centers for Disease
Control and Prevention (CDC), have addressed the growing world health problem of cVDPV
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(circulating vaccine-derived poliovirus) (16). Because most outbreaks of cVDPV are derived
from the type 2 poliovirus, whose wild form has been eradicated, the WHO now
recommends that the current OPV, which contains all three strains of poliovirus, be replaced
with a form that contains only types 1 and 3 (10). However, short supplies of IPV, which is
required for immune priming prior to OPV administration, are delaying this effort. A
complete switch from OPV to IPV and/or subunit vaccines would be the ideal way to
address the global polio problem. To that end, the Daniell lab generated transplastomic
plants expressing the viral protein 1 (\VP1) subunit from type 1 poliovirus, which is
responsible for all wild poliovirus infections in 2014 (96), in chloroplasts and used
lyophilized plant tissue as an oral booster vaccine (16). Remarkably, in mice primed with
IPV, oral delivery of this booster vaccine promoted production of neutralizing antibodies
against all three poliovirus serotypes and elicited both systemic (IgG) and mucosal (IgA)
immune responses (16). Without priming, antibodies were still produced, but they could not
neutralize the virus, demonstrating the importance of the temporal sequence of vaccine
administration: Initial systemic priming and mucosal boosting are important to promote
immunity and prevent tolerance. Regardless, this study shows promise for eventual global
eradication of polio.

Future studies on plant-based oral vaccines should consider appropriate antigen formulations
and immunization protocols to ensure antigen stability through the alimentary tract and a
balance between immunity and oral tolerance, such as targeting pivotal antigen-presenting
cells (APCs), optimizing oral antigen delivery, dosage, and feeding frequency, and
coadministration with a mucosal adjuvant (4, 95). However, currently, very few adjuvants
are approved for use in humans. These adjuvants include aluminum salts, squalene, and
monophosphoryl lipid A (MPL) and are approved for use in the United States by the FDA
(133, 134), as well as in the European Union, for new vaccines (48). Using plant-derived
substances such as squalene and saponin as adjuvants may enhance immune responses while
quelling concerns about exposure to heavy metals. Indeed, efforts are already under way to
engineer plants to produce higher levels of squalene (93).

CLINICAL DEVELOPMENT OF CHLOROPLAST-MADE
BIOPHARMACEUTICALS

Using plastid genome engineering to produce therapeutic proteins and vaccines has several
major advantages over conventional systems, which require fermentation, purification, and
cold storage (61). Transplastomic plants can accumulate much higher levels of transgene
product (9, 73, 107), allowing delivery of higher/more concentrated doses. Oral delivery of
intact plant cells eliminates the need for fermentation, purification, and sterile delivery of
therapeutic proteins (3, 9, 16, 29, 39, 65, 66, 71, 73, 74, 102-105, 117-119, 123, 124, 135),
substantially reducing production costs. Lyophilization further reduces costs by increasing
the concentration of therapeutic proteins, which reduces the amount of material needed per
dose (72, 74, 119, 123, 124); permitting stable, long-term storage at ambient temperatures—
sometimes for as long as two years—without loss of efficacy, thereby breaking the cold
chain barrier (72, 74, 119, 124); and eliminating microbial contamination (72).
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Maternal inheritance of chloroplasts (Figure 15) (19) and harvesting leaves prior to
flowering make transplastomic plant material easy to contain, mitigating concerns over
transgene escape and making it easier to comply with government regulations (30, 61).
Consistent with this, the USDA Animal and Plant Health Inspection Service (APHIS) issued
a certification stating that transplastomic plants do not contain plant pest components and
therefore do not fit the definition of a regulated article under 7 CFR part 340 (15, 69). This
certification permitted transportation of >300 distinct transplastomic lines across state
borders and demonstrated the comparative ease with which transplastomic plants can
comply with government regulations (15).

Advantages associated with plant-made biopharmaceuticals have been recognized by the
United States government, whose Defense Advanced Research Projects Agency (DARPA)
funded construction of four pilot-scale commercial hydroponic plant-made-
biopharmaceutical facilities (54). The initial investment was in Fraunhofer CMB, which was
constructed with a 100 kg/day processing capacity and has since been used for pilot studies
on industrial-scale hydroponic production of transplastomic therapeutic plants (54, 124).
After Fraunhofer, additional projects were funded in Kentucky, North Carolina, and Texas
(54). In particular, the Texas (Caliber) site is a scalable facility that can expand by adding
proprietary pods, which contain hydroponic growth racks and specialized LED lighting to
grow Nicotiana benthamiana for transient expression of recombinant therapeutic proteins
(54). The Caliber facility, which went from groundbreaking to final product (an HIN1
influenza subunit vaccine) in <2 years, can now process 3,500 kg of biomass per week with
its automated system (54). Additionally, the FDA recently approved taliglucerase alfa
(ELELYSO®), an injectable drug made in carrot cells, to treat Gaucher disease (46, 108).
However, except Fraunhofer, these platforms still require purification of expressed proteins.

Bringing orally deliverable, cost-effective plant-made biopharmaceuticals to the clinic
requires high expression levels in edible species and production of the material in
compliance with cGMP standards (54, 61). Recently, some of these challenges have begun
to be surmounted in the treatment of hemophilia when transplastomic lettuce plants
expressing CTB-FIX were grown at an industrial scale and in accordance with cGMP
standards at Fraunhofer’s hydroponics facility (Figure 3¢) (124). Using 1,000 ft2 of growth
space per year, ~870 kg of CTB-FIX lettuce (~43.5 kg dry weight) could be grown (124). At
these levels, the system could be used to produce 24,000-36,000 doses of CTB-FIX for 20-
kg pediatric hemophilia patients (124). This report is the first to show feasibility of
industrial-scale production of orally deliverable therapeutic plant-made bio-pharmaceuticals
and sets the stage for the clinical advancement of this system.

FUTURE DIRECTIONS

Plastid genome engineering can advance the plant-made biopharmaceutical field while
alleviating some of the public concerns about GM plants. The first industrial-scale
production of therapeutic transplastomic plants (124) is a critical proof-of-concept that this
platform can be commercialized and used to revolutionize healthcare, and support from
pharmaceutical companies is providing the expertise and infrastructure needed to efficiently
move plant-made biopharmaceuticals into clinical trials. FDA approval of the first plant-
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made biopharmaceutical made in plant cells for human use marks the beginning of a new era
in which more plant-made biopharmaceuticals may enter the clinic, providing affordable
medication to prevent or treat many diseases.

However, there are still limitations to this system that must be overcome before its potential
can be fully realized. First, the plant-made-biopharmaceutical field needs to continue
moving away from tobacco-based studies and focus on clinically acceptable edible plants.
Although transplastomic tobacco has proven a useful tool, toxic alkaloids will make it
difficult, if not impossible, for it to advance beyond preliminary animal studies. Lettuce is
emerging as an alternative system that yields consistent, reproducible results (9, 29, 61, 62,
74, 80, 105, 107, 124). Additional investigations of plastid transformation and expression in
nongreen plastids such as tomato fruits and potato tubers, as well as plastid transformation
of cereals, which has remained elusive, could further boost the utility of plastid-made plant-
made biopharmaceuticals. However, it may never be feasible for nongreen plastids to exceed
transgene expression levels achieved in chloroplasts because of the low expression levels of
native chloroplast genes.

To bring transplastomic therapeutic plants to the clinic, marker-free plastid engineering
systems must be developed. The most desirable selectable markers would utilize the plant’s
own genes and metabolic pathways (30). Alternatively, the plastid’s highly active
homologous recombination machinery (30) or the use of exogenous recombinases could be
exploited to excise a selectable marker after achieving homoplasmy (17, 116). In particular,
using Bxb1 recombinase and attF/attB sites to precisely remove DNA from within the ¢rml/
trnA intergenic spacer shows great promise for this widely used site (116). Development and
optimization of this technology in edible crops will be critical to facilitate the approval of
plant-made biopharmaceuticals for public use.

Targeted oral delivery of therapeutic proteins could also revolutionize the field. CTB has
yielded foundational studies, but the ubiquity of GM1 means that CTB-fused therapeutic
peptides lack specificity. Targeting therapeutic proteins to specific cell or tissue types should
minimize delivery to nontarget tissues. Engineering a protease cleavage site will ensure the
cleavage of fused tags and release of mature functional therapeutic proteins (81). In this
context, recent advances in identification of specific tags to deliver proteins to immune
modulatory or nonimmune cells hold great promise to induce an immune response when
desired or avoid the immune system while delivering functional plasma proteins.

The field of chloroplast-made vaccines has also experienced tremendous progress. In
addition to cGMP facilities producing plant-made influenza vaccines (54), a chloroplast-
made, orally delivered polio vaccine has proven effective against this devastating disease
(16), providing a viable alternative to the current OPV. Unfortunately, this system does not
eliminate the need for immune priming by injection and therefore still requires the cold
chain (16). Elimination of the cold chain in oral delivery of vaccines will require further
research into enhancement of oral priming. Additionally, incorporating plant-made adjuvants
such as squalene into these vaccine formulations could boost immunity at minimal cost.
However, a recent study has demonstrated that metabolic engineering, including that aimed
at producing adjuvants such as squalene, could have unintended effects on unrelated
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pathways, affecting the abundance of as many as ~19,000 transcripts and ~120 metabolites
(93). In this case, these large effects were likely mediated by metabolites, but proteins may
also play a role (93). These results indicate that as researchers strive to produce additional
therapeutic proteins in plants and bring plant-made biopharmaceuticals into the clinic, they
should also be aware of potential off-target effects in engineered plants (93).

Of all of the >800 sequenced chloroplast genomes, only ~60 represent crop genera (23).
Published chloroplast genome sequences encompass economically important species. Most
of these studies were not funded by the National Science Foundation’s Plant Genome
Research Program. Although research on model organisms provides useful scientific
insights, this discrepancy between model and crop species highlights the need for additional
funding to increase resources related to economically important crop plants.

Although plastid-made therapeutic proteins have not arrived in the clinic, the field is now
closer than it has ever been to making orally delivered plant-made biopharmaceuticals a
reality. Key pilot studies have demonstrated the feasibility of this platform, and new cutting-
edge technologies may provide the final push needed to move chloroplast-made
pharmaceuticals from the lab bench to the bedside.
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Homoplasmy
elimination of any unmodified chloroplast genome in a genetically modified plant cell

Blood-brain barrier (BBB)
highly selective permeability barrier separating circulating blood from brain; allows
penetration of small molecules but not protein drugs

Blood-retinal barrier (BRB)
highly selective permeability barrier separating circulating blood from eye; allows
penetration of small molecules but not protein drugs

Copy correction
maintenance of 100% identical DNA sequence between the inverted repeat regions of the
plastid genome

Choleratoxin B (CTB)
binds GML1 receptors on cell membranes and facilitates delivery of fusion proteins through
endocytosis

GM1
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ganglioside present in lipid rafts in membranes of many cell types (especially neurons).
Binds CTB, causing endocytosis of this complex

Protein transduction domain (PTD)
a small cationic peptide that can penetrate cell membranes without specific receptors

Oral tolerance
the process by which the immune system is prevented from responding to native or foreign
antigen

Interleukin-10 (1L-10)
also known as human cytokine synthesis inhibitory factor (CSIF), IL-10 is an anti-
inflammatory and key immunosuppressive cytokine

Transforming growth factor-p (TGF-g)
an immunosuppressive cytokine involved in induction of tolerance

Renin-angiotensin system (RAS)

involved in cardiovascular homeostasis and pathogenesis of inflammation and autoimmune
dysfunction. Imbalance causes pulmonary hypertension, retinal diseases, and muscular
dystrophy

Subunit vaccines
vaccines derived from one or more specific antigenic regions of a pathogen but free from the
entire organism
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Figurel.

Concepts of chloroplast transformation and characterization of transplastomic plants. (&)
Representation of a chloroplast vector containing the most commonly used flanking
sequences for homologous recombination, #n/and #nA (blue). The selectable marker (SM)
gene ( purple) and gene of interest (GOI; orange) are regulated by promoters and 5’
untranslated regions (UTRSs) (5 R; yellowand greer) to enhance transcription and
translation and by 3" UTRs (3 R; yellowand green) to enhance transcript stability. (4) The
vector is bombarded into leaves with a gene gun. Homoplasmy is achieved after three rounds
of selection on antibiotic-containing media, followed by mass propagation and verification
of maternal inheritance. (¢) Ribosome profiling demonstrates that ribosome stalling (b/ue
peaks) occurs throughout a native human gene, Clotting Factor VI (F8) (N; fop), and
especially in a region with consecutive lysines, but is substantially reduced when codons are
optimized for plastid expression (CO; bottom). The bracketed region in the top graph
indicates decreased ribosome occupancy of the transcript after the stalling site; this region is
absent from the codon-optimized transcript, indicating increased translation of the entire
open reading frame. (') Quantification of a therapeutic protein expressed in chloroplasts.
Protein is extracted from transplastomic plants ( yellow dots), and the extract is subjected to
proteolysis and mass spectrometry by parallel reaction monitoring. Levels of cholera toxin B
(CTB) from the fusion protein (orange curves) are compared with standards (b/ue curves)
and show higher levels in plants expressing codon-optimized human FVIII than in plants
expressing the native gene. Panels cand o adapted with permission from Reference 70.
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Efficacy of chloroplast-made human blood proteins. (&) Capsules containing lyophilized
plant cells expressing human blood proteins are orally delivered. (6) Bioencapsulation of
blood proteins within the plant cell wall protects them in the stomach until they reach the
gut. (Ler?) Close-up image of intact plant cells (arrow) expressing cholera toxin B (CTB)-
fused green fluorescent protein (GFP) that passed through the stomach and reached the small
intestine without any disruption. Intestinal epithelial cells take up GFP after lysis of plant
cells by gut microbes. (Righf) Widespread GFP uptake by gut epithelial cells through
binding of CTB to GM1 receptors. Panel b adapted with permission from Reference 145. (¢)
CTB-fused myelin basic protein (MBP) crossed the blood-brain barrier and cleared amyloid
plaques in Alzheimer’s brain tissue. Panel ¢ adapted with permission from Reference 65. (d)
CTB-fused angiotensin (Ang)-(1-7) or angiotensin-converting enzyme 2 (ACE2) crossed the
blood-retinal barrier, restored retinal folding, and reduced ocular inflammation. Panel ¢
adapted with permission from Reference 119. () CTB-fused Ang-(1-7) or ACE2 orally
delivered to rats after induction of pulmonary hypertension (PH) arrested disease
progression, improved right heart function by reducing the size of the right ventricle (RV)
(fop), and decreased pulmonary wall thickness and lung injury (bottorm). Abbreviation: LV,
left ventricle. Panel e adapted with permission from Reference 117.

Annu Rev Genet. Author manuscript; available in PMC 2017 July 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Daniell et al.

Page 29

Capsules

Poliovirus

7

SOy S

2

Ry S K S Mass propagation of
=D AT AN >N : B
\g\%}b\?{/’\.&h therapeutic lettuce in

[

7

greenhouse

S\

Anthrax
(Bacillus anthracis)

Capsule filler

!

[V %
g =
g 7.
Plague
(Yersinia pestis)

Qgt;;

RN,

Powder

Cholera
Plasma cell \\— (Vibrio cholerae)
\
Antigen-specific Lyophilization Freeze-dried
antibodies leaves

Figure 3.
Vaccination with vaccine antigens made in chloroplasts prevents human infectious diseases;

industrial-scale production of chloroplast-made human therapeutic proteins. (&) Orally
administered antigens are taken up in the gut and captured by antigen-presenting cells, such
as dendritic cells (DCs), inducing antigen-specific T and B cells (plasma cells) that secrete
antibodies against various pathogens. Panel a redrawn with permission from Reference 15.
(b) Examples of diseases for which functional chloroplast-made vaccines have been
developed. Animal models fed with chloroplast-made vaccine antigens produced antibodies
and conferred protective immunity against viral (polio), bacterial (anthrax, plague), and
toxin (cholera) challenges. (¢) Workflow for industrial-scale production of plastid-made
pharmaceuticals. Lettuce plants expressing therapeutic proteins are propagated in an
industrial hydroponic greenhouse, and leaves are harvested and lyophilized in a programmed
freeze dryer to maintain sublimation temperature below —20°C. Freeze-dried leaves are
ground to a fine powder and used to fill capsules that can be stored for years while
maintaining their efficacy. Panel ¢ adapted with permission from Reference 15.
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