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Abstract

Pulmonary arterial hypertension (PAH) is a deadly and uncurable disease characterized by 

remodeling of the pulmonary vasculature and increased pulmonary artery pressure. Angiotensin 

Converting Enzyme 2 (ACE2) and its product, angiotensin-(1–7) were expressed in lettuce 

chloroplasts to facilitate affordable oral drug delivery. Lyophilized lettuce cells were stable up to 

28 months at ambient temperature with proper folding, assembly of CTB-Ace2/Ang1–7 and 

functionality. When the antibiotic resistance gene was removed, Ang1–7 expression was stable in 

subsequent generations in marker-free transplastomic lines. oral gavage of monocrotaline-induced 

PAH rats resulted in dose-dependent delivery of Ang-(1–7) and ACE2 in plasma/tissues and PAH 

development was attenuated with decreases in right ventricular (RV) hypertrophy, RV systolic 
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pressure, total pulmonary resistance and pulmonary artery remodeling. Such attenuation correlated 

well with alterations in the transcription of Ang-(1–7) receptor MAS and angiotensin II receptor 

AGTRI as well as IL-1β and TGF-β1. Toxicology studies showed that both male and female rats 

tolerated ~10-fold ACE2/Ang-(1–7) higher than efficacy dose. Plant cell wall degrading enzymes 

enhanced plasma levels of orally delivered protein drug bioencapsulated within plant cells. 

Efficient attenuation of PAH with no toxicity augurs well for clinical advancement of the first oral 

protein therapy to prevent/treat underlying pathology for this disease.
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Introduction

Fifty years ago, recombinant human insulin was made in yeast or bacteria and injections 

save millions of lives. Despite WHO listing insulin as an “essential priority medicine” it is 

not affordable for >90% of global population. Insulin pumps cost $6000–12,000 but one 

third of the global population earn <$2 per day. Death of American citizens due to 

unaffordability of insulin (NPR September 1, 2018, January 4 CBS 2019) underscores this 

problem even in the US, where price of insulin has doubled in the past five years. Indeed, the 

cost of the top 10 biologic drugs currently sold exceeds 75% GDP of all countries. 

Therefore, exploring alternate methods of production and delivery of affordable protein 

drugs is an urgent unmet medical need.

Among several hurdles for delivering protein drugs (PD) orally, the first challenge is to get 

PDs protected from digestion by stomach enzymes or acids. The second challenge is their 

release from the protective covering of PDs (bioencapsulated) in the gut lumen. The third 

challenge is penetration of the gut epithelial cells to reach the circulatory system. All these 

three challenges are addressed when PDs are expressed within plant cells. Plant cell walls 

have β 1,4 and β 1,6 linkages, which are not hydrolyzed by human or animal digestive 

enzymes. Therefore, plant cell wall protects PDs from acids and enzymes in the stomach. 

When intact plant cells reach the gut, commensal bacteria release enzymes that breakdown β 
1,4 and β 1,6 linkages in the plant cell wall and PDs are released in the gut lumen [1–3]. 

When cell penetrating peptides are fused to protein drugs, they cross the gut epithelium and 
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are delivered into plasma [1–3]. Utilizing this delivery system, several protein drugs have 

been delivered orally to treat diabetes [4, 5], pulmonary hypertension [6], Alzheimer’s 

disease [7], retinopathy [8], and hemophilia [9–12], in small or large animal disease models. 

Oral drug delivery is especially suitable for treatment of diseases that require daily injections 

and long-term treatments. In addition to enhancing patient compliance, the cost of PDs is 

reduced by elimination of expensive fermentation and purification processes that are used to 

make current biopharmaceuticals [1–3]. Storage of PDs in lyophilized plant cells at ambient 

temperature for many years without losing their efficacy further reduces their cost by 

elimination of cold storage and transportation [1–3, 11–13].

Pulmonary arterial hypertension (PAH) is a deadly disease resulting in elevated pulmonary 

vascular resistance and pulmonary artery pressure, characterized by remodeling of the 

pulmonary vasculature, [14]. Smooth muscle hypertrophy, endothelial proliferation, and 

adventitial thickening in the small pulmonary arteries lead to increased right ventricular 

(RV) afterload with RV dysfunction, failure, and death. This is of critical importance, as the 

long-term treatment of PAH currently is limited by expense (ranging from $60K to > 

$100,000-$200,000 / year per patient), frequent side effects and suboptimal survival of only 

55% at 3 years [15]. The latter is due at least in part to a lack of effect of currently available 

drugs on pulmonary vascular remodeling [14, 16–18]. In addition, short half-life of current 

drugs (small molecules) require continuous or frequent intravenous delivery [19].

The renin-angiotensin-aldosterone system (RAAS) plays important roles in regulation of 

several physiology and pathogenesis signaling pathways, especially in the cardiovascular 

system [20]. In the RAAS, Angiotensin-Converting Enzyme (ACE) converts Angiotensin I 

(Ang I) to Angiotensin II (Ang II), and Ang II stimulates the AT1 receptor (AT1R). On the 

other hand, Angiotensin-Converting Enzyme 2 (ACE2), a homolog to ACE, produces 

angiotensin-(1–7) [Ang-(1–7)] from Ang II, which leads to activation of the Mas receptor. 

The ACE2/Ang-(1–7)/Mas axis has protective effects in the heart, blood vessels, kidney and 

central nervous system, acting as a homeostatic regulator of vascular function by 

counteracting the ACE/AngII/AT1R axis [21]. Importantly, PAH is characterized by 

significant up-regulation of the RAAS [22–24]. In fact, several pre-clinical and clinical 

studies suggest that RAAS inhibition may prevent PAH development and attenuate severity 

[25–30]. Recent studies identified a protective role of the ACE2/Ang-(1–7)/Mas axis in 

animal models of PAH [6, 31–36]. While these studies demonstrated that activation of ACE2 

or Ang-(1–7) signaling is beneficial in animal models of PAH and pulmonary hypertension 

(PH) due to lung fibrosis, oral delivery systems for repetitive delivery of ACE2/Ang-(1–7) 

are not available, thus limiting their clinical applicability.

In this study, expression level of ACE2 was enhanced through codon optimization and 

clinical grade materials were produced in a cGMP facility. Both ACE2 and Ang1–7 were 

expressed in lettuce chloroplasts and Ang1–7 plants free of antibiotic resistance genes were 

evaluated for stability of expression in subsequent generations. Pharmacokinetics, 

pharmacodynamics, safety, toxicology and tolerability studies of orally delivered ACE2/

Ang-(1–7) bioencapsulated in plant cells were conducted. Prevention and treatment of 

underlying pathology of PAH through oral delivery of ACE2/Ang-(1–7) should facilitate 
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regulatory approval, clinical studies, and affordable convenient oral protein drug for 

treatment of pulmonary hypertension.

RESULTS

Codon optimization of the human ACE2 gene

To increase expression level of the native human ACE2 gene, codon optimization was 

carried out. Codon usage database as a reference was built based on translation codons of the 

most highly expressed gene in chloroplasts, psbA, from 133 plant species [11, 37]. Out of 

805 amino acid codons of the native ACE2, 481 codons, including 59 rare codons were 

replaced, changing the coding sequence AT content from 57 % to 62% (Supp. Table. S2). It 

should be noted that codons were not replaced with those used at highest frequency in the 

psbA gene because it reduced translation due to limited tRNA pools (data not shown). 

Therefore, the codon usage hierarchy of the most highly expressed chloroplast gene (psbA) 

was used in this optimization process.

Generation of CTB-ACE2 lettuce transplastomic lines

Native CTB (Cholera non-Toxin B subunit) was fused to human ACE2 codon optimized 

sequence or the native human Ang-(1–7) sequence. Ang-(1–7) sequence didn’t require 

codon optimization because the native sequence was expressed at high levels in tobacco [6]. 

In between CTB and ACE2 or Ang-(1–7), a hinge region (Gly, Pro, Gly, Pro) followed by 

furin cleavage site (Arg, Arg, Lys, Arg, Ser, Val; [38]) was inserted to prevent any steric 

hindrance. The furin cleavage site facilitates release of ACE2 or Ang-(1–7) from CTB and 

furin is an ubiquitous protease present in all human cell types [5]. In the chloroplast 

expression cassette, CTB-ACE2 or CTB-Ang-(1–7) is regulated by the strong psbA 

promoter and 5’ UTR (Fig. 1A) and the psbA 3’ UTR enhances transcript stability. CTB-

ACE2 and Ang-(1–7) plasmids containing expression cassettes were then delivered into the 

lettuce chloroplasts by biolistic particle delivery system and the transplastomic plants were 

screened and confirmed by genomic DNA PCR or Southern blot analysis (Fig. 1 B and C).

PCR amplifications using three primer sets annealing the flanking regions of the cassette 

(16s-F/aadA-R, UTR-F/23s-R) and internal regions (CTB-F/UTR-R) confirmed site specific 

integration of the CTB-ACE2 expression cassette (Fig. 1B). Southern blot analysis of 

HindIII digested CTB-ACE2 genomic DNA showed 10 kb and 3.7 kb hybridizing fragments 

in transplastomic lines of lettuce chloroplast genome but a single 9.1 kb fragment was 

observed in untransformed lines. Absence of the 9.1 kb fragment in transplastomic lines 

confirms their homoplasmic state and therefore the CTB-ACE2 cassette is present in all 

copies of chloroplast genome in transplastomic lines (Fig. 1C).

Generation of CTB-Ang-(1–7) marker-free lettuce transplastomic lines

A schematic diagram for generation of marker-free transplastomic lines is shown in Suppl. 

Fig. S1. The CTB-Ang-(1–7) DNA sequence was cloned into the marker-free lettuce 

chloroplast transformation vector pLS-MF (Fig. 1D). The expression cassette of the CTB-

Ang-(1–7) is identical to CTB-ACE 2 except the insertion of two direct repeat sequences. To 

eliminate selectable marker (aadA) gene in transplastomic plants, the aminoglycoside-3’-
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adenylyl-transferase gene (aadA), was inserted between two direct repeats of chloroplast 

encoded CF1 ATPase β subunit (atpB) gene non-coding sequence. The site-specific 

integration of the CTB-Ang-(1–7) transgenes cassette into the chloroplast genome was 

examined using PCR. The primers that anneal to the native 16s rRNA gene flanking the 

transgene cassette and the aadA selectable marker gene yielded specific 3.3 kb product in all 

the evaluated transplastomic lines (Suppl. Fig S2A). Likewise, amplification using primers 

that anneal to the atpB region and 16s rRNA gene sequence generated 2.4 kb product, and 

3’UTR and 23s rRNA gene primers generated 2.4 kb product in all the selected 

transformants (Suppl. Fig S2A), while no PCR product was observed in untransformed 

plants. To further evaluate homoplasmic nature of transplastomic lines, total plant gDNA 

was digested with Hind III and probed with the DIG-labeled trnI and trnA flanking sequence 

[11]. All the transplastomic lines showed 12.6 kb hybridizing fragment (with the marker 

gene), while there was no untransformed wild type fragment at 9.1 kb. Absence of 9.1 kb 

fragment in transplastomic lines confirmed homoplasmy of the CTB-Ang-(1–7) lines 

(Suppl. Fig 2B). In addition, all the transplastomic lines showed additional 10.6 kb size 

hybridization fragment, suggesting partial excision of the aadA gene (Suppl. Fig 2B).

Because homologous recombination takes place between the two directly repeated atpB 

sequences, this should eventually lead to excision of the selectable marker gene (aadA) 

cassette in transplastomic lines. Therefore, seeds from T0 homoplasmic lines seeds 

germinated on half-strength MS medium (Suppl. Table S3). After a week, spectinomycin 

resistant and sensitive plants were observed (Suppl. Fig. S3; Suppl. Table. S3). The pale-

yellow shoots recovered to normal green color when transferred to ½ MS0 medium in the 

absence of spectinomycin and recovered plants confirmed loss of the transgene cassette 

based on PCR analysis (data not shown). In the second strategy, leaf samples from some of 

the T1 progeny of parent line #6 containing both maker and marker-free plastid genomes 

(Suppl. Table S3) was sub-cultured on shoot induction medium and regenerated plants were 

screened. The PCR results showed that most of the pale-yellow color shoots were marker-

free (Suppl. Fig. 1E). To further evaluate homoplasmic nature of selectable marker-free 

transplastomic lines, total plant gDNA was digested with HindIII and probed with the DIG-

labeled trnI and trnA flanking sequence [11]. Four marker-free transplastomic lines showed 

10.6 kb fragment, compared to two transplastomic plants with marker gene showed 12.6 kb 

fragment size, while there was no untransformed wild type fragment at 9.1 kb. Absence of 

9.1 kb fragment in transplastomic lines confirmed homoplasmy of the CTB-Ang-(1–7) lines 

(Fig. 1F). The pale-yellow color shoots (Suppl. Fig. S4D) were further sub cultured on MS-

shoot induction medium without spectinomycin. The selectable marker-gene elimination in 

28 out of 48 shoots was confirmed by PCR (Suppl. Fig 5 A, B, C). To further confirm 

stability of excision of the aadA gene, total plant gDNA extracted from selectable marker-

free plants was digested with Hind III and probed with the DIG-labeled trnI and trnA 

flanking region [11]. Two transplastomic lines showed 12.6 kb fragment (with the marker 

gene), four transplastomic lines showed 10.6 kb (without marker gene), while there was no 

untransformed wild type fragment at 9.1 kb. Absence of 9.1 kb fragment in transplastomic 

lines confirmed the homoplasmy of CTB-Ang-(1–7) plants (Suppl. Fig 5 D, E). The 

selectable marker-free plants were transferred to the greenhouse and seeds were collected. 

The removal of the aadA gene was further re-confirmed by germination assays (Suppl. Fig. 
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S6) and molecular analysis (Fig. 3 A, B). Western blot analysis showed no significant 

difference in expression of CTB-Ang1–7 in marker-free plants and those with the antibiotic 

resistance gene (Fig. 3C).

Increased expression of codon optimized ACE2

CTB-ACE2 expression levels in transplastomic plants were compared between the native 

human Ace2 or codon optimized Ace2 genes in western blots (Fig. 2A). When relative 

intensities of ACE2 proteins were compared using RbCL (endogenous chloroplast protein) 

as a loading control, codon optimized gene (1.59 ± 0.7) was ~100-fold higher (P = 0.002) 

than the native human gene (0.015 ± 0.006). However, when ACE2 protein was quantified 

using the CTB standard loaded in the same blot, ACE2 (N) line was 0.15 (± 0.005) ug/mg 

and ACE2 (co) line was 6.49 (± 0.43) ug/mg, with 42.7 fold increase after codon 

optimization (P = 0.003). The native human gene product ACE2(N) showed multiple 

peptides and smear on the blot due to incomplete synthesis and poor translation efficiency, 

while codon optimized product CTB-ACE2(co) showed a clear single ~101 kDa protein (Fig 

2A).

Characterization of CTB-ACE2 (co) in lyophilized lettuce

Functionality of CTB was confirmed via GM1 receptor ELISA assay after lyophilization 

(Fig. 2E). For prolonged storage at ambient temperature, the transplastomic leaves were 

lyophilized as described previously [11, 37]. Proper folding of CTB in a pentameric form 

allows it bind to GM1 receptor located in gut epithelial cells, which facilitates CTB-ACE2 to 

cross the gut epithelium and enter into the circulatory system, where CTB is released from 

ACE2 through furin cleavage [1]. Absorbance value at 450 nm against GM1 receptor of 

CTB-ACE2(co) in fresh and lyophilized plants was performed (Fig. 2B). CTB-ACE2(co) in 

fresh plant showed the proper folding, assembly and disulfide bonds. Lyophilized plant cells 

stored for 3 months showed proper folding and assembly of the CTB pentamer structures, 

for efficient GM1 receptor binding, similar to CTB control. In addition, stability of CTB-

Ace2 after long-term storage (1–28 months) at ambient temperature was evaluated in 

lyophilized cells stored up to 28 months for toxicology, 4 months for pharmacokinetic and 

1–11 months for PAH studies (Table S1).

Characterization of CTB-Ang-(1–7) in lyophilized lettuce

Western blot analysis showed a fusion protein of 12.4 kDa in 6 different next generation 

transplastomic lines (T1), with no cross-reacting proteins from untransformed plants, when 

probed with CTB antibody (Fig. 2C, D). In further analysis, a significant difference in CTB-

Ang-(1–7) intensity was observed with equal loading of proteins (equal weight) from fresh 

or lyophilized plant cells, in a serial dilution (Fig. 2D). For evaluation of stability of fusion 

protein in long term storage, leaves harvested from fully grown lettuce were lyophilized as 

described in the previous studies [11, 13]. Homoplasmic CTB-Ang-(1–7) formed pentamers 

and showed binding affinity to the GM1-ganglioside receptor through ELISA assays (Fig. 

2E). The stability of CTB-Ang1–7 after long-term storage of lyophilized cells at ambient 

temperature for 20 months for toxicology, 7–8 months for pharmacokinetic and 9–20 months 

for PAH studies (Table S1)). These results confirm proper folding, assembly, disulfide bonds 

and stability of CTB-Ang-(1–7) pentameric structure in lyophilized lettuce leaves.
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Clinical grade and scale-up production of CTB-ACE2 (co) and CTB-Ang-(1–7)

Transplastomic lettuce expressing CTB-ACE2 (co) was grown in a Fraunhofer hydroponic 

facility, as described previously [13]. Plants were harvested on 47, 66, 82, 106 days and 

CTB-ACE2 (co) (Fig. 2F, 2G) expression level, and biomass per plant (Fig 2H) were 

quantified and compared with plants grown in the greenhouse (30, 46,60, 82 days). 

Compared to the greenhouse, the expression level of CTB-ACE2 from the hydroponic 

system showed higher level; however, the biomass per plant was 10 times less than 

greenhouse. The highest amount of protein level (8.6 mg/g DW) was obtained in the 

hydroponic system in 106 days after sowing; however; this batch showed lowest biomass per 

plants. Moreover, CTB-ACE2(co) expressions in three different transplastomic lines (#1, #2, 

and #3) were evaluated by western blots after long term storage at ambient temperature from 

6 months to 12 months (Fig. 2I). Percentage of CTB-ACE2(co) expression levels in total 

protein (TP) was compared between the percentage evaluated in a month after lyophilization 

(0 m) and the one after different storage durations, 6, 10, and 12 months. No significant 

differences (P-value > 0.1 vs. 0 month by ANOVA) in ACE2 levels were observed in 

lyophilized lettuce plant cells stored for 12 months at ambient temperature. Expression level 

of CTB-Ang-(1–7) was in plants with or without the selectable marker gene and expression 

was stable in subsequent generations after removal of the antibiotic resistance gene (Fig 3C, 

D). Expression level of CTB-Ang1–7 was very low on 46 days in the hydroponic system 

when biomass yield was the highest (Fig. 3F). Beyond 46 days biomass yield steadily 

decreased and reached the lowest level when CTB-Ang1–7 level expression was the highest. 

In contrast, greenhouse grown plants yielded steady levels of biomass per plant and 

maintained similar levels of expression (Fig 3F).

Pharmacokinetic study of orally delivered CTB-ACE2 and CTB-Ang-(1–7)

To investigate the effects of bioencapsulated CTB-ACE2 and CTB-Ang-(1–7) in a model of 

PAH, we performed oral gavage of CTB-ACE2 and CTB-Ang-(1–7) in rats with 

monocrotaline (MCT)-induced PH, daily five times weekly for four weeks. Lyophilized 

plant cells were suspended in PBS and given at the following doses: 1.5, 3, and 4.5 mg/kg of 

CTB-Ang-(1–7) and 1, 1.75, and 2.3 mg/kg of CTB-ACE2. These doses are based on 

previous studies using CTB-Ace2 and CTB-Ang1–7 expressed in tobacco cells that resulted 

in successful attenuation of PAH [6]. The goal of the combination studies was not to achieve 

equal dose of Ang-(1–7) and ACE2 because both provide the same drug (Ang1–7) directly 

or through the action of Ace2 by cleaving angiotensin. Previous investigations [6] revealed 

that both proteins offered better efficacy in attenuation of PAH than either one alone. 

Because of differences in expression levels in different batches of harvest or growth, uniform 

drug dose was administered in all studies by using corresponding dry weight of lyophilized 

cells (Table S1). Increase in circulating Ang-(1–7) plasma levels were dose dependent (Fig.4 

A–E). The highest levels were achieved with the highest CTB-ACE2 and CTB-Ang-(1–7) 

dose in the fourth week, confirming dose-dependent drug delivery. Pooled sera samples 

show statistically reliable delivery of Ang1–7 to plasma at medium and high dose. However, 

when data was plotted with individual mice data at different duration (1–4 weeks), statistical 

reliability is observed at all ages in the highest dose. Drug delivery was done to simulate 

clinical conditions rather than optimal measurement conditions by withdrawal of food [39].
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In a limited number of animals (n=3–6/group), we measured lung ACE2 activity and 

Ang-(1–7) levels and both ACE2 and Ang-(1–7) levels increased based on dose delivered. 

Interestingly, PH development was associated with a significant decrease in lung ACE2 

levels. Lung Ang-(1,7) levels did not decrease with PH development, but increased with 

CTB-ACE2 and CTB-Ang-(1–7) oral delivery (Fig. 4 F–H). Lung Ang1–7 and Ace2 were 

~10-fold higher than plasma levels. Lung Ace2 activity was dose dependent except that at 

the highest dosage digestion of plant cells may be a limitation (Fig 4F). However, lung Ace2 

and Ang1–7 levels were not dose dependent. Plasma levels and tissue levels of Ang-(1–7) do 

not correlate due to release of Ang-(1–7) into exosomes as discussed later, with Ang-(1–7) 

therefore not being captured in plasma measurements. In addition, lack of correlation is also 

due to analysis of whole lung tissues rather than measurements specifically in pulmonary 

vascular cells. However, both ACE2 and Ang-(1–7) levels either increased significantly or 

tended to increase.

Plant cell walls have β 1,4 and β 1,6 linkages, which are not hydrolyzed by human digestive 

enzymes. Intact plant cells therefore protect protein drugs from acid hydrolysis and digestive 

enzymes in the stomach [1]. However, plant cell wall should be digested by enzymes that 

cleave β 1,4 and β 1,6 linkages. This is naturally done by cellulolytic bacteria present in the 

gut. By simulating action of gut bacteria, we fed mice first with a mixture of plant cells 

expressing pectinase, mannanase, endoglucanase and exoglucanase [39], followed by protein 

drug (IGF1) bioencapsulated in plant cells. Mice fed with plant cell wall degrading enzymes 

increased concentration of IGF1 in the plasma, confirming that plant cell wall digestion is 

important for enhancing protein drug delivery (Figure 4I). This confirms protection of the 

protein drug in the stomach from acids/enzymes and release in the gut lumen by the action 

of cell wall degrading enzymes in the gut lumen and enhanced absorption.

Attenuation of MCT-PH by oral delivery of bioencapsulated ACE2 and Ang-(1–7)

We next evaluated the effects of bioencapsulated CTB-ACE2 and CTB-Ang-(1–7) on PH 

endpoints. Oral delivery of ACE2/Ang-(1–7) resulted in attenuation of PH development, 

evidenced by 30–50% decreases in RV hypertrophy, RV systolic pressure (RVSP), total 

pulmonary resistance index and pulmonary artery (PA) remodeling compared to sham 

animals (Fig. 5A, B, D, E). The most consistent effects were noted with 100 mg (1.75/3 

mg/kg) of bioencapsulated CTB-ACE2 and CTB-Ang-(1–7), followed by the 150 mg 

(2.3/4.5 mg/kg) dose.

Cardiac index tended to increase with ACE2/Ang-(1–7) but failed to reach statistical 

significance (Fig. 5C). The lack of a decrease in cardiac index is a limitation of our studies. 

Systemic blood pressure (measured invasively as mean arterial pressure) and heart rate were 

not affected by MCT or ACE2/Ang-(1–7) (Suppl. Fig. S7). MCT administration may have 

led to RV abnormalities that are not captured by cardiac index at rest and under general 

anesthesia (e.g. RV-pulmonary artery uncoupling or diastolic dysfunction). We observed a 

~20% mortality in the MCT group, which may have led to survival bias, with relatively 

maintained cardiac index values in the surviving animals. However, MCT-induced changes 

in RVSP, RV hypertrophy and pulmonary artery remodeling were robust, indicating that 

MCT indeed induced a robust PH phenotype. Drug delivery was well-tolerated and there 
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was no difference in weight curves between animals gavaged with CTB-ACE2/CTB-

Ang-(1–7) vs. sham animals (Suppl. Fig. S7).

RAAS signaling alteration and pulmonary vascular remodeling by oral delivery of 
bioencapsulated ACE2 and Ang-(1–7)

In the next step, we assessed effects of bioencapsulated CTB-ACE2 and CTB-Ang-(1–7) on 

expression of genes implicated in RAAS signaling and/or PAH pathogenesis. We first 

evaluated mRNA expression of the Ang-(1–7) receptor Mas1. Mas 1 level increased 2-fold 

after PH development in the sham group but were similar to healthy control animals after 

CTB-ACE2 and CTB-Ang-(1–7) feeding (Fig. 6A). A similar pattern was noted when we 

measured mRNA for the angiotensin II receptor AGTR1 (Fig. 6B). The mRNA of IL-1β, a 

pro-inflammatory cytokine implicated in PAH pathogenesis, was elevated 2-fold after MCT, 

whereas CTB-ACE2 and CTB-Ang-(1–7) administration was associated with a dose-

dependent decrease in IL-1β mRNA abundance as compared to the untreated MCT group 

(Fig. 6C). A similar pattern was noted for IL-1β receptor 1 but failed to reach statistical 

significance (Fig. 6D). Lastly, CTB-ACE2 and CTB-Ang-(1–7) attenuated PH-induced 

increases in mRNA expression of TGF-β1, a growth factor that is a major driver of PAH 

development and PA remodelg [40, 41] (Fig. 6E). Taken together, these data indicate that 

combinational feeding with bioencapsulated CTB-ACE2 and CTB-Ang-(1–7) attenuates 

PH-induced alterations in expression of genes implicated in neurohormonal signaling, 

inflammation and pulmonary vascular remodeling. The mRNA was extracted from whole 

lung homogenates. We speculate that many of the changes observed are happening in the 

pulmonary vasculature but are aware that whole lung homogenates capture changes in all the 

various cell types and compartments of the lung. We have noted this as a limitation and are 

planning to perform localization studies (e.g., FiSH) and studies in isolated pulmonary artery 

endothelial cells and smooth muscle cells in the future. Inhibition studies, for example with 

a MAS inhibitor, would be interesting indeed in order to determine that effects of CTB-

ACE2 and CTB-Ang-(1–7) indeed are mediated by MAS receptor activation. We are 

planning to perform such studies in the future (using pharmacologic inhibitors and 

knockdown/knockout approaches) and have included a statement regarding this in the 

revised manuscript.

Lack of observable toxicity upon oral delivery of CTB-ACE2/Ang-(1–7)

Oral dose range finding (DRF) studies of CTB-ACE2/CTB-Ang-(1–7) in healthy male and 

female Sprague Dawley rats were done at SRI. Third party performance of toxicology 

studies was set up by the NIH NHLBI SMARTT program. Animals were included into one 

of three groups with escalating dose ranges: low dose (Group-I), medium dose (Group-II), 

and high dose (Group-III) containing ACE2–0.08/Ang-(1–7)-1.72, ACE2–0.4/Ang-(1–

7)-8.6, and ACE2–0.8/Ang-(1–7)-17.2 mg/kg rat body weight with negative controls 

(Group-0). All animals survived until their scheduled sacrifice although slight and moderate 

squinting eyes were observed in all males and females, in Group-III on Day 1 (Suppl. Table 

S4). All females in Group-III showed moderate discharge on both eyes and were slightly 

hypoactive after dose on Day 1 but returned to normal the next day. All other groups were 

normal throughout the study.
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Individual animal body weight was monitored (Suppl. Table S5 and Suppl. Fig. S8). Males 

in Group-III (high dose) showed a slight decrease in body weight on Days 3 and 8. There 

was a slight body weight loss in the females of Group-III on Days 1–3, but it returned to 

normal by Day 8. In hematology evaluations (Suppl. Table S6), slight, but statistically 

significant, increases in hematocrit (HCT) and absolute reticulocytes (ARET) were observed 

in males of Group-III (high dose) on Day 3 (by 15% and 13%, respectively). In Groups-II 

(mid dose) and III (high dose), a slight, but statistically significant, increase in percent 

lymphocytes (PLY) was observed on Day 3 (by 10% and 8%, respectively). Neutrophils 

(absolute count and percent) were decreased in the test material-treated males when 

compared with the control group. In females, a slight, but statistically significant, decrease 

in percent basophils (PBA) was observed in Group-III (high dose) on Day 3 (by 38%). 

These changes were slight and within the normal historical range and are considered to be of 

minimal toxicological significance according to SRI toxicology report.

Effects of oral administration of CTB-ACE2/CTB-Ang-(1–7) on clinical chemistry were 

also evaluated (Suppl. Table S7). A slight, but statistically significant, increase (18%) in 

albumin (ALB) was observed in the males of Group-III (high dose) on Day 3. Slight 

increases in sodium (SOD) and chloride (CHL) were also observed in the males of test 

material-treated groups compared with respective controls. No increases in creatinine or 

ALT were noted in any animal. In fact, in females, slight decreases in these parameters were 

observed in test article-treated groups when compared with respective controls. These 

changes were slight, sporadic, and within the normal historical range, and therefore are 

considered to be of minimal toxicological significance. Necropsy revealed only insignificant 

minor changes that are considered to be of minimal toxicological significance (Suppl. Table 

S8), according to SRI toxicology report.

Single dose pharmacokinetic study of orally delivered CTB-ACE2 and CTB-Ang-(1–7)

Pharmacokinetics studies of CTB-ACE2/Ang-(1–7) were performed after a single oral 

gavage with three different doses to healthy Sprague Dawley rats at SRI. Third party 

performance of pharmacokinetic studies was set up by the NIH NHLBI SMARTT program. 

The dosage was defined as low (Group-I), medium (Group-II), and high (Group-III); these 

contain ACE2–0.25/Ang-(1–7)-4.2, ACE2–0.5/Ang-(1–7)-8.5, and ACE2–1/Ang-(1–7)-17 

mg/kg rat body weight, respectively. Group I (low dose) showed a time dependent ACE 2 

activity in plasma. It is interesting to note that ACE2 activities in sera are maintained from 

15 minutes to 48 hours in this group (data not shown). There was no significant difference in 

ACE2 activity in plasma between female and male rats in all three groups in any of the 

detection time points. After feeding a single dose in mice, lower increase in Ace2 was 

observed in plasma but higher accumulation was observed in different tissues as shown in 

Figure 4. Single dose studies were not as conclusive as repeat dose studies described above.

Design of clinical studies

The next step for this potential therapeutic is a “first in man” Phase I study in healthy 

volunteers to evaluate the safety/tolerability and pharmacodynamics and pharmacokinetics 

of oral bioencapsulated ACE2/Ang-(1–7). The aims of this study would be to determine the 

maximum tolerated dose of ACE2/Ang-(1–7), to evaluate the rate and extent of absorption 
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of ACE2/Ang-(1–7), to understand the clearance mechanisms and metabolites of ACE2/

Ang-(1–7), and to characterize the safety profile of orally administered ACE2/Ang-(1–7) 

across a range of doses. The main endpoints of this study will be safety and tolerability, 

including symptoms, vital signs (including systemic blood pressure), and clinical 

laboratories. Pharmacokinetic endpoints, including RAAS Equilibrium Analysis will be 

included. Pharmacodynamic analysis would include assessment of Ang-(1–7) and Ang-(1–

5) by LC/MS. Dose-escalation by cohort will occur with the initial dose determined by our 

pre-clinical studies. There will be predetermined stopping rules and a Safety Review 

Committee will meet after each cohort’s data are complete before proceeding to the next 

cohort. Single dose administration of ACE2/Ang-(1–7) will occur in four cohorts each with 

four weeks of observation. An additional cohort will receive the maximal tolerated dose of 

ACE2/Ang-(1–7) orally administered twice per day for seven days.

DISCUSSION

PAH is a progressive and fatal disease characterized by remodeling of the pulmonary 

vasculature, resulting in elevated pulmonary vascular resistance and increased PA pressure. 

There clearly is an unmet need for a potent oral therapy for PAH, distinct in mechanism 

from other treatments, which improves the survival in this universally fatal and incurable 

disease [17, 18]. There is no current therapy to prevent PAH or treat the underlying 

pathology, although current drugs help to manage symptoms of PAH. In order to address 

these concerns, we first expressed the native human ACE2 and Ang-(1–7) genes, fused with 

the transmucosal carrier CTB in tobacco chloroplasts and orally delivered these drugs as 

frozen plant powder in rats with MCT-induced PH. Both proteins were protected in the 

stomach from acids and enzymes by the plant cell wall but commensal bacteria digested cell 

wall and released them in the gut lumen. CTB bound to GM1 receptors and delivered both 

ACE2 and Ang-(1–7) to plasma. Oral delivery significantly improved cardio-pulmonary 

structure and functions in rats with MCT-induced PH in both prevention and reversal 

protocols [6]. The RVSP significantly decreased and the pulmonary blood flow was 

improved. Therefore, oral ACE2/Ang-(1–7) feeding improved RV function and attenuated 

maladaptive remodeling in diseased animals [6].

The first challenge to advance this concept to the clinic is to achieve higher level expression 

of ACE2 in an edible chloroplast system because tobacco is not an acceptable system for 

FDA approval. Chloroplast is an ideal bioreactor for high level expression of prokaryotic 

genes [42] (>50% TSP) or smaller human proteins like proinsulin (22.5 kDa, >70% TSP 

[43,44]. However, large proteins such as CTB fused human coagulation factor IX, 59.2 kDa 

(0.56% TSP), and CTB-coagulation factor VIII heavy chain (FVIII-HC), 86.4 kDa (0.05% 

TSP) were poorly expressed [11, 13, 37]. In order to address this challenge, Daniell lab has 

developed new software to optimize codons and enhance expression of large human blood 

proteins [11, 37]. In the current study, CTB-ACE2 (101.1 kDa) was codon optimized and its 

expression level was increased up to 100-fold when compared to the CTB-ACE2 native 

human gene. The native human gene expression resulted in a ladder with a number of 

cleaved proteins whereas codon optimizations enhanced stability and expression level, 

without any observable degraded proteins in western blots.
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Utilizing the high-level expression transplastomic lines, we produced clinical grade material 

in Fraunhofer cGMP facility for our efficacy, toxicology and pharmacokinetic studies. CTB-

ACE2(co) is stable in lyophilized lettuce cells up to 28 months when stored at ambient 

temperature. This is remarkable advantage of this cGMP production platform and facilitates 

the low-cost production and transportation of ACE2 totally eliminating cold storage. Yield 

of biomass with optimal expression of Ace2/Ang1–7 is important in order to reduce the 

amount of plant powder packaged in each capsule. Therefore, transplastomic lettuce 

expressing both protein drugs were grown in the Fraunhofer hydroponic facility and 

compared with natural growth conditions in the Daniell lab greenhouse. CTB-Ang1–7 

greenhouse grown plants yielded ten times more biomass per plant and maintained optimal 

levels of expression throughout the growth cycle, facilitating multiple rounds of biomass 

harvest. However, in the Fraunhofer hydroponic system, CTB-Ang1–7 was very low when 

biomass yield was the highest in the first harvest and highest expression of CTB-Ang1–7 

was observed in the last harvest when biomass yield was the lowest. Sixty CTB-Ang1–7 

greenhouse-grown plants produced 214.41g expressing 1.32–1.53 mg/g DW, whereas 800 

hydroponically-grown plants produced 452.17g expressing 1.45–1.94 mg/g DW, with a 6 -7- 

fold difference in yield of the protein drug per plant. Expression level of CTB-ACE2 from 

the hydroponic system showed a similar pattern with ten times lower biomass per plant than 

the greenhouse (0.26 Vs 2.27 DW per plant). Similar pattern of biomass and yield of foreign 

protein was observed for enzymes produced in transplastomic plants [45,46]. Reasons for 

these include overcrowding of plants in the hydroponic facility designed to save space. In 

addition, LED lights provided 70–90 μmol/m2/s intensity, whereas greenhouse natural sun 

light provided 280–300 μmol/m2/s intensity. Plants were grown at Fraunhofer in 18h light/6 

h dark whereas it was 16h light/8h dark, providing 2 hours of additional light. Temperature 

cycle at Fraunhofer was set at 25°C± 1°C, whereas in the greenhouse it was set at 22°C±1°C 

in the day and 20°C±1°C at night. Therefore, further optimization of growth conditions at 

Fraunhofer is required to increase yield of biomass and protein drug for commercial scale 

production.

The next major challenge in regulatory approval is the presence of the antibiotic resistance 

gene, which is needed for selection of cells expressing ACE2/Ang-(1–7). Spectinomycin 

specifically binds to chloroplast ribosomes and blocks protein synthesis. Therefore, plant 

cells without the transgene cassette containing the aadA gene are bleached but only those 

with stably integrated transgene cassette will produce green shoots. Therefore, the selectable 

marker gene is essential to create transplastomic lines. However, after confirmation of stable 

integration of foreign genes, the antibiotic resistance gene is no longer required, and its 

continued presence increases the metabolic load by making a foreign protein that is no 

longer needed. Removal of the antibiotic resistance gene reduces the metabolic load and also 

facilitates reuse of the same antibiotic resistance marker for subsequent transformation 

events. Although FDA has approved use of antibiotic resistance genes in genetically 

modified food crops consumed in the past three decades, European regulatory agencies have 

required their removal. In this study, we removed the aadA gene from the inverted repeat 

region of the lettuce chloroplast genome using direct repeat sequences flanking the aadA 

gene and utilizing the chloroplast homologous recombination system. Previous studies have 

shown that direct DNA repeats >600 bp promote homology-based marker excision in 
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tobacco chloroplast genomes from the single copy region [47, 48]. However, it is more 

challenging to remove the selectable marker gene when transgenes are integrated into the 

inverted repeat of the chloroplast genome, due to the copy correction mechanism that 

maintains identical inverted repeat regions (including spacer regions) found in >800 

sequenced chloroplast genomes [49]. Daniell lab recently developed the first application of 

marker-free transplastomic lettuce expressing food/feed enzymes [45,46]. In these studies, 

the aadA gene was successfully excised even in the first round of selection. However, in this 

study, we demonstrate that the selectable marker gene can be removed from CTB-Ang1–7 

lines at several stages during plant transformation or even after obtaining seeds in the next 

generation. In addition, we show that generation of maker-free transplastomic edible plants 

is efficient and numerous lines can be obtained after germination of seedlings. We achieved 

complete deletion of the antibiotic resistance gene (aadA) and observed stable maintenance 

of CTB-Ang1–7 in the next generation. Expression level of CTB-Ang-(1–7) in plants with 

or without the selectable marker gene was the same and stable in subsequent generations 

after removal of the antibiotic resistance gene.

Neurohormonal imbalance with increased RAAS activation is accepted as an important 

disease mediator in PAH [22–24]. Robust evidence from experimental and clinical studies 

suggests that RAAS inhibition may prevent PAH development and attenuate severity [25–

30]. While the role of renin, angiotensin and aldosterone has been studied in PAH for more 

than one decade, recent studies have identified a protective role of the ACE2/Ang-(1–7)-Mas 

axis [6, 31–36]. While these studies demonstrated that activation of ACE2 or Ang-(1–7) 

signaling is meritorious in animal models of PAH and PH due to lung fibrosis, oral delivery 

systems for repetitive delivery of ACE2/Ang-(1–7) are not available, thus limiting their 

clinical applicability.

Strengths of our PAH studies include the robust and progressive PH model with high 

mortality, the investigation of dose responses, the detailed hemodynamic, structural and 

biochemical/molecular phenotyping, and the study of Ang-(1–7) plasma levels over several 

time points. Since ACE2 mediates Ang-(1–7) production, we measured Ang-(1–7) plasma 

levels as a read-out for effectiveness of ACE2 and Ang-(1–7) delivery. We noted an increase 

in Ang-(1–7) levels with higher doses of plant cells, suggesting that digestion of plant cells 

by commensal bacteria is not a major limitation. Although plasma levels were twice as high 

as in unfed controls, tissue levels were ten-fold higher. Our studies therefore suggest that a 

doubling in plasma levels of Ang-(1–7) is sufficient to attenuate PH development. 

Furthermore, we did not note any difference in levels between different experimental 

batches, again suggesting consistent and reliable drug delivery. It should be noted that we 

administered the plant material once/day rather than twice/day as done in a previous study 

[6]. Efficacy of a single dose would be expected to be helpful in clinical trial design and 

patient compliance.

Interestingly, plasma Ang-(1–7) levels in the MCT-PH model did not fully correlate with 

effects on PH endpoints. For example, despite a lack of a statistically significant increase in 

Ang-(1–7) plasma levels, the lower dose of plant material exhibited significant effects on 

MCT-PH endpoints (albeit slightly less consistent than the two higher doses). The highest 

plasma levels were reached with the 150 mg (2.3/4.5 mg/kg) dose of bioencapsulated CTB-
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ACE2 and CTB-Ang-(1–7), whereas the most consistent effects on MCT-PH endpoints were 

observed with the 100 mg (1.75/3 mg/kg) dose. Since levels of Ang-(1–7) and Ace2 

measured in lung were 10 times higher than plasma levels, a potential explanation for these 

findings could be that tissue levels of Ang-(1–7) do not correlate with plasma levels. For 

example, in mice fed with a single oral gavage of CTB-ACE2 lettuce, there was only a 

moderate increase in serum ACE2 activities, however the tissue ACE2 activities were 

significantly increased. This may be because we used full-length human ACE2 protein in 

this study, which includes a transmembrane binding domain [50]. In human clinical trials, a 

soluble form of truncated recombinant ACE2 has been used, deleting the transmembrane 

domain [51]. However, this needs further investigation because elevated ACE2 activity in 

plasma represents loss of the protective effect but elevated tissue level leads to protective 

effect [52]. Similar trend was observed in diabetic nephropathy where elevated ACE2 levels 

in plasma had no beneficial effect [53]. Therefore, future studies could compare the effect of 

full length ACE2 or without the transmembrane domain or include exosome profiling for 

comparative evaluation of plasma and tissue ACE2 levels during treatment.

Numerous examples show that protein drugs can be reproducibly delivered in small (rat, 

mice) or large (dog) animals, irrespective of their diet or location in the US, suggesting that 

species or geographic variability in gut microbes do not significantly influence oral drug 

delivery. However, this doesn’t mean that microbes capable of digesting plant cells are 

abundant in the gut mucosa. Despite numerous studies on gut microbiome [54], very little is 

known about their unique functions. Very few studies have tested the small intestine 

microbiota in humans, where most digestion and absorption occur. Duodenal microbiota is 

abundant in firmicutes that are capable of digesting plant cells [55]. Past duodenum, there is 

less digestion but more absorption. One approach would be to enrich gut microbes using 

probiotics but so far these approaches have not yet been successful. In this study, we tested a 

much simpler and direct approach by expressing plant wall degrading enzymes [45, 46]. We 

recently showed that a mixture of mannanase, pectinate lyase, endoglucanase, exoglucanase 

released protein drugs in vitro by co-incubation with cells expressing enzymes [39]. These 

enzymes facilitate hydrolysis of α and β 1,4 linkages of mannan (hemicellulose), pectin, and 

cellulose respectively, which are three major components of plant cell wall [56]. In this 

study, sequential oral feeding of plant cell wall degrading enzymes followed by plant cells 

expressing a protein drug increased concentration of the drug in plasma (*p=0.009). These 

studies may have profound impact on enhancing release and absorption of protein drugs 

bioencapsulated in plant cells. In addition, release of more nutrients/vitamins from plant 

cells could help address malnutrition challenges.

Bioencapsulated CTB-ACE2 and CTB-Ang-(1–7) attenuated expression of mRNA of 

several genes that have been strongly linked to PAH pathogenesis. TGF-β is a major driver 

of proliferative and fibrotic processes in the pulmonary vasculature and has been identified 

as a major contributor to pulmonary vascular remodeling [40, 41]. The decrease in TGF-β 1 

mRNA noted with CTB-ACE2/CTB-Ang-(1–7) suggests that this growth factor is either 

directly regulated by ACE2 and/or Ang-(1–7), or that its decrease is secondary to ACE2/

Ang-(1–7) effects on upstream regulators of TGF-β. Similarly, IL-1 β has been identified as 

a significant promoter of PAH development [57], and its decrease (as well as the strong trend 

for a decrease in expression of IL-1 β receptor 1) with CTB-ACE2/CTB-Ang-(1–7) 
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indicates that this could be a direct or indirect target of ACE2/Ang-(1–7). The finding of 

decreased pulmonary vascular remodeling is in line with strong antiproliferative properties 

of Ang-(1–7) demonstrated in vascular smooth muscle cells and cancer cells [58, 59].

The decrease in mRNA for the angiotensin II receptor AGTR1 after CTB-ACE2/CTB-

Ang-(1–7) was of particular interest. Since ACE2 and Ang-(1–7) are RAAS inhibitors, this 

could indicate that there indeed was less RAAS activation with CTB-ACE2/CTB-Ang-(1–7) 

treatment. Ang-(1–7) signals through the G protein-coupled receptor Mas1. The concurrent 

decrease in Mas1 expression was somewhat surprising but may be a consequence of 

Ang-(1–7) administration and subsequent down-regulation of receptor expression. With 

more Ang-(1–7) in the system, up-regulation of Mas1 (as seen in MCT rats receiving PBS 

only) may not be necessary to inhibit RAAS activation. It was surprising that both TGF-β 1 

and AGTR1 mRNA levels decreased by all three doses of plant cells expressing CTB-Ace2 

and CRB-Ang1–7, whereas total pulmonary resistance and PA remodeling were only 

affected by the two higher doses. This suggests that repression of these genes is not 

sufficient to attenuate pulmonary vascular remodeling and that additional genes including 

IL-1 β (which was only decreased by the two higher doses of plant material), need to be 

repressed as well in order for ACE2/Ang-(1–7) to attenuate this endpoint.

The objective of this dose range-finding (DRF) toxicity study conducted at SRI was to 

determine potential toxicity of mixed test agents, Ls-CTB-ACE2 and Ls-CTB-ANG (1–7), 

fusion proteins expressed in lettuce chloroplasts, in adult male and female Sprague Dawley 

rats following twice per day (b.i.d.) oral administration. Information from this study may be 

used to determine dose levels for subsequent toxicity studies and the suitability of the 

proposed human dose. Male and female Sprague Dawley rats (3/sex/group) were given b.i.d 

oral dose of Ls-CTB-ACE2/Ls-CTB-Ang-(1–7) combination at 0.08/1.7, 0.4/8.6 or 0.8/17 

mg/kg total. Animals were sacrificed on Day 8 and evaluated for mortality/morbidity, 

clinical observations, body weights, clinical pathology (hematology and serum chemistry), 

and gross necropsy observation. According to SRI toxicology report “All animals survived 

until their scheduled sacrifice. No drug-related effects were observed for clinical 

observations, body weights, clinical pathology, and gross necropsy observations”. In 

conclusion, male and female Sprague Dawley rats tolerated a b.i.d. oral administration of Ls-

CTB-ACE2/Ls-CTB-Ang-(1–7) expressed in lettuce plant for a single day. Based on the 

toxicology parameters evaluated in this study, the MTD of Ls-CTB-ACE2/Ls-CTB-Ang-(1–

7) in combination is believed to be slightly greater than 0.8/17 mg/kg Ls-CTB-ACE2/Ls-

CTB-Ang-(1–7) when administered b.i.d. oral dose in rats. The NOAEL is considered to be 

0.4/8.6 mg/kg Ls-CTB-ACE2/Ls-CTB-Ang-(1–7) (equivalent to plant material 500/500 

mg/kg) in combination for a day of b.i.d. oral dose administration in rats.

In this study, we use ACE2 and Ang1–7 which are already present in the human plasma, but 

their dose should be carefully regulated. No foreign protein is introduced in this study. CTB 

is used as a transmucosal carrier but it is degraded and not detected in blood [60]. CTB is 

FDA approved protein drug and has been used in the clinic for several decades. Several 

studies show that CTB fusion proteins suppress antibody formation when orally delivered, 

making this an ideal fusion protein for protein drug delivery [1–13]. The drug dose of 0.2 

mg/kg ACE2 was tested in human clinical studies based on safety data obtained with 0.4 

Daniell et al. Page 15

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mg/kg dose escalation studies [61]. In another human clinical study using healthy subjects, 

100–1,200 ug/kg single dose recombinant ACE2 caused a dose dependent increase in 

Ang-(1–7) with lower dose (100–200 μg/kg) and remained unchanged in higher doses (400–

1,200 μg/kg). This suggests that the amount of available angiotensin II may limit ACE2-

mediated conversion to Ang-(1–7). Repeated dosing of ACE2 (400 μg/kg) caused minimal 

accumulation of ACE2 in plasma but Ang1–8 levels were suppressed during the entire 

period [62]. In our study, doses used in toxicology studies ranged from ACE2–0.08/Ang-(1–

7)-1.7 to ACE2–0.8/Ang-(1–7)-17 mg/kg. The most efficacious dose for attenuation of PAH 

endpoints were 1.75/3 and 2.3/4.5 mg/kg of CTB-ACE2 and CTB-Ang-(1,7), respectively.

Enhancing expression levels through codon-optimization, the ability to grow therapeutic 

proteins expressing lettuce plants in a cGMP FDA-approved facility, the lack of potential 

toxicity of combined CTB-ACE2 and CTB-Ang-(1–7) expressed in lettuce chloroplast 

following oral administrations twice a day (BID) for 8 days, the stability of ACE2 activity in 

plasma for up to 48 hours and the ability for dose-dependent delivery of Ang-(1–7) to 

plasma offer promising leads for further clinical studies. Together with their stability at 

ambient temperature for several months due to lyophilization, therapeutic proteins expressed 

in plants could significantly reduce dosing frequencies and simplify administration regimens 

compared to currently used PAH treatment drugs. Taken together, our data indicate that 

chloroplast-derived CTB-ACE2/CTB-Ang-(1–7) could be a novel oral treatment strategy for 

PAH. Future studies will focus on corroborating these results in rescue protocols, in 

alternative animal models of PAH and advancing Phase I clinical trials.

Materials and Methods

Codon optimization of ACE 2

Reference codon optimization table was created based on codon usage preference of psbA 

genes from 133 plant species in Daniell lab [37]. Native ACE2 sequence was analyzed using 

GeneQuest program of Lasergene and compared with the psbA-based codon table. Less than 

5% of codon used in the reference was replaced and the ACE2 codon sequences were 

changed mimicking the hierarchy usage of the psbA genes based on the reference table. The 

codon optimized ACE2 was synthesized (GenScript Biotech, Piscataway Township, NJ).

Generation of CTB-ACE2(co) in pLS chloroplast vector

The synthesized ACE2(co) was PCR amplified with CTB using CTB-NdeI-F, 5′-

GAATTCCATATGACACCTCAAAATATTACTGAT-3′; pshAI-ACE2-R, 

CAATACGACCAAAGTCTCTAGATTAGAAAGAAGTCTGTACGTCATCAGT primers 

and it was cloned into pLS vector between NdeI and phsAI restriction sites. The insertions 

of cloned fragments were confirmed by restriction digestion analysis and CTB-ACE2 

expression was confirmed in E. coli. Sequence was confirmed and pLS-CTB-ACE2(co) 

plasmid vectors were extracted from TOP10 E. coli cells using PureYield™ plasmid 

Midiprep System (Promega, Madison, WI) and used for particle bombardment as previously 

described [63].
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Generation of CTB-Ang-(1–7) in pLS-MF chloroplast vector

The CTB-Ang-(1–7) fusion gene (360 bp) was amplified by using pLD-CTB-Ang-(1–7) 

vector as template with CTB-NdeI-F,5′-

GAATTCCATATGACACCTCAAAATATTACTGAT-3′; pshAI-Ang-(1–7)-R,5′-

GATCGACATTCGTCTCAAGGATGAATATATACACG-3′primer including nucleotide 

sequence corresponding to 7 amino acids of Ang-(1–7) peptide and cloned into NdeI and 

phsAI restriction sites of pLS-MF vector. The inserted fragment was confirmed by 

restriction digestion analysis and CTB-Ang-(1–7) expression in E. coli. Sequence confirmed 

pLS-MF-CTB-Ang-(1–7) plasmid vector was extracted and used for particle bombardment.

Generation of transplastomic Lettuce

The pLS-CTB-ACE2 (co) or pLS-MF-CTB-Ang-(1–7) were transformed into 4-week-old 

lettuce (Lactuca sativa) leaves by particle bombardment [63]. The selection and regeneration 

of transplastomic lettuce plants were performed as described previously [11]. The 

homologous integration of CTB-ACE2(co) or pLS-MF-CTB-Ang-(1–7) genes into 

regenerated shoots were evaluated by PCR amplification and Southern blot analysis using 

specific primers sets and probes (Fig. 1A). The oligo nucleotide sequences of primers used 

for PCR analysis are 16s-F, 5′-CAGCAGCCGCGGTAATACAGAGGATGCAAGC-3΄; 
aadA-R, 5΄-CCGCGTTGTTTCATCAAGCCTTACGGTCACC; CTB-NdeI-F, 5′-

GAATTCCATATGACACCTCAAAATATTACTGAT; trnA-R, 5’-

CATTAGCTGTCCGCTCTCAGGTTGGGCAGT; atpB-R, 5’-

GAATTAACCGATCGACGTGCTAGCGGACATT; UTR-F, 5′-

AGGAGCAATAACGCCCTCTTGATAAAA C; 23s-R, 5′-

TGCACCCCTACCTCCTTTATCACTGAGC. PCR positive plants were subjected one more 

round of selection. Total genomic DNA (2 μg) from untransformed and transgenic plants 

was digested with HindIII restriction enzymes and electrophoresed in 0.7% agarose gel. 

After depurination and denaturation, DNA was transferred to the nylon membrane (GE 

Healthcare life Sciences, Marlborough, MA). Southern blot analysis was performed to 

confirm the homoplasmic status of transplastomic lines by following the manufacture’s 

instruction of DIG high prime DNA labelling and detection starter kit II (Roche, Penzberg, 

Germany). The homoplasmic transgenic plants (3–5 leaf stage) were transferred to pots 

filled soil as described previously [11]. The next generation from ACE2 T1 seeds was 

hydroponically grown at Fraunhofer USA (Newark, DE) as previously described [13].

Total protein extraction and quantification of ACE2/Ang-(1–7)

After harvest from greenhouse and hydroponic growth, leaves were lyophilized and ground 

into fine powder as previously described [11]. Expression levels of CTB-ACE2 and CTB-

Ang-(1–7) were quantified by western blots using CTB antibody and standards. Ten mg of 

lyophilized and ground plant power was rehydrated in 500 μl plant extraction buffer [11] for 

1 hour at 4°C. The resuspended plant cells were sonicated in pulse on for 5 s and pulse off 

for 10 s, three times using sonicator 3000 (Misonix, Farmingdale, NY). After total proteins 

were quantified by Bradford assay (Bio-rad Laboratories, Hercules, CA), homogenized 

proteins were heated at 70°C in 1X Laemmli buffer for 15 min and run on SDS-

polyacrylamide page (10 or 12 %). Western blot analysis was performed using anti-CTB 
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antibody (1:10000) (Gen Way Biotech, San Diego, CA) and goat anti rabbit IgG-HRP 

secondary antibody (1:4000) (Southern Biotechnology, Birmingham, AL). The precision 

plus protein standard was used as a standard (Bio-rad Laboratories, Hercules, CA). The 

proteins were detected by Supersignal west Pico Chemiluminescent substrate (Thermo 

Fisher Scientific, Waltham, MA) on to X-ray films, and then the proteins were quantified 

based on the intensities using ImageJ software (IJ 1.46; NIH). After the membrane was 

incubated in Western Stripping Buffer (Thermo Fisher Scientific, Waltham, MA) for 15 

minutes at 37°C, western blot was performed against anti-RbcL (Agrisera, Vannas, Sweden) 

in PTM 1:40,000 for 1 hour for internal loading controls and then the subsequent western 

blot steps were followed as described above.

GM1-ganglioside receptor binding assay

To confirm ability of CTB-ACE2(co) or CTB-Ang-(1–7) expressed in lettuce cells to form 

pentamers binding to the GM1-ganglioside receptor, CTB-GM1 binding assay was 

performed. For GM1 binding assay, CTB-ACE2(co) or CTB-Ang-(1–7) protein was 

extracted from lyophilized plant by suspended in a ratio of 10 mg per 500 μl plant extraction 

buffer [11] and incubated for 1h at 4°C for rehydration. The buffer saturated lyophilized 

powder was sonicated (pulse on for 5s and pulse off for 10 s three times, using sonicator 

3000, Misonix) and the supernatant was obtained by centrifuging at 12,000 rpm at 4°C for 5 

min. CTB-ACE(co) or CTB-Ang-(1–7) GM1 binding assay was performed by following the 

protocol as described previously [11].

Excision of the antibiotic resistance gene in T1 seedlings

Seeds from self-pollinated flowers of T0 lines # 6 were collected and germinated on ½ MS0 

medium containing 50 mg/L Spectinomycin. After a week, resistant seedlings showing 

green cotyledons and bleached yellow cotyledons were scored. The seedlings showing 

bleached phenotype were transferred to ½ MS0 medium without spectinomycin and 

recovered plant genotype was evaluated by PCR analysis. In addition, 3–4 weeks old T1 

seedlings of T0 lines # 6 germinated on spectinomycin containing medium were cut into 0.5 

cm size pieces and selected on shoot induction medium, supplemented with spectinomycin. 

The selectable marker elimination in regenerated shoots was analyzed by PCR and Southern 

blot analysis using specific primers sets and probes as described previously.

To reconfirm selectable marker gene elimination and stable inheritance of CTB-Ang-(1–7) 

gene in T1 generation, seeds from self-pollinated flowers of marker-free T0 plants were 

germinated on ½ MS0 medium containing 50 mg/L spectinomycin, along with T0 seeds 

containing the selectable marker-gene and untransformed wild type. After a couple of weeks 

spectinomycin resistance/spectinomycin sensitive phenotype was recorded. The selectable 

marker elimination in T1 seedlings was confirmed by PCR amplification and Southern blot 

analysis using specific primers sets and probes as described previously. CTB-Ang1–7 

expression was confirmed by western blot analysis.

Animals and pharmacokinetic Study of CTB-ACE2 and CTB-Ang-(1–7)

Nine males and 9 females of Sprague Dawley rats were obtained from Charles River 

Laboratories (Hollister, CA). General procedures for animal care and housing were in 
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accordance with the current Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) recommendations, current requirements stated in the Guide for the 

Care and Use of Laboratory Animals (National Research Council), and current requirements 

as stated by the U.S. Department of Agriculture through the Animal Welfare Act and Animal 

Welfare Regulations (November 2013). Animals are assigned to test at the age of 10 weeks 

(males) and 12 weeks (females) at 250–325 g (males) and 200–275g (females) body weight 

range. The dosage was determined as low (Group-I), medium (Group-II), and high (Group-

III), 3 males and 3 females in each group, which contain ACE2–0.125/Ang-(1–7)-2.1, 

ACE2–0.25/Ang-(1–7)-4.25, and ACE2–0.5/Ang-(1–7)-8.5 mg/kg rat body weight and they 

were orally administrated twice on Day1 Blood was collected from the JVC port into pre-

chilled (~0 to −40 °C) tubes containing Heparin (Suppl. Table S1). Blood samples were 

centrifuged 30 min at 1,000 – 2,000 g using a refrigerated centrifuge. Plasma samples were 

then stored frozen at ≤ −60 °C. Collected blood volume was about 150 μl total whole blood 

(about 75 μl of plasma) per sample at pretest, 15, 30 min, 1, 2 4, 6, 24 and 48 hrs post dose. 

An overdose of sodium pentobarbital was administered via ip or iv injection after the last 

blood collection. For pharmacokinetic analysis, the plasma drug level data was analyzed 

using Phoenix® WinNonlin® (version 6.3) software to perform non compartmental 

modeling. The dose administered was input to the program as mg/kg.

Animals and toxicology studies of CTB-ACE2/Ang-(1–7)

Twenty-four of Sprague Dawley rats, 12 males and 12 females, were obtained from Charles 

River Laboratories (Hollister, CA) and assigned. General procedures for animal care and 

housing were accordance with previously described above. The first dose was started at the 

age of 8–9 weeks (males) and 9–10 weeks (females) and at 222–239 g (males) and 196–213 

g (females) body weight. They were quarantined for 2 days. Oral gavage was given twice a 

day with 8 hours interval on Day1. Dose formulations were prepared fresh on the day of 

dose administration by combining lyophilized plant powder in PBS. The formulations were 

mixed well using magnetic stirrer for 10 to 60 min. Animals are assigned into three groups 

(3 males and 3 females in each group) with escalating dose range: low dose (Group-I), 

medium (Group-II), and high (Group-III) containing ACE2–0.08/Ang-(1–7)-1.7, ACE2–0.4/

Ang-(1–7)-8.6, and ACE2–0.8/Ang-(1–7)-17 mg/kg rat body weight with negative controls 

(Group-0) (Suppl. Table S1). Animals were checked at least once daily for mortality and 

morbidity evaluations and clinical observations were recorded approximately 1–2 hr post 

each dose from Day 1 to the day of necropsy. Body weight was recorded on Day 1 (pre-

dose) for the purpose of dose calculation and on Day 3 and Day 8. For clinical pathology 

evaluations on Day 3, animals were not fasted before blood collection. Blood was collected 

from the retro-orbital sinus of rats under 60% CO2/40% O2 anesthesia. Hematology samples 

were collected using K3EDTA as the anticoagulant. No anticoagulant was used for clinical 

chemistry samples. Necropsy was carried out on Day 8. An overdose of sodium 

pentobarbital was administered via intraperitoneal injection. External examination of all 

body orifices and an examination of all cranial, thoracic, and abdominal organs were 

performed, and all gross findings were recorded. No tissues were retained.
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Animals and induction of experimental PH

Male SD rats (200–225 g) were obtained from Charles River Laboratories (Wilmington, 

MA, USA). All animals received care in accordance with the Indiana University School of 

Medicine Institutional Animal Care and Use Committee and adherent to the National 

Institutes of Health guidelines for care and use of laboratory animals under the animal 

welfare assurance act. Animals were allowed to acclimate for 7 days before start of oral 

delivery ACE2/Ang-(1–7).

Monocrotaline-induced PH (MCT-PH): PH was induced by a single subcutaneous 

injection of 60 mg/kg of MCT (Sigma, St. Louis, MO). Twenty-four hours later, oral 

delivery of CTB-ACE2 and CTB-Ang-(1–7) by gavage was started. Specifically, 50, 100 or 

150 mg of CTB-ACE2 powdered leaves (0.25, 0.5, 0.75 mg of protein, correspondingly) 

plus 50, 100 or 150 mg of CTB-Ang-(1–7) powdered leaves (0.4, 0.8, 1.2 mg of protein, 

correspondingly) were mixed with PBS to generate suspensions of 100, 200 or 300 mg of 

plant material (50 and 50 mg, 100 and 100 mg, or 150 and 150 mg of CTB-ACE2 and CTB-

Ang-(1–7), respectively). Final volumes were 3, 3 and 3.5 ml, respectively. An additional 

group of MCT animals (sham group) received 3.5 ml of PBS. Oral delivery was performed 

under isoflurane anesthesia (2% via nose cone) from Monday through Friday for a total of 4 

weeks. All rats were sacrificed 4 weeks after MCT injection.

Plasma sample collection and measurement of Ang-(1–7)

Weekly injections of tail vein blood (~1 ml) were performed 5 hours after gavage. Blood 

was transferred to a polypropylene tube with EDTA in an ice bath. After mixing, tubes were 

centrifuged at 4°C for 20 min. Plasma supernatant was decanted into a new polypropylene 

tube and stored at −70 °C until analyzed. The quantity of circulating Ang-(1–7) was 

determined using an EIA kit (Peninsula Laboratories LLC, San Carlos, CA, USA), as per the 

manufacturer’s instructions.

Assessment of cardiopulmonary hemodynamics

Echocardiography and hemodynamic assessments were performed as described previously 

[64–66]. Briefly, after 4 weeks of MCT treatment, RV function was evaluated by 

echocardiography (Vevo 2100, VisualSonics Inc., Toronto, Canada) under light isoflurane 

anesthesia (2%). Following echocardiography, anesthesia was maintained, and rats were 

intubated and mechanically ventilated (tidal volume 6 ml/kg; positive end-expiratory 

pressure 3 mmHg; 80 breaths/min. A 2F microtip Millar catheter (Millar, Houston, TX) was 

introduced through the right jugular vein into the RV for real-time measurement of RV 

systolic pressure (RVSP). Analyses were performed by blinded investigators.

Organ harvest and assessment of right ventricular hypertrophy (RVH)

After recording of RVSP, animals were exsanguinated. Organ harvest was performed as 

described previously [64–66]. Lungs were flushed with normal saline through a catheter in 

the pulmonary artery (PA) until clear return was observed from the left atrium. The left lung 

was then inflated via the trachea (10% buffered formalin under constant pressure of 20 

mmHg). Heart and lungs were then excised. The weights of the RV free wall and left 
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ventricle (LV) plus septum (S) were measured in a blinded fashion to determine the Fulton 

index (RV/[LV+S]), a measure of RVH. The right lung and the RV inflow and outflow tracts 

were snap-frozen in liquid nitrogen for protein and RNA analyses; the left lung and the RV 

apex were immersed in 10% buffered formalin and embedded in paraffin for histological 

analyses (see below).

Analysis of pulmonary vascular remodeling

Lung slides were stained with Verhoeff-van Giesson (VVG) for elastin as described 

previously[64–66]. Pulmonary artery (PA) remodeling was examined by identifying 

pulmonary arterioles with a diameter of <200 μm. Total vessel area and luminal area were 

determined by manually outlining the outer and inner circumference of each vessel using 

Image J software. PA wall fraction was calculated by the formula: (total vessel area – 

luminal area) / (total vessel area). At least 20 vessels per rat were measured and values were 

averaged. Analyses were performed by a blinded investigator.

mRNA isolation and real-time RT-PCR

Total lung RNA was isolated using the RNeasy Fibrous Tissue Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s protocol. After isolation, total RNA was 

transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, USA). 

After synthesis, RNAse free water was added to the single cDNA to a final volume of 180 

μl. Quantification of gene expression was performed by quantitative real-time polymerase 

chain reaction on the 7500 Real-Time PCR System (Applied Biosystems, Foster City, USA) 

using the TaqMan™ Gene Expression Master Mix (Applied Biosystems) and specific Taq-

Man probes: MAS1 - Rn00562673_s1, AGTR1a - Rn02758772_s1, IL1R1 - 

Rn01640664_m1, TGFb1-Rn00572010_m1, Ppia - Rn00690933_m1. Quantitative real-time 

polymerase chain reaction amplifications were performed in a final volume of 20 μl at 95°C 

for 10 minutes followed by 40 cycles with denaturation at 95°C for 15s, annealing at 60°C 

for 1 minute. The mRNA levels were quantified with the 7500 Real-Time PCR System 

Sequence Detection Software 1.3.1 in comparative quantitation mode and normalized to 

peptidylprolyl isomerase A (Ppia) expression levels. All samples were analyzed in 

duplicates and in a blinded fashion.

Statistical analyses

Data are presented as means ±SEM. Data were analyzed by one-way ANOVA followed by 

Newman-Keuls test for multiple comparison using GraphPad Prism 7.0 (GraphPad Software 

Inc, San Diego, CA). A p-value of <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Creation of transplastomic lettuce lines with stable integration of CTB-ACE2 and CTB-
Ang-(1–7).
(A) Schematic diagram of chloroplast transformation vector map containing CTB-ACE2 

expression cassette. 16s and 23s rRNA, 16s and 23s ribosomal RNA; trnI, isoleucyl-tRNA; 

trnA, alanyl-tRNA; Prrn, rRNA operon promoter; CTB-ACE2(co), codon optimized 

angiotensin converting enzyme2 with CTB (Cholera non-Toxin B subunit) fusion; TpsbA, 3

´-UTR of psbA. Blue arrows show PCR primers annealing sites with expected amplified 

sizes. Diagram of native ACE2 in tobacco expression cassette is located at the bottom. SB-P, 

Southern blot probe. (B) Genomic DNA PCR amplification with three sets of primers. (C) 
Southern blot analysis of CTB-ACE2 transplastomic lines. Expected sizes are indicated in 
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black arrows. (B-C) Lanes 1 to 4, individual lettuce transplastomic lines; WT, untransformed 

wild type. (D) Schematic diagram of CTB-Ang-(1–7) gene in expression cassette of lettuce 

chloroplast marker-free vector and process of marker excision. Ang-(1–7), Angiotensin-(1–

7). SB-P, Southern blot probe. (E) PCR analysis with three sets of primers. WT, 

untransformed wild type; M; DNA standard, lanes 1 to 6, transplastomic lines. (F) Southern 

blot analysis for MF-CTB-Ang-(1–7) transplastomic lines. WT, untransformed wild type; 

lanes 1 to 6, transplastomic T0 seedlings. Expected sizes are indicated in arrows.
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Fig. 2. Characterizations of CTB-ACE2(co) and CTB-Ang-(1–7) expression, stability, storage, 
and clinical grade production.
(A) Immunoblot analysis between native ACE2(N) and codon optimized ACE2(co). The 

bottom graph visualizes the mean ± SD of normalized ACE2 intensities to RbcL (loading 

controls) (bottom). **P-value < 0.01 vs. Native. PH, tobacco Petit Havana; LS, lettuce; WT, 

untransformed wild type; N, native sequence; CO, codon-optimized sequence. (C) Western 

blot of CTB-Ang-(1–7) T0 generation. Lanes #1 to 6, individual plant. (D) Western blot of 

CTB-Ang-(1–7) in equal amount of fresh and lyophilized plant cells (1X). (C-D) WT, 

untransformed wild type lettuce, M, protein standard; CTB, cholera non-toxic B subunit; 
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Lyo, lyophilized lettuce. RbcL was used as loading controls. GM1 ELISA assay of (B) CTB-

ACE2 and (E) CTB-Ang-(1–7) pentamer. WT, untransformed wild type; Lyo, lyophilized 

lettuce. Data are expressed as the mean ± SD. ***P-value < 0.001 vs. WT. The data obtained 

from two independent biological repeats run in triplicates. (F) Western blot analysis of 

ACE2 accumulation in transplastomic lettuce plants harvested from Fraunhofer 

hydroponically (FH) and Greenhouse (GH) with different times (F and G). Western blot 

was performed for different ages ranged from 46 days and 66 days for FH and 46 days for 

GH (F), 82 days and 106 days for FH and 60 days for GH (G); The amount of TP loaded is 

given above the respective lane in g. The arrows indicate the 100 kDa Ace2. M: spectra 

multicolour broad range protein ladder (Thermo Scientific, molecular weight of the marker 

bands indicated in kDa). (H) Determination of fresh weight, dry weight, ACE2 expression, 

and ACE2 yield per plant with different ages between Greenhouse and Fraunhofer. Plant 

ages are relative to the date of germination. Fresh and dry weight per plant are calculated by 

normalization of total fresh and dry weight to total number of plants grown in Greenhouse 

(16) and Fraunhofer (400). The percentage of water content (the ratio of dry material / fresh 

material) are shown on the top of column. (I) Stability of CTB-ACE2 after long-term 

storage. #1 to #3, individual lettuce CTB-ACE2(co) transplastomic lines. Data are expressed 

as the mean ± SD.
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Fig. 3. Characterizations of CTB-Ang-(1–7) marker-free plants and clinical grade production
(A) T0 seeds of plant lines #29 and 57 were grown on ½ MS0 medium without 

spectinomycin. After few weeks, genomic DNA was evaluated by PCR using the three sets 

of primers. Lane #1 WT, untransformed wild type; lanes # 2 to 6 plant # 29, Lanes # 7 to 11 

plant #57; Lane# 12 positive control; lane # 13 PCR mix with H20; Lane # 14 M; 1 kb 

ladder (B) gDNA digested with HindIII. Lane 1, 1 kb ladder DNA; Lane 2, UT, 

untransformed; Lanes 3–7 DNA from marker-free seedlings of T0 plant#29; Lane 8–12 

DNA from marker-free seedlings of T0 plant#57; Lane 13 T1 plant contacting the aadA 

gene. The position of the expected sizes of fragment is untransformed 9.1-kb, selectable 

marker-free is 10.7-kb, with selectable marker is 12.7-kb are indicated with arrows. Western 

blot of CTB-Ang-(1–7) in lettuce plants with or without the selectable marker gene (C). (D) 
The immunoblot assay of CTB-Ang-(1–7) expressed lettuce lyophilized leaves harvested 
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after 30, 46 days or 60 days of plants grown in the greenhouse. (E) The immunoblot assay of 

CTB-Ang-(1–7) expressed in lettuce lyophilized leaves harvested at 47 days, 66 days from 

the plants grown in hydroponic system at Fraunhofer. 0.4 μg, 0.6μg,0.8μg of TLP Per lane 

was loaded and probed with anti-CTB rabbit polyclonal antibody. (F) Determination of fresh 

weight, dry weight, Ang1–7 expression and yield per plant of different ages grown at the 

Greenhouse or Fraunhofer. Fresh and dry weight per plant are calculated by normalization of 

total fresh and dry weight to total number of plants grown in Greenhouse (60) and 

Fraunhofer (800). The percentage of water content (the ratio of dry material / fresh material) 

are shown on the top of column.
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Fig. 4. Pharmacokinetic Study of CTB-ACE2/Ang-(1–7) following oral dose administrations.
Increases of Ang-(1–7) plasma levels in rats with monocrotaline-induced pulmonary 

hypertension by combinational feeding with bioencapsulated CTB-ACE2 and CTB-Ang-(1–

7). CTB-ACE2 (50, 100 or 150 mg of plant material; containing 0.4, 0.8 and 1.2 mg of 

ACE2 protein) and CTB-Ang-(1–7) (50, 100 or 150 mg of plant material; containing 0.25, 

0.5 and 0.7 mg of Ang-(1–7) protein) were gavaged daily. Animals in sham group were 

gavaged with PBS only. Levels were measured once a week 5h after gavage. (A-D) Absolute 

Ang-(1–7) plasma levels for each week (1 to 4). Each data point represents one animal. (E) 
Pooled Ang-(1–7) plasma levels (combined data of week 1 to 4) are shown. (F-H) Lung 

ACE2 activity and quantity as well as lung Ang-(1–7) levels. Error bars or values represent 

± SEM. #p < 0.05 vs. MCT groups by one-way ANOVA and post-hoc Newman-Keuls test. 

Ctrl = untreated control; MCT = monocrotaline. (I) C57BL/6J mice were gavaged with the 

enzymes mannanase, pectinate lyase, endoglucanase and exoglucanase (5 mg plant powder/

enzyme) and one hour later gavaged with PTD-Pro-IGF-1 (5ug IGF-1/20mg plant powder). 

Controls were gavaged with PBS followed by PTD-Pro IGF-1. *p=0.009.
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Fig. 5. Attenuation of experimental pulmonary hypertension by combinational feeding with 
bioencapsulated CTB-ACE2 and CTB-Ang-(1–7).
Effects of bioencapsulated CTB-ACE2 and CTB-Ang-(1–7) on (A) Fulton index (a marker 

of RV hypertrophy; calculated as the ratio of the right ventricle [RV] weight to the weight of 

the left ventricle plus septum [LV+S], (B) RV systolic pressure (RVSP), (C) cardiac index 

(CI; determined echocardiographically), (D) total pulmonary resistance index (TPRI [a 

marker of RV afterload]; calculated as ratio of RVSP and CI), and (E) pulmonary vascular 

remodeling (quantified as percent wall area). Representative photomicrographs of peripheral 

pulmonary arteries (Verhoeff-van Giesson stain) are shown on the bottom of (E); 
quantification of percent wall area is shown on right. CTB-ACE2, CTB-Ang-(1–7) or PBS 

were administered as outlined in Figure 4. Each data point represents one animal. Values are 

means ± SEM. #p <0.05 vs. control, *p <0.05 vs. sham by one-way ANOVA and post-hoc 

Newman-Keuls test. Ctrl = untreated control; MCT = monocrotaline.
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Fig. 6. Attenuation of pulmonary hypertension-induced alterations in expression of genes 
implicated in PAH pathogenesis by combinational feeding with bioencapsulated CTB-ACE2 and 
CTB-Ang-(1–7)
(A) MAS1, (B) AGTR1, (C) IL-1β, (D) IL1R1, and (E) TGF-β1 mRNA levels were 

determined by real time RT-PCR and are expressed as fold change Ct vs. peptidylprolyl 

isomerase A (Ppia) expression levels. CTB-ACE2, CTB-Ang-(1–7) or PBS were 

administered as outlined in Figure 4. Each data point represents one animal. Values are 

means ± SEM. #p <0.05 vs. control, *p <0.05 vs. sham by one-way ANOVA and post-hoc 

Newman-Keuls test. Ctrl = untreated control; MCT = monocrotaline.
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