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Summary

Deficiency of acid alpha glucosidase (GAA) causes Pompe disease in which the patients
systemically accumulate lysosomal glycogen in muscles and nervous systems, often resulting in
infant mortality. Although enzyme replacement therapy (ERT) is effective in treating patients with
Pompe disease, formation of antibodies against rhGAA complicates treatment. In this report, we
investigated induction of tolerance by oral administration of GAA expressed in chloroplasts.
Because full-length GAA could not be expressed, N-terminal 410-amino acids of GAA (as
determined by T-cell epitope mapping) were fused with the transmucosal carrier CTB. Tobacco
transplastomic lines expressing CTB-GAA were generated through site-specific integration of
transgenes into the chloroplast genome. Homoplasmic lines were confirmed by Southern blot
analysis. Despite low-level expression of CTB-GAA in chloroplasts, yellow or albino phenotype
of transplastomic lines was observed due to binding of GAA to a chloroplast protein that has
homology to mannose-6 phosphate receptor. Oral administration of the plant-made CTB-GAA
fusion protein even at 330-fold lower dose (1.5 pg) significantly suppressed immunoglobulin
formation against GAA in Pompe mice injected with 500 pug rhGAA per dose, with several-fold
lower titre of GAA-specific IgG1 and IgG2a. Lyophilization increased CTB-GAA concentration
by 30-fold (up to 190 pg per g of freeze-dried leaf material), facilitating long-term storage at room
temperature and higher dosage in future investigations. This study provides the first evidence that
oral delivery of plant cells is effective in reducing antibody responses in ERT for lysosomal
storage disorders facilitating further advances in clinical investigations using plant cell culture
system or in vitro propagation.
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Introduction

Genetically modified plant cells are suitable for bioencapsulation and oral delivery of human
therapeutic protein drugs and antigens for immune modulation, including oral tolerance
induction. However, high levels of transgene expression are required for many therapeutic
applications for such an approach. This potential hurdle has been addressed by expression of
human therapeutic protein in chloroplasts (Daniell et al., 2009b; Dolgin, 2014). Chloroplasts
are highly efficient bioreactors and offer several unique advantages; >10 000 copies of
transgenes are expressed in each transformed plant cell; for example, it is possible to
produce up to 360 million doses of fully functional anthrax vaccine in one acre of tobacco
(Koya et al., 2005) or express human blood proteins up to 70% of total leaf protein in
healthy plants (Ruhiman et al., 2010). Maternal inheritance of genetically modified
chloroplast genomes and the absence of any reproductive structures offer efficient foreign
gene containment and facilitate their safe production in the field (Daniell, 2002, 2007;
Daniell et al., 1998). Additionally, chloroplast genetic engineering offers several other
unique advantages including lack of gene silencing, position effect due to site-specific
transgene integration and multigene engineering in single transformation event (De Cosa et
al., 2001; Kumar et al., 2012). Several human blood proteins, vaccine antigens against
bacterial, viral and protozoan pathogens and autoantigens have been expressed in transgenic
chloroplasts (Daniell et al., 2009b; Kwon et al., 2013a). Many of these proteins have proper
post-translational modifications (disulphide bonds, cyclization, lipid modifications) and are
fully functional as evaluated by binding assays, cell culture studies, immunoglobulins,
antiviral or anticancer activities, pathogen and toxin challenge (Daniell et al., 2009b; Kwon
et al., 2013b). In recent studies, several human proteins expressed in chloroplasts are fully
functional upon oral delivery including insulin/exendin to treat diabetes (Boyhan and
Daniell, 2011; Kwon et al., 2013b), angiotensin converting enzyme/angiotensin for
hypertension (Shenoy et al., 2014) or ocular inflammation (Shil et al., 2014) or the removal
of plagues from the brain of patients with Alzheimer’s disease (Kohli et al., 2014).

In addition to delivery of functional proteins, high-level expression in chloroplasts combined
with bioencapsulation is well suited for tolerogenic delivery of protein antigens (hamely for
oral tolerance induction). Oral tolerance is defined as the specific suppression of humoral
and/or cellular immune responses to an antigen by administration of the same antigen
through the oral route. Due to easy administration, antigen specificity, inexpensive
production cost and unlimited scalability, plant-derived therapeutic antigen-based oral
tolerance is becoming an attractive approach to prevent undesired immune responses that
cause a number of diseases (e.g. haemophilia and type 1 diabetes etc.) or that complicate
treatment of diseases (Dénes et al., 2013; Kwon et al., 2013a; Ruhlman et al., 2007; Wang
et al., 2013). Oral tolerance targets the gut immune system, a natural site for anti-
inflammatory and immune regulatory responses, and represents a noninvasive and antigen-

Plant Biotechnol J. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

Results

Human acid

Page 3

specific approach that avoids use of general immune suppressive drugs. Oral tolerance using
transgenic plant cells would therefore be ideal to eliminate immune responses such as
antibody formation that severely complicate current systemic enzyme replacement therapies
(ERTs) for several genetic diseases. However, efficient and cost-effective antigen delivery is
required for efficacy and clinical translation.

In an effort to utilize transplastomic technology to address these problems, our laboratories
have collaborated and found that oral delivery of coagulation factor V1II or IX,
bioencapsulated in plant cells, prevents formation of inhibitory antibodies in replacement
therapy for the bleeding disorders haemophilia A (Sherman et al., 2014) and haemophilia B
(Verma et al., 2010). We hypothesize that this approach may be widely applicable to
inherited protein deficiencies prone to such responses, including lysosomal storage disorders
(LSD). Antibody formation is a major hurdle in treatment of Pompe disease, an autosomal
recessive LSD caused by mutations in the gene encoding acid-a-glucosidase (GAA, an
enzyme required for the degradation of glycogen in lysosomes). GAA deficiency causes a
neuromuscular disease that affects skeletal, cardiac and smooth muscles; diaphragm; and
motorneurons (DeRuisseau et al., 2009; Falk et al., 2015). ERT with recombinant human
GAA (rhGAA) is currently the only clinically available ameliorative therapy (Kishnani et
al., 2007, 2010). Infantile-onset patients manifest symptoms as early as 1 month after birth
with severe cardiomegaly, troubled feeding, poor muscle tone and respiratory distress.
Without ERT, these patients do not survive beyond 2 years of age. Absence of GAA activity
in severe disease typically also reflects absence of antigen due to gene deletion or other
severe mutations, which in turn also results in a lack of tolerance to infused rhGAA (van
Gelder et al., 2015). Consequently, 88% of severe patients have been found to form anti-
GAA responses, which not only neutralize therapy but cause immunotoxicities. Currently,
the only option to prevent antibody formation is to initiate sustained immune suppression
prior to the onset of therapy (Elder et al., 2013). To address this urgent need, we expressed
GAA antigen in tobacco chloroplasts and evaluated in GAA-deficient Pompe mouse model,
providing the first evidence that oral delivery of transplastomic leaf cells can be effective in
reducing antibody responses in ERT for LSDs, even when delivered at very low (330-fold)
antigen concentration.

alpha glucosidase (GAA) expression vector

We first constructed a full length (2859 bp, accession number XM005257194.2) of human
acid alpha glucosidase (GAA) chloroplast expression vector pLD-PTD-GAA. However, we
could not generate any transplastomic line by bombardment of pLDPTD-GAA vector in
spite of repeated trials (~300 bombardments). Therefore, we made another chloroplast
expression vector to express a domain containing T-cell epitopes. In our previous
investigations, all three identified CD4* T-cell epitopes of the GAA were mapped around
the same region of the GAA protein (amino acids 200th-350th, Nayak et al., 2012).
Therefore, we chose the cDNA sequence of the N-terminal 410-amino acid (1st-410th, 1230
bp) of GAA to construct another expression vector. To efficiently deliver the human GAA,
the DNA sequence of 410-amino acid N-terminal region was fused in frame with the
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transmucosal carrier cholera toxin B subunit (CTB) sequence. The CTB-fused shorter
version of GAA (CTB-GAA) was then amplified from the vector pLD-PTD-GAA and a
CTB-containing plasmid by overlap extension PCR and then cloned into the pLD-ctv vector
(Daniell et al., 2004) to create pLD-CTB-GAA (Figure 1a). In the pLD-CTB-GAA
chloroplast vector, the CTB-GAA fusion gene is driven by the psbA promoter and 5
untranslated region (UTR) to increase translation and the transcript was stabilized by the
psbA 3’ UTR. The spectinomycin selection marker gene aadA in pLD-CTB-GAA is driven
by the tobacco plastid ribosomal operon promoter (Prrn) and the GGAG ribosome binding
site was also included to facilitate selection on spectinomycin. In addition, a glycine—
proline—glycine—proline (GPGP) hinge was created between the fusion elements to prevent
steric hindrance. A furin cleavage site, arginine-arginine—lysine—arginine (RRKR), was also
inserted between the fusion elements. The CTB-GAA expression vector was fully sequenced
before particle bombardment and expression was evaluated in E. coli.

Generation of CTB-GAA transplastomic lines

CTB-GAA transplastomic lines were generated by biolistic particle bombardment of
tobacco leaves with the expression vector pLD-CTB-GAA. After selection on
spectinomycin-containing media, only three putative transplastomic lines were obtained
from 20 bombardments due to potential toxicity of GAA. These transplastomic plants were
confirmed by PCR analysis with primer sets 3P/3M, 5P/2M (Verma et al., 2008) and CTB-
Fw/GAA-Rv which were designed to anneal specifically to complementary sequences of the
chloroplast genome and transgene cassettes. PCR results showed expected sizes of
amplicons, 1.65 kb with 3P/3M, 3.70 kb with 5P/2M and 1.54 kb with CTB-FW/GAA-Rv,
indicating site-specific integration of the aadA and CTB-GAA gene cassettes in all three
independent transplastomic lines (data not shown). When these PCR-confirmed
transplastomic shoots reached 6-7 leaf stage, leaves were cut into small pieces and subjected
to second round of selection on spectinomycin and rooting process (3rd round) to generate
homoplasmic plants. The site-specific integration of the CTB-GAA gene was further verified
by Southern blot analysis probed with the trnl and trnA flanking sequence (Figure 1b). All
three independent transplastomic lines (L4, L5 and L6) showed distinct hybridizing
fragments with the correct size of 7.6-kb but not the 4.4-kb fragment from wild type in the
Afl111-digested total DNA blot (Figure 1b). The total DNA was extracted from plants 4S, 5
and 6K (Figure 2a) that represent transplastomic lines L4, L5 and L6. Both PCR and
Southern blot analyses indicated that the homoplasmic plants were generated through site-
specific integration of the CTB-GAA expression cassette into the chloroplast genome.

Phenotype of the transplastomic plants and CTB-GAA expression

Young and newly regenerated shoots derived from the bombarded leaves showed green leaf
phenotype (data not shown). However, leaves of the CTB-GAA transplastomic plants after
3rd round of selection turned pale green as they grew larger. Plants grown a longer period of
time (~7 weeks) showed unique mosaic-like or yellow leaf phenotype when compared to the
normal green leaves of untransformed wild-type (WT) plants (Figure 2a). Plant 4S and 4X
were regenerated from leaves of line L4. Plant 5 and plant 6K were regenerated from the
leaves of L5 and L6, respectively. To further characterize CTB-GAA transplastomic lines,
Western blot analysis was performed. As shown in Figure 2b, CTB-GAA expression was
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clearly detected in all 3 independent lines L4 (plants 4S, 4X), L5 (plant 5) and L6 (plant 6K)
using anti-CTB antibody. To further verify the GAA polypeptide sequence of the CTB-GAA
fusion protein expressed in chloroplasts, parallel Western blots were carried out using anti-
GAA antibody. Western blots showed the CTB-GAA fusion protein with correct molecular
mass of 57.3 kDa (Figure 2b) in all transplastomic lines. In addition, there was no
nonspecific cross-reactivity of CTB standard protein (as a negative control) with the anti-
GAA antibody although one cross-reactive protein was detected in protein extract from
untransformed WT plants (Figure 2b). These results indicated that the CTB-GAA fusion
protein was expressed in the chloroplasts of all three transplastomic lines. However,
expression of CTB-GAA in tobacco chloroplasts resulted in drastic changes in plant
phenotype. When these CTB-GAA plants were grown for a longer period of time (2.5
months), transplastomic lines turned into completely albino plants (Figure 2c). In addition to
leaf phenotypic changes, the CTB-GAA plants also showed weaker root system and slower
growth when compared with untransformed WT plants. However, the CTB-GAA albino
plants were propagated through in vitro culture for more than 1 year through nodal cuttings.
Furthermore, the CTB-GAA shoots could also be regenerated from albino leaves of the
transplastomic lines. In this way, we were able to scale up production of the CTB-GAA leaf
materials for further investigations.

To further investigate why CTB-GAA expression in tobacco chloroplasts resulted in albino
phenotype of CTB-GAA transplastomic plants, Western blot assays were performed using
anti-human cation-independent mannose 6-phosphate receptor (CI-MPR) polyclonal
antibody (Novus Biologicals LLC, Littleton, CO). As shown in Figure 3a, a homologue
protein (~60 kDa) of CI-MPR is detectable at low expression level in both leaf extract and
purified chloroplast of WT plants. More interestingly, much higher level of this homologue
was observed in the leaf extract of CTB-GAA transplastomic plants. The functional full-
length GAA is a lysosomal hydrolytic enzyme for degradation of glycogen in human cells.
To test whether chloroplast-derived GAA could affect carbohydrate metabolism (although
the truncated version of GAA was used in this study), starch staining of tobacco leaves was
carried out using Lugol’s iodine solution. As demonstrated in Figure 3b, no significant
starch accumulation was detected in the leaves of both CTB-GAA transplastomic and WT
plants grown in %2 strength MS medium supplemented with 2% sucrose. The WT leaves
growing in potted soil in greenhouse, however, showed high-level starch accumulation
(Figure 3b).

Quantitation and pentamer assembly of CTB-GAA fusion protein in chloroplasts

Quantitation of CTB-GAA fusion proteins in leaf extracts from transplastomic lines was
performed by Western blot analysis (Figure 4a). The CTB-GAA plant crude extracts were
probed with anti-CTB polyclonal antibody under fully denatured and under reducing
conditions. Concentration of the fusion protein was measured by densitometry on Western
blots of leaf extracts using known amounts of purified CTB protein as standard. The
measured expression level of CTB-GAA protein was between 0.13% and 0.21% of total leaf
protein (TLP) varying with different batches of leaf materials or up to 6.38 g per g of fresh
leaves. Lyophilization of fresh leaf materials expressing human therapeutic proteins would
facilitate long-term storage at room temperature and eliminate microbes. Moreover,
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lyophilization also increased the concentration of the therapeutic protein (Kwon et al.,
2013b). Therefore, CTB-GAA plant leaf materials were lyophilized. The concentration of
CTB-GAA protein in the lyophilized leaf materials was increased ~30-fold and reached up
to0 190.32 ug per g of dry weight (Figure 4b).

Several CTB-fused proteins expressed in chloroplasts (Limaye et al., 2006; Sherman et al.,
2014; Verma et al., 2010) have been shown to bind to a plasma membrane receptor (GM1-
ganglioside). A pentameric structure is required for binding of CTB fusion to GM1 receptor
(Daniell et al., 2001; Tsuji et al., 1995). To evaluate receptor binding ability of CTB-GAA
fusion proteins produced in tobacco chloroplasts, GM1-binding ELISA was performed. As
shown in Figure 4c, CTB-GAA fusion protein extracts from both frozen leaf samples and
freeze-dried leaf materials and purified CTB protein showed strong binding affinity to GML1.
Therefore, CTB-GAA fusion protein assembled properly to form pentameric structures
within transformed chloroplasts. Lyophilization of CTB-GAA leaf materials maintained the
functional pentameric structure. To further confirm the pentamer formation of the
chloroplast-derived CTB-GAA fusion proteins, nonreducing gel Western blot was carried
out with tobacco leaf extracts using anti-CTB polyclonal antibody. The pentameric structure
with expected size of 286.5-kDa was clearly detected in the nonreducing blots (Figure 4d).
No cleaved or dissociated CTB-GAA protein was detectable in all three transplastomic lines.
Results of both GM1-binding ELISA and nonreducing gel immunoblotting confirm
pentamer assembly of CTB-GAA fusion protein expressed in tobacco chloroplasts.

Suppression of anti-GAA formation upon ERT in Pompe mice

At high doses of 20-40 mg/kg, ERT partially corrects the storage disorder in muscle cells of
human patients or experimental animals due to uptake of the enzyme via the mannose-6-
phosphate receptor. However, similar to patients with early-onset Pompe disease, Pompe
mice lacking GAA expression due to gene deletion form high-titre antibody responses
during the course of ERT when they receive high enzyme doses (Nayak et al., 2012 Nayak
et al., 2014; Sun et al., 2007). Antibody formation is CD4* T-helper cell dependent, and
chloroplast-made CTB-GAA fusion protein contains the dominant IAP-restricted epitopes
presented in the mouse strain used in this study (129SVE Gaa -/- mice). A cohort of these
Pompe mice (n = 8) received oral gavages of 250 mg frozen tobacco leaf cells (containing
~1.5 ug CTB-GAA) twice per week for 2 months (Figure 5a). During the second month,
ERT was performed by weekly intravenous injections of recombinant human GAA at a
typical clinical dose (20 mg/kg, or ~500 ug per mouse). Control Pompe mice (n=9)
received ERT only, which resulted in high-titre anti-GAA formation. Consistent with our
previous data, mice predominantly formed IgG1 and only lower titres of 1G2a and 1gG2b
(Figure 5a—d). Importantly, orally tolerized mice showed a significant, on an average
threefold lower titre of GAA-specific 1gG1 (Figure 5b). In addition, there was a significant
further reduction in 1gG2a formation (Figure 5c¢). Although the reduction in 1gG2b
formation did not reach statistical significance (due to the relatively low titre and greater
variability of this subclass in the control mice), the subset of higher titre responders seen in
the control mice was absent in tolerized mice (Figure 5d).
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Discussion

In previous research, we advanced the concept of tolerance induction by oral administration
of transplastomic leaf cells from initial prevention of destructive T-cell responses in
autoimmune disease (in a murine model of type 1 diabetes) to suppression of allo-antibody
formation in coagulation factor replacement therapy for haemophilia (Ruhlman et al., 2007;
Sherman et al., 2014; Verma et al., 2010). Here, we further expanded the spectrum of
application of this promising approach to suppression of antibody formation in ERT for the
lysosomal storage disorder (LSD) Pompe disease. These data provide first evidence that the
strategy can be successful in the treatment of LSDs, which is severely hindered by these
humoral immune responses. Thus, the concept of tolerogenic oral delivery of transplastomic
leaf cells is widely, perhaps even universally, applicable to cellular and humeral immune
responses that occur in autoimmune disease and rejection of replacement therapy for genetic
disease. These new results are encouraging for the development of plant-based oral tolerance
for many other inherited protein deficiencies. As more ERTSs are being approved for clinical
applications, the problem of immune rejection is likely to occur in more diseases (Brooks et
al., 2003) and could also emerge as a problem in the newer gene therapies (Byrne et al.,
2011; Rogers and Herzog, 2015; Sack et al., 2014).

In this study, we used a truncated form of GAA for chloroplast-derived antigen production
of the GAA used for oral tolerance induction. We successfully generated transplastomic
tobacco plants which express the 410-amino acid GAA antigen. The GAA can be produced
in chloroplasts in truncated form. However, the full-length GAA transplastomic plants could
not be generated more likely due to the toxicity of full-length GAA protein. The pale green
and albino leaf phenotypes of the partial GAA transplastomic plants indicated that the
truncated form of the GAA is still not well tolerated by chloroplasts. The toxicity of GAA
protein does not seem to be related to enzymatic activity because the active catalytic site
(from F512 to E521) of the GAA (Hermans et al., 1991) is not included in our 410-amino
acid GAA sequence. Our study has demonstrated that biological activity is not required for
oral tolerance induction. However, the expressed polypeptide needs to include the relevant
CD4* T-cell epitopes for tolerogenic antigen presentation. CD4* T cells play a critical role
in B-cell activation and antibody production in ERT (Nayak et al., 2012). Shorter version of
GAA contains all three CD4* T-cell epitopes presented by the murine MHC 1l molecule |-
Ab_ For future translational studies, it will be important to express sufficient GAA amino
acid sequence to cover major epitopes in the human population. Because plant-cell-based
oral tolerance induces multiple subsets of regulatory T cells (Treg), resulting in active
suppression of T-helper cell and antibody responses, it may not be necessary to achieve
presentation of all epitopes that may be recognized in a particular patient (Kim et al., 2015;
Sherman et al., 2014). In this initial study in the Pompe mouse, we achieve substantial but
not complete suppression of anti-GAA formation. Future studies will need to address the
level of suppression required to reduce or eliminate immuno-toxicities and improve efficacy
of ERT.

In this report, CTB was used as a transmucosal carrier to make a fusion with GAA. CTB is
recognized as one of the highly efficient carrier molecules for the induction of oral tolerance
(Sun et al., 1994). CTB is composed of five identical 11.5-kDa polypeptide monomers that
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assemble into a stable pentamer ring (57.5 kDa). The pentamer CTBs bind GM1 ganglioside
receptors in the gut epithelial cell membrane and in dendritic cells (DCs) (Kraehenbuhl et
al., 1997; Rescigno et al., 2001). It has been demonstrated that CTB is nontoxic when
administered to humans (Nashar and Hirst, 1995). In addition, CTB was found to activate
both antigen presenting cells (APCs) and Th2 cell responses that are essential for the
stimulation of B-cell immunoglobulin responses (Eriksson et al., 2003). The expression
level of the truncated GAA protein fused with CTB in the transplastomic leaves is not high.
Nonetheless, oral delivery of the CTB-GAA antigen bioencapsulated in plant cells
significantly suppressed antibody formation against rhGAA in Pompe mice. The dose that
we used for testing the efficacy of oral tolerance in Pompe mice (1.5 ug per gavage) was 10
666-fold lower than the high dose (16 mg) of rhGAA without CTB fusion for oral tolerance
induction in wild-type mice (Ohashi et al., 2011), indicating that much more efficient
delivery was achieved using CTB as a transmucosal carrier. In comparison with the injected
dose (500 pg per mouse) of rhGAA in this study, oral administration of plant-made GAA at
330-fold lower dose can still induce oral tolerance in Pompe mice, demonstrating the high
efficacy of oral delivery of bioencapsulated therapeutic proteins. Feeding microgram
amounts of potato-made and CTB-conjugated insulin (Arakawa et al., 1998) or tobacco-
derived glutamic acid decarboxylase (GAD) and IL-4 (Ma et al., 2004) substantially
suppressed autoimmune diabetes in NOD mice. Oral delivery of microgram dose with CTB-
fused and tobacco-produced human FVIII or FIX was also effective for induction of oral
tolerance to prevent inhibitory antibody formation against FVIII or FIX in haemophilia A or
B mice (Sherman et al., 2014; Verma et al., 2010; Wang et al., 2015). The fusion of CTB to
insulin generated up to 5000-fold reduction in the amount of autoantigen required than
antigen without CTB for immunotolerization (Bergerot et al., 1997).

Recently, we defined the mechanism by which CTB fusion proteins orally delivered via
transplastomic plant cells induce immune tolerance (Wang et al., 2015). After uptake by the
epithelium of the small intestine, some of the antigen is delivered to DCs, including
tolerogenic CD103* DC. The interaction between systemic antigen delivery during
replacement therapy and the tolerogenic oral delivery drives a complex immune regulatory
response that increases the frequencies of CD103* DC, plasmacytoid DC, CD4* T cells
expressing gut homing receptors and LAPT CD4* T cells. This response is antigen specific
and dependent on the cytokine IL-10, a key anti-inflammatory component of the gut
immune system. Adoptive transfer studies revealed that systemic antibody formation is
ultimately suppressed by the induction of two distinct subsets of Treg: CD4*CD25*FoxP3*
Treg and CD4*CD25"LAP™* Treg (Sherman et al., 2014; Wang et al., 2015). LAP* Treg
overexpress latency associated peptide (LAP) and are known to potently suppress via a
TGF-B-dependent mechanism. We found that LAP* Treg induced by the plant-cell-based
oral tolerance protocol express both TGF-f3 and IL-10 (Wang et al., 2015). Importantly, low
oral antigen doses can prompt this regulated immune response, which explains why we had
success with suppression of anti-GAA formation even with feeding low dose plant material.

Prophylactic induction (prior to ERT or commencing with ERT) of immune tolerance is
required for infantile patients with Pompe disease to avoid prolonged immune suppression
(Elder et al., 2013; Messinger et al., 2012). Our data generated from prophylactic treatment
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of Pompe mice with the plant-made GAA antigen provide the proof of principle. The present
study also suggests that our approach needs further optimization for higher level expression
and larger scale production of the GAA antigen. Codon optimization will be one of the
strategies to improve the protein expression level in chloroplasts (Daniell et al., 2009a).

In human cells, GAA is transported to lysosomes after binding of mannose 6-phosphorylated
glycan on the GAA protein surface to the cation-independent mannose 6-phosphate receptor
(CI-MPR) (Maga et al., 2013; Oshima et al., 1988). If the chloroplast-produced GAA binds
to the CI-MPR homologue protein in the chloroplast, the homologue-involved metabolic
pathway(s) could be adversely affected, eventually resulting in albino plant phenotype.
Western blot analysis using anti-human CI-MPR polyclonal antibody detected CI-MPR
homologue at low concentration in untransformed chloroplasts and in greater abundance in
GAA-expressing chloroplasts (Figure 3a). Greater abundance could be due to binding of
GAA to the mannose 6 phosphate receptor or the homologue. In the N-terminal 410-amino
acid region of our truncated version of GAA, there are 3 M6P binding sites (Asn140,
Asn233 and Asn390) (Hermans et al., 1993; Hoefsloot et al., 1988). This offers one
potential explanation for albino plants. Therefore, it is possible to introduce mutations in
MB6P binding site in order to reduce GAA toxicity and increase GAA expression level.
Therefore, an immunogenic GAA lacking M6P binding site could be created in future
studies.

In this study, no significant difference of starch synthesis was observed between GAA
transplastomic plants and WT plants growing in sucrose-containing medium, suggesting that
the truncated GAA expression in tobacco chloroplasts did not interfere starch accumulation.
We reason that the undetectable or low-level starch accumulation (as determined by Lugol’s
iodine staining method) in both transplastomic and WT leaves growing in sucrose-
containing medium was due to exogenous supply of sucrose in the growth medium.
Untransformed leaves grown in potted soil showed high-level starch accumulation. Spraying
leaves with 50 mM sucrose strongly reduces photosynthesis of sugarcane through the down-
regulation of Rubisco abundance and activity, and starch concentration was significantly
decreased in leaf and sheath tissues (Lobo et al., 2015).

Chloroplast-expressed GAA protein can be concentrated more than 30-fold after
lyophilization when compared to frozen materials. While this study used frozen leaf
materials, future studies will use lyophilized plant cells with 30-fold enhanced concentration
per dose. Use of lyophilized GAA leaf materials in combination with dose escalation may
further enhance the efficacy of inhibitor suppression. The first FDA-approved drug made in
plant cells is glucocerebrosidase made in carrot cell culture (Shaaltiel et al., 2007; Walsh,
2014). Therefore, if autotrophic growth is a limitation, plant cell culture may be set up for
biomass production and further clinical studies. Alternatively, commercial facilities are
available for in vitro propagation. Therefore, GAA-expressing plant cell culture or in vitro
grown plants would be ideal for translational studies for Pompe disease.
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Experimental procedures

Construction of the CTB-GAA expression vector

The CTB-GAA chimeric gene (1566 bp) was synthesized by overlap extension PCR as
described by Heckman and Pease (2007) with the following 4 primers, Ndel-CTB-Fw (5’-
TTCATATGACA CCTCAAAATATTACTGATT-Z, the underlined nucleotides represent
the start codon of CTB), CTB-GAA-Fw (5’-CCCGGG CCGCGGCGTAAACGC
ATGGGAGTGA GGCACCCG-3, the underlined indicates the start codon of GAA), CTB-
GAA-Rv (5-G CGTTTACGCCGCGGCCCGGGCCCATTTGCCATACTA-3) and GAA-
Rv (5’-AAC TAGTCTAGACTAGGAGTCCATGTAGTCCA GGTCGTTCC-3, the italics
indicates the Xbal restriction site, and the underlined represents the stop codon of GAA).
The entire CTB-GAA PCR products were cloned into pZero Blunt TOPO PCR vector
(Invitrogen, Carlsbad, CA) to create the pTOPO-CTB-GAA. The CTB-GAA sequence was
then verified by sequencing. The chimeric gene of CTB-GAA was isolated with Ndel/Xbal
restriction digestion and cloned into a pLD-ctv as reported previously (Daniell et al., 2004)
to construct the CTB-GAA expression vector pLDCTB-GAA. The final chloroplast
expression vector pLD-CTB-GAA was sequenced and used for transformation of tobacco
chloroplasts.

Transformation and characterization of CTB-GAA transplastomic lines

Transformation of tobacco (Nicotiana tabacum cv. Petit Havana) chloroplasts with the
expression vector pLD-CTB-GAA and PCR analysis of the transplastomic lines were
performed according to the previously published protocols (Verma et al., 2008). The CTB-
GAA transplastomic tobacco lines were selected and regenerated on spectinomycin (500
mg/L) selection media. Site-specific integration of the transgenes including the aadA
selection cassette and the CTB-GAA expression cassette was first confirmed by PCR
analysis with two primer sets 3P/3M and 5P/2M (Verma et al., 2008). The 3rd primer pair
CTB-Fw (5-CA TATGACACCTCAAAATATTACTGATT-3) and GAA-RYV (the same
primer used for overlap extension PCR) was also used to identify the integration of CTB-
GAA expression cassette. Southern blot analysis was carried out essentially as described by
Kumar and Daniell (2004). Total tobacco DNA (1 pug) was digested with AfllI1, separated on
a 0.8% agarose gel and then transferred to a nylon membrane. A 0.81-kb DNA probe was
isolated from pUC-CT plasmid with BamHI and Bgl11 digestion and labeled with 32P. After
labeling, membrane hybridization was carried out by following the QUICK-HYB
hybridization protocol (Stratagene, La Jolla, CA).

Preparation of intact chloroplasts

Chloroplasts from young (1.5 months old) tobacco leaves were isolated using the sucrose
gradient method as described by Saski et al. (2007) based on Jansen et al. (2005) protocol
with the following modifications. About 10 g of leaf tissue was homogenized in isolation
buffer using prechilled tissue blender. The homogenate was filtered using three layers of
Miracloth (EMD Chemicals, Inc. San Diego, CA). The filtrate was centrifuged at 1,000 x g
for 15 min at 4°C. After resuspension of the pellets in 6 mL ice cold wash buffer, 1.5 mL of
suspension was loaded onto the sucrose gradient consisting of 8 mL of 52% sucrose in the
lower phase and 3.5 mL of 30% sucrose in the upper phase. Following centrifugation of the
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sucrose gradient at 55,000 x g (SW-41 rotor, Beckman) for 60 min at 4°C, the chloroplast
band was removed with a Pasteur pipette. The collected chloroplasts were diluted with 10
volumes of wash buffer. After centrifugation at 1,500 x g for 15 min at 4°C, purified
chloroplast pellets were lysed with plant protein extraction buffer (Verma et al., 2008)
without sucrose for Western blot analysis.

Visualization of starch in tobacco Leaves

Starch staining of tobacco leaves was performed as reported previously (Chen et al., 2005).
In brief, leaf discs were collected from similar age (~2 months old) of GAA transplastomic
and WT tobacco plants. The collected leaf discs were blanched with 80% ethanol and then
stained with Lugol’s solution (Sigma-Aldrich, St. Louis, MO). After destaining with double-
distilled water, the stained leaf discs were visualized and photographed.

Reducing and nonreducing gel Western blot analysis

In order to test the expression of CTB-GAA in the transplastomic plants and to quantitate
the concentration of CTB-GAA fusion protein in the harvested leaf materials, reducing
PAGE gel under complete denature condition and Western blot analysis were performed
according to the methods of Verma et al. (2008). Total leaf proteins were extracted from
both frozen leaves and lyophilized leaf materials and then separated on 10% SDS-PAGE
gel. Western blot analyses were carried out with rabbit anti-CTB polyclonal antibody
(GeneWay, San Diego, CA) and rabbit anti-GAA polyclonal antibody separately. To analyse
the pentameric structure of the CTB-GAA fusion proteins expressed in tobacco chloroplasts,
nonreducing gel/Western blot analysis was also performed. CTB-GAA proteins were
extracted in an extraction buffer without DTT or p-mercaptoethanol (BME). The sample
loading buffer did not contain the reducing agent either. Gel running, protein transfer and
detection of the blots were carried out by following the procedures as described by Verma et
al. (2008).

GM1 binding assay

To test the ability of the tobacco chloroplast-derived CTB-GAA to bind to the GM1 receptor
(GM1-ganglioside), a CTB-GML1 binding assay was performed according to the method of
Ruhlman et al. (2007). Tobacco protein extracts were prepared in an extraction buffer
without DTT or BME (200 mM Tris—HCI, pH8.0, 100 mM NaCl, 200 mM sucrose, 10 mM
EDTA, 0.05% Tween-20, 2 mM PMSF and protease inhibitor cocktail). A total of 100 pg of
leaf proteins were loaded in the wells of 96-well plate. CTB as a positive control and BSA
as a negative control were also added for this GM1 binding assay. Rabbit anti-CTB primary
antibody and HRP-conjugated donkey anti-rabbit secondary antibody were used to detect the
binding activity which was read on a plate reader (Dynex Technologies, Chantilly, VA) at
450 nm.

Lyophilization

Crumbled and frozen tobacco leaves expressing CTB-GAA fusion proteins were transported
to the lyophilizer (Genesis 35XL, SP Scientific.) on dry ice and treated at —40, =30, —20, —
15, -10, -5 and 25°C for a total of 72 h under vacuum 400 mTorr. The lyophilized leaf
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materials were ground in a coffee grinder (Hamilton Beach, Southern Pines, NC) at
maximum speed for three times (each time, pulse on 6 s and off 90 s). The fine powder was
stored under moisture-free condition at room temperature with silica gels.

Animal studies

Pompe mice with targeted deletion of Gaa (on 129SVE genetic background, equal numbers
of male and female 8-week old mice) were given oral gavage of frozen tobacco leaf cells
twice per week for 2 months as published in the study by Sherman et al. (2014); Verma et
al. (2010). The dose was 250 mg plant material containing ~1.5 pg CTB-GAA fusion
antigen. During the second month of the regimen, mice were given 4 weekly intravenous
(tail vein) injections of recombinant human GAA (Myozyme, Genzyme, Cambridge, MA) at
a dose of 20 mg/kg. Blood samples were collected 1 week after the last injection, and GAA-
specific antibody titres were measured in plasma by subclass-specific ELISA as published in
the study by Nayak et al. (2012). Unpaired Student’s t-test was used to compare
experimental groups, and P < 0.05 was considered a statistically significant difference.
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Figure 1.
Schematic diagram of CTB-GAA expression vector and Southern blot analyses of CTB-

GAA transplastomic lines. (a) Schematic diagram of CTB-GAA expression vector pLD-
CTB-GAA. Homologous chloroplast genome flanking sequences include 16S (16S rRNA),
isoleucine tRNA (trnl), alanine tRNA (trnA) genes. A glycine—proline—glycine—proline
hinge and furin cleavage site (RRKR) are included between CTB and the GAA sequence.
The CTB-GAA expression is regulated by the tobacco psbA UTR and promoter. The
selection marker gene aadA (encoding aminoglycoside 3’-adenylyltransferase gene to confer
spectinomycin resistance) is driven by a ribosomal RNA operon promoter (Prrn) with
GGAG ribosome binding site. (b) Southern blot. Total tobacco DNA (1 pg) was digested
with Afl111 and probed with 0.81-kb trnl/trnA flanking region fragment. Untransformed line
generates a 4.4-kb hybridizing fragment, while transplastomic lines generate 7.6-kb
fragment due to site-specific insertion of the transgene cassette. L4, L5 and L6 represent
three independent transplastomic lines.
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Phenotype of transplastomic lines expressing CTB-GAA. (a) Phenotypes of control and
CTB-GAA plants. WT, untransformed wild-type plant. Plants 4S and 4X were regenerated
from line 4; Plant 5 was regenerated from line 5. Plant 6K was regenerated from line 6. (b)
Western blot analysis of control and CTB-GAA plants. Plant crude extracts were loaded
from WT and CTB-GAA plants at 4 ug (TLP) in each lane; CTB, 10 ng per lane. Antibody
titres: anti-CTB rabbit polyclonal antibody 1 : 10 000; anti-GAA rabbit polyclonal antibody
1:9000. (c) WT plants and CTB-GAA transplastomic albino plants (2.5 months old).
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Figure 3.
Characterization of CTB-GAA albino plants. (a) Western blot to detect the homologue of

human cation-independent mannose 6-phosphate receptor (CI-MPR) in tobacco chloroplasts
and leaves. A total of 15 or 7.5 g of total protein per lane was loaded. Probe: anti-human
CI-MPR polyclonal antibody (titre, 1 : 2000). WT, untransformed wild-type sample. (b)
Starch staining of CTB-GAA transplastomic and WT leaves. Both CTB-GAA
transplastomic leaves (white) and WT leaves (green) grown in culture dishes or potted plants
were used for this assay. Three independent experiments were performed, and no detectable
starch accumulation was observed in the leaf discs of both CTB-GAA transplastomic and
WT plants grown in % strength MS medium supplemented with 2% sucrose. Leaf discs of
WT plants growing in potted soil in the greenhouse showed high-level synthesis of starch as
shown by dark blue staining.
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Figure4.
Quantitation and assembly of CTB-GAA fusion proteins expressed in tobacco chloroplasts.

(a) Quantitation of CTB-GAA protein. WT1 and lanes (1, 2, 3), representing protein extracts
from independent lines L4 (plants 4S, 4X), L5 (plant 5) and L6 (plant 6K), 12 ug (TLP) per
lane; WT2 and lanes (4, 5, 6), 6 ug (TLP) per lane. Probe: anti-CTB rabbit polyclonal
antibody (titre 1 : 10 000). (b) Comparison of CTB-GAA concentrations in lyophilized
(Lyo) and frozen (Fro) leaf materials. Lanes 1, 2, 3: lyophilized CTB-GAA leaf extracts
(DW: 0.125, 0.025, 0.0125 mg). Lanes 4, 5, 6: frozen CTB-GAA leaf extracts (FW: 0.250,
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0.050, 0.025 mg). Lane 7: lyophilized WT leaf extract (DW: 0.125 mg). Lane 8: frozen WT
leaf extract (FW: 0.250 mg). Probe, anti-CTB rabbit polyclonal antibody (titre 1 : 10 000).
(c) GM1 binding assay. CTB, purified CTB protein (5 ng). CTB-GAA-F, frozen CTB-GAA
leaf protein extract (100 ug, TLP). CTB-GAA-L, lyophilized CTB-GAA leaf protein extract
(100 pg, TLP). WT, lyophilized WT leaf protein extract (100 pug, TLP). BSA, bovine serum
albumin (100 pg). (d) Nonreducing gel Western blot analysis. Nonreducing gel Western blot
was performed to confirm pentamer assembly of CTB-GAA expressed in chloroplasts.
Probe, anti-CTB rabbit polyclonal antibody (titre 1 : 10 000). Protein concentration loaded:
CTB, 4 ng per lane; CTB-GAA and WT leaf extracts, 5 ug (TLP) per lane. L4, L5 and L6
represent the three independent transplastomic lines.
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Suppression of antibody formation against GAA by oral administration of bioencapsulated
GAA in Pompe mice. (a) Time line and schedule for oral gavages of GAA plant material,
challenge by weekly systemic GAA administration, and blood collection. (b) GAA-specific
IgG1 titres in plasma of orally tolerized and control mice (systemic GAA delivery only, n =
8-9 per experimental group). Data points are for individual mice. Average titres and
standard deviations are also indicated. (c) GAA-specific 1gG2a titres in plasma of orally
tolerized and control mice. (d) GAA-specific 1gG2b titres in plasma of orally tolerized and
control mice. * indicated P < 0.05; ns, not significant.
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