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Abstract

The gut associated lymphoid tissue has effective mechanisms in place to maintain tolerance to 

food antigens. These can be exploited to induce antigen-specific tolerance for the prevention 

and treatment of autoimmune diseases and severe allergies and to prevent serious immune 

responses in protein replacement therapies for genetic diseases. An oral tolerance approach for 

the prevention of peanut allergy in infants proved highly efficacious and advances in treatment 

of peanut allergy have brought forth an oral immunotherapy drug that is currently awaiting FDA 

approval. Several other protein antigens made in plant cells are in clinical development. Plant 

cell-made proteins are protected in the stomach from acids and enzymes after their oral delivery 

because of bioencapsulation within plant cell wall, but are released to the immune system upon 

digestion by gut microbes. Utilization of fusion protein technologies facilitates their delivery to the 

immune system, oral tolerance induction at low antigen doses, resulting in efficient induction of 

FoxP3+ and latency-associated peptide (LAP)+ regulatory T cells that express immune suppressive 

cytokines such as IL-10. LAP and IL-10 expression represent potential biomarkers for plant-based 

oral tolerance. Efficacy studies in hemophilia dogs support clinical development of oral delivery 

of bioencapsulated antigens to prevent anti-drug antibody formation. Production of clinical grade 

materials in cGMP facilities, stability of antigens in lyophilized plant cells for several years when 

stored at ambient temperature, efficacy of oral delivery of human doses in large animal models and 

lack of toxicity augur well for clinical advancement of this novel drug delivery concept.
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1. Introduction

The toolkit of suppression immunotherapy has been substantially expanded with the 

development of monoclonal antibodies, fusion proteins, and regulatory T cell therapies, 

among others, for the treatment of autoimmune diseases and prevention of transplant 

rejection. While these biological drugs enable more targeted treatments than traditional 

immune suppressive drugs, they are extraordinarily expensive, and may even require 

specialized centers to perform the required manipulations. Antigen-specific induction of 

immune tolerance in humans largely remains an unmet challenge. Treatment of autoimmune 

diseases, for which at least some of the target antigens are known, could greatly benefit from 

antigen-specific regimens. Such protocols are also lacking for the prevention of antibody­

mediated rejection of therapeutic proteins. Formation of anti-drug antibodies (ADA) is a 

widespread problem in protein replacement therapies for genetic diseases. Antigen-specific 

tolerance induction would be far more desirable than general immune suppression, avoiding 

risks of infection and side effects of immune suppressive drugs. A potential pathway toward 

such a protocol is the introduction of the target antigen via a route that naturally leads to 

tolerogenic antigen presentation. From a wealth of pre-clinical data, it has long been known 

that oral delivery of protein antigens may induce immune tolerance (Kuhn and Weiner, 

2016; Mowat, 2018; Pabst and Mowat, 2012; Rezende and Weiner, 2017; Wang et al., 

2013). This approach has only recently been successfully used in the prevention of peanut 

allergy through regular ingestion of peanut-containing foods in infants (Du Toit et al., 2015). 

Additionally, oral immunotherapy (OIT) for life-threatening food allergies has demonstrated 

high rates of success in desensitization of the allergic response and in some cases long 

lasting tolerance, termed sustained unresponsiveness (Vickery et al., 2017; Vickery et al., 

2014; Wood, 2016). The front-runner for first FDA approval of an orally delivered drug 

based on a plant product, currently is in the final stages of FDA approval for peanut allergy 

(Tilles and Petroni, 2018; Vickery et al., 2014). In order to be able to orally deliver specific 

auto-, allo-, and therapeutic antigens, a next generation of drugs, based on transgenic plants, 

is currently in advanced pre-clinical development (Fig. 1 and Table 1).

The oral tolerance method does not require custom design of antigens for specific major 

histocompatibility complex (MHC) molecules (as in the case of peptide-based methods), 

nor are genetic manipulations of host cells required (as in gene therapy). Nonetheless, 

translation of this method is limited by the costs of production of large amounts of antigen 

for oral delivery and by inefficiency of delivery to the gut immune system due to antigen 

digestion in the stomach by acids/enzymes and blockage of antigen absorption by gut 

epithelium. Recent breakthrough inventions have addressed these limitations by expression 

of antigens or protein drugs in plant cells that protect them from stomach acids or enzymes 

through bioencapsulation. Commensal bacteria degrade plant cell wall and release antigens 

in the gut lumen. Transmucosal carriers fused to antigens deliver them across the gut 

epithelium and to the immune system through ubiquitous binding sites (Daniell et al., 2016a; 

Daniell et al., 2016b; Kwon and Daniell, 2016).

Use of plant cells as “Green Bioreactors” is now becoming a promising approach for 

production and delivery of biopharmaceutical proteins. US Food and Drug Administration 
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(FDA) approved the first plant-made biopharmaceutical for human use. “Taliglucerase alfa” 

is produced for enzyme-replacement therapy for the rare genetic disorder Gaucher's disease. 

This was developed by Protalix Biotherapeutics (Israel) via expression in carrot cells, grown 

in contained bioreactors and is now marketed by Pfizer (Grabowski et al., 2014; Maxmen, 

2012). While most recombinant protein drugs in the clinic are made in E. coli, yeast or 

CHO cells, this is the first FDA approved drug made in plant cells. Plant cells offer unique 

advantages for production and delivery of protein drugs by significantly reducing the cost 

of goods through elimination of prohibitively expensive fermentation, purification, sterile 

injections, cold storage/transportation and short shelf life of current purified protein drugs. 

Indeed, lyophilized plant cells used for oral drug delivery maintain folding, assembly and 

disulfide bonds and therapeutic efficacy for 2–3 years when stored at ambient temperature 

(Herzog et al., 2017; Su et al., 2015b).

Oral tolerance approaches to prevent peanut allergy have been reported and treatment with 

orally-delivered peanut proteins has been demonstrated to increase the amount of peanut an 

allergic patient can consume without symptoms. Moving toward tolerance in treatment of 

genetic disease, several plant-based oral tolerance protocols have been developed (Ruhlman 

et al., 2007; Sherman et al., 2014; Verma et al., 2010). Efficacy of immune tolerance has 

been tested in materials produced in FDA approved cGMP facilities (Su et al., 2015b), and 

human doses have been tested in hemophilic dogs (Herzog et al., 2017). IND enabling 

toxicology, pharmacokinetic and pharmacodynamics studies have been completed, and 

Phase I study design is in progress (Daniell, presented at World Hemophilia Federation, 

2018). These recent advances augur well for launching this new platform for affordable 

protein drug delivery concept. In this review, we discuss delivery of disease-specific antigens 

to induce oral tolerance in a diverse set of genetic, autoimmune, and allergic diseases. 

These include peanut allergy, hemophilia, rheumatoid arthritis, pollen and allergic asthma. 

Furthermore, mechanisms of antigen-delivery and the immune regulatory pathways that 

promote oral tolerance to the plant-derived antigens are discussed.

2. Concept of tolerance induction via delivery to the gut

The mammalian digestive system is constantly exposed to a large number of diverse foreign 

antigens derived from food and intestinal microbes. Hence, the gut immune system needs 

to balance the ability to provide protective immunity against ingested pathogens with a 

need to prevent inflammatory responses to antigens derived from food and commensal 

bacteria. As a result, a complex immune regulatory network has evolved. The gut-associated 

lymphoid tissue (GALT) is the largest immune organ in the human body, consisting of 

numerous lymphoid cells distributed throughout the entire intestinal surface (~1012 cells 

per meter). GALT represents 70% of the entire immune system and 80% of IgA-bearing 

cells (Vighi et al., 2008). It is also a major source of regulatory T cells (Treg) that control 

unwanted immune responses. It is thought that in the large intestine, the role of Treg is 

primarily to control responses against microbiota, which provide a major source of natural 

antigenic stimulation (Atarashi et al., 2011). In contrast, oral tolerance induction to food 

antigens occurs in the small intestine (Rezende and Weiner, 2017). In general, the intestine 

is enclosed by the musosa, which is comprised of an epithelium and the lamina propria (LP, 

a thin layer of connective tissue). The middle section of the small intestine, called ileum, 
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contains a large number of lymphoid nodules called Peyer's patches (PP) that are located 

in the LP and extend into the submucosa. The epithelium of PP is comprised of epithelial 

cells and microfold or M cells that are specialized in transporting antigen from the gut 

lumen to specialized antigen presenting cells (APCs). These include dendritic cells (DCs) 

and macrophages. While the epithelium of the LP contains fewer M cells, protrusions of DC 

and of macrophage-like CX3CR1+ cells can sample antigens directly from the gut lumen. In 

addition, epithelial cells can take up antigens (Xiao et al., 2016).

CD103+ DCs represent the major subset of conventional DC in the LP and play a critical 

role in tolerance induction. They transport antigen to the mesenteric lymph nodes (MLNs), 

where they present to T cells and convert them to FoxP3 expressing Treg by production 

TGF-β and the vitamin A metabolite all-trans retinoic acid (RA) (Ruane and Lavelle, 2011). 

RA also promotes induction of IL-10 and gut homing rector expression by Treg (Bakdash et 

al., 2015). The induction not only of CD4+CD25+FoxP3+ Treg, but also of LAP+CD4+ Treg 

(expressing latency associated peptide of TGF-β on the cell surface) is TGF-β dependent. 

In addition, TGF-β is required for class switching in B cells to IgA, an immunoglobulin 

that is secreted into the intestinal lumen and that is critical for mucosal immunity. Other 

subsets of Treg that can be induced in the GALT include regulatory CD8+ T cells and 

type 1 regulatory T cells (CD49b+LAG-3+CD4+ Tr1 cells that overexpress IL-10). IL-10 

production by Treg is critically required to prevent inflammation of mucosal interphases 

(Rubtsov et al., 2008). Thus, both TGF-β and IL-10 are key cytokines in immune regulation 

and tolerance induction in the gut.

While PPs contribute to oral tolerance induction, the currently prevailing opinion is that 

MLNs are strictly required (Pabst and Mowat, 2012). It has been proposed that Treg 

are initially induced in the MLNs upon antigen presentation by CD103+ DC, followed 

by migration to the LP, where Treg are further expanded (Hadis et al., 2011). FoxP3+ 

Treg peripherally induced in this environment express aryl hydrocarbon receptor, which is 

important for their gut homing and function (Ye et al., 2017). CX3CR1+ cells can pass on 

antigen to CD103+ DC, induce CD8+ Treg, and also take up blood-borne antigens, therefore 

representing an important link between the GALT and the systemic circulation (Chang et 

al., 2013; Mazzini et al., 2014; Shakhar and Kolesnikov, 2014). Finally, it should be pointed 

out that antigen doses influence oral tolerance (high doses may promote T cell anergy or 

deletion, while low doses may be sufficient for Treg induction), and that the microbiome 

plays an important role, as commensal bacteria promote intestinal homeostasis (Aychek and 

Jung, 2014; Mortha et al., 2014).

3. Oral tolerance in human food allergy

The prevalence of food allergy has increased over the past two decades, now affecting an 

estimated 8% of children in the US (Baker et al., 2000). Peanut allergy is of particular 

concern because it is often a life-long allergy and is the leading cause of fatal food-induced 

anaphylaxis. Interestingly, clinical practice guidelines in the late 1990s recommended 

nursing mothers avoid allergenic foods, such as peanut, egg, and milk and delay introduction 

of these foods to infants from at-risk families possibly exacerbating the food allergy problem 

(Baker et al., 2000). The observation was later made that delayed introduction, typically 
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after the first year of life, was associated with significantly higher rates of peanut allergy 

compared to early introduction in two distinct populations (Du Toit et al., 2008). This 

observation led researchers to theorize that there was a critical window of opportunity in 

early life wherein introduction of peanuts would lead to oral tolerance rather than allergy.

The landmark clinical trial, LEAP (Learning Early About Peanut allergy) demonstrated that 

early introduction of peanuts suppressed allergy (Du Toit et al., 2015). Infants (n = 640) 

with severe eczema and/or egg allergy between the ages of 4 to 11 months were enrolled as 

this population reflects patients with a heightened risk of developing peanut allergy. Subjects 

were assigned to a peanut avoidance or peanut consumption group. The consumption group 

was instructed to consume Bamba, a peanut butter and corn snack, until the age of 60 

months and the avoidance group avoided all forms of peanut. Each participant underwent 

a double-blind, placebo-controlled peanut challenge when they turned 60 months old. The 

outcome was striking as 17.2% of the avoidance group developed peanut allergy, whereas 

only 3.2% of the consumption group was peanut allergic at 60 months of age. Furthermore, 

study participants who were consuming peanuts were then put on an avoidance diet for 12 

months without any significant increase in the rate of peanut allergy at age 72 months (Du 

Toit et al., 2015). These data were used to orchestrate changes in clinical guidelines for early 

introduction of peanut as a method to prevent peanut allergy (Togias et al., 2017).

Currently, an oral immunotherapy drug (AR 101) for peanut allergy treatment has completed 

a Phase III clinical trial and may receive FDA approval in 2019 (Tilles and Petroni, 2018). 

Developed by Aimmune Therapeutics, this plant-based oral immunotherapy is a regimen of 

daily intake of peanut antigens, starting from 1 mg and ending on a maintenance dose of 300 

mg. In the Phase III trial, 550 subjects (4–55 years old) were enrolled in the U.S., Canada, 

and Europe (Palisade Group of Investigators et al., 2018). This large study follows prior 

clinical investigations that supported safety and efficacy of this approach, which is based 

on oral administration of peanut flour (Bird et al., 2018; Hofmann et al., 2009; Varshney 

et al., 2011; Vickery et al., 2014). Desensitization with this approach was definitively 

demonstrated in several small, Phase II trials as subjects on oral immunotherapy could safely 

ingest large doses of peanut protein whereas the placebo group could not (Anagnostou 

et al., 2014; Bird et al., 2018; Varshney et al., 2011). The therapy was well tolerated in 

most subjects over the course of dose accumulation (Bird et al., 2018; Hofmann et al., 

2009). Following initial close monitoring, oral administration could be safely continued as 

home therapy with very rare allergic reactions. Impressively, unresponsiveness to peanut 

was sustained for up to 4–6 weeks when tested in children as young as 1 year old at 

the onset of therapy (Vickery et al., 2017). However, this form of tolerance after oral 

immunotherapy is stopped is only seen in a subset of subjects (Vickery et al., 2014). Immune 

modulatory effects were similar over a ten-fold dose range (Kulis et al., 2019). Production 

of pro-allergenic cytokines IL-5, IL-13, and IL-9 (typically associated with Th2 and Th9 

responses) was suppressed, and the proportion of FoxP3hi cells was increased among 

CD4+CD25+FoxP3+ regulatory T cells (Treg), suggesting improved immune regulation 

(Kulis et al., 2019; Varshney et al., 2011). Allergen-specific IgE formation was initially 

reduced, and changes in epitope binding of allergen-specific IgE and IgG4 were documented 

in patients receiving OIT (Vickery et al., 2013). Allergens in stored peanut flour were 

stable for at least 1 year (Berglund et al., 2017). E. coli or Salmonella were not detected 
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in the produce, while other microbes were within established US Pharmacopeia guidelines 

(Berglund et al., 2017).

Importantly, it is unclear whether immunologic tolerance mechanisms underlying the 

efficacy in LEAP and OIT are the same. It is clear that overlapping immune modulation 

occurs, as both modalities yield increased peanut-specific IgG4 and decreased mast cell 

activity.(Kulis et al., 2018) However, limited immunologic data has been published from the 

LEAP trial, so immune changes in T cells are unknown. The LEAP-ON trial showed long 

lasting tolerance in nearly all subjects, whereas OIT leads to tolerance in a large portion of 

young subjects but fewer older subjects and has only been assessed for several weeks after 

stopping therapy (Vickery et al., 2017; Vickery et al., 2014). Oral tolerance induction with 

other foods has been studied and the results are less clear whether all food allergies can 

be prevented by early introduction (Perkin et al., 2016). It is apparent that there is room to 

improve both the prevention and treatment approaches surrounding peanut, and other food 

allergies to induce robust tolerance faster with longer durability, possibly through use of 

approaches described below.

4. Production of protein antigens in plants for oral tolerance induction

Plant-made therapeutic proteins refer to protein drugs with clinical or veterinary applications 

produced in transgenic plant systems (Chan and Daniell, 2015; Daniell et al., 2016a; Daniell 

et al., 2016b; Ma et al., 2013; Ma et al., 2015; Shahid and Daniell, 2016). There are 

three major plant systems for manufacturing therapeutic proteins, stable nuclear transgenic 

and stable chloroplast transplastomic production as well as the plant virus vector-mediated 

transient expression system. Stable production systems involve permanently inserting genes 

into the plant genomes. Thus, the transgenes expressing therapeutic proteins are inherited 

in subsequent generations of transgenic plants. Nuclear transgenic plants are generated 

by inserting the transgenes into the nuclear genome. A number of recombinant proteins 

produced by this method in plants or in plant cell culture have advanced to clinical trials. 

Some are approved for use in human or veterinary medicine or as cosmetic ingredients (Sack 

et al., 2015).

The first vaccine antigen expressed in the chloroplast genome was the cholera non-toxic B 

subunit (CTB) (Daniell et al., 2001). Transplastomic plants are generated via chloroplast 

transformation by inserting transgenes into chloroplast genome through homologous 

recombination. This transplastomic technology has several unique advantages, including 

exceptionally high levels of expression (up to 72% of proinsulin in the total leaf protein), 

for smaller human blood proteins (Ruhlman et al., 2010). While larger blood proteins like 

blood clotting factors or angiotensin converting enzyme expression from native human genes 

is very poor, a new software has been developed for codon optimization and enhancing 

their expression 50–100 fold in chloroplasts (Kwon et al., 2016). The transplastomic plants 

maintained normal growth and reproduction despite hyper-expression of the foreign protein 

(Kwon et al., 2018; Ruhlman et al., 2010; Su et al1., 2015b). Most importantly, transgene 

integration into the chloroplast genome offers containment from pollen transmission 

because chloroplast genomes are maternally inherited in most crops (Daniell, 2002, 2007). 

Furthermore, harvesting therapeutic proteins expressed in leaves before appearance of any 
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reproductive structures facilitates transgene containment through pollen or seeds. Other 

advantages of chloroplast genetic engineering include multi-gene engineering in a single 

transformation event, lack of gene silencing or position effect via site-specific transgene 

integration, and minimal or complete lack of pleiotropic effects by compartmentalization of 

toxic transgene products within chloroplasts (Daniell et al., 2016a; Daniell et al., 2016b).

Plants expressing therapeutic proteins in chloroplasts have been grown in the field, with 

USDA-APHIS approval (Arlen et al., 2007). However, a recent USDA-APHIS notice 

states that “transplastomic lines do not fit the definition of a regulated article under USDA­

APHIS regulations 7 CFR part 340, because there are no plant pest components, which 

should further help in advancing this technology” (Kwon and Daniell, 2015). Oral delivery 

of therapeutic proteins using lyophilized plant cells eliminates prohibitively expensive 

fermentation, purification, cold storage/transportation, sterile injectable delivery and short 

shelf life of current protein drugs (Fig. 2). Lyophilized plant cells can be stored at ambient 

temperature up to 30 months without losing their efficacy (Herzog et al., 2017; Su et al., 

2015b).

FDA approved genetically modified (GM) edible crops corn and soybean have been 

consumed for three decades by a very large global population, even though they contain 

antibiotic resistance genes. After three decades, there is no GM crop free of antibiotic 

resistance genes in the marketplace and no regulatory agency, including FDA, has mandated 

removal of antibiotic resistance genes from food or feed crops. However, the retention of the 

antibiotic resistance gene in transplastomic lines could pose problems because of larger copy 

numbers in each cell. In addition, removal of the antibiotic resistance genes could reduce 

unnecessary metabolic load of the transplastomic crops because they are no longer needed 

after screening of transformation events. Furthermore, the same selection marker gene could 

be reused for subsequent transformation of additional genes. Therefore, in two recent 

studies (Daniell et al., 2019; Kumari et al., 2019) antibiotic resistance gene (aadA) was 

removed from lettuce transplastomic lines expressing pectate lyase, lipase and exoglucanase 

enzymes, for their use in various food/feed applications. Removal of the aadA gene was 

accomplished by flanking this gene with two identical sequences (649 bp of two atpB 
promoter regions) in the expression cassettes (PelB, PelD, LipY, Cbh1, Cbh2), following the 

method developed for the tobacco chloroplast genome (Iamtham and Day, 2000; Kode et 

al., 2006). After site-specific integration of complete transgene cassettes PelB, PelD, LipY, 
Cbh1, Cbh2 into lettuce chloroplast genome, the aadA gene was excised in subsequent 

rounds of selection. Site-specific integration of transgene cassettes without the antibiotic 

resistance gene was observed. Development of marker free edible crop plants offers various 

food/feed or therapeutic applications of chloroplast genetic engineering technology.

5. Fusion proteins containing transmucosal carriers enhance delivery

Gut microbiome also plays an important role in release of vitamins and nutrients from plant 

cells. Human digestive enzymes do not breakdown glycosidic bonds in the plant cell wall. 

Cellulases secreted by anaerobic gut bacteria cleave plant cell wall glycosidic bonds and 

release nutrients or protein drugs bioencapsulated within plant cells (Kwon and Daniell, 

2016). Strategies are needed to assure efficient transmucosal delivery of the antigen once it 
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is released from the plant cells (Xiao et al., 2016). For this purpose, expression of fusion 

proteins containing an effective transmucosal carrier has proven to be effective. For example, 

CTB is known to be a highly efficient carrier molecule for targeting of the gut epithelium. 

It is composed of five identical 11.5-kDa polypeptide monomers that assemble into a stable 

57.5 kDa pentamer that binds to the GM1 ganglioside receptor. The GM1 receptor is highly 

expressed in the gut epithelial cell membranes and in DCs, which extend their pseudopodia 

(temporary and reversible structures with expanding and contracting capability) between 

enterocytes (small intestinal absorptive cells) to sample antigens in the intestinal lumen 

(Kraehenbuhl et al., 1997; Rescigno et al., 2001). Of importance for the plant system, 

CTB-fused proteins can form pentameric structures within chloroplasts (Daniell et al., 2001; 

Limaye et al., 2006; Ruhlman et al., 2007; Sherman et al., 2014; Su et al., 2015b). Upon 

oral delivery, CTB fusion proteins are released from plant cells in the small intestine 

via the activity of commensal microbes (Fig. 3A-C). Pentameric CTB fusions bound to 

GM1 receptors are transported into the gut epithelial cells through retrograde trafficking 

and transcytosis. Through the retrograde trafficking pathway, the complex traffics to the 

trans-Golgi Network (TGN) and endoplasmic reticulum (ER) via recycling endosomes (Fig. 

3D), (Wernick et al., 2010). Once transported to the ER, unfolding and retro-translocation of 

the CTB-fused protein occur. Inclusion of a proteolytic cleavage site (e.g. for the ubiquitous 

protease Furin) assures that CTB is retained in epithelial cells after uptake, while the 

antigen of interest is released (Thomas, 2002). CTB moves to the basolateral membrane 

by trafficking back out the secretory pathway by indirect transcytosis. Release of antigens 

results in delivery to the immune system and to the systemic circulation. A fraction of CTB­

protein-drug-GM1 complex may also cross the polarized epithelial cells by transcytosis, 

which depends on GM1 receptors with ceramide domains containing short or unsaturated 

fatty acid chains.

First direct visible evidence of oral delivery of a CTB fusion protein produced in plant 

chloroplasts was provided by Limaye et al. (Limaye et al., 2006). CTB-GFP fusion was 

highly expressed in chloroplasts; the monomeric and pentameric forms of CTB-GFP were 

confirmed by immunoblot analysis and GM1 binding assay (Daniell et al., 2001; Limaye 

et al., 2006). When mice are fed with plant cells expressing CTB-GFP and examined by 

fluorescence microscopy, GFP was observed in endothelial cells, M cells in the intestinal 

mucosa, submucosa, hepatocytes and spleen cells, indicating efficacy of protein delivery 

across the intestinal lumen (Limaye et al., 2006; Xiao et al., 2016). Without the CTB 

tag, GFP delivery was highly inefficient, suggesting that oral tolerance induction may be 

feasible at low antigen doses when the protein antigen is expressed as a CTB fusion. 

Indeed, the fusion of CTB to insulin generated an up to 5000-fold reduction in the amount 

of autoantigen compared with the amount normally required for immune-tolerization (i.e. 

without CTB fusion). This concept has been successfully applied to several antigens/

therapeutic proteins (Daniell et al., 2016a; Daniell et al., 2016b; Kwon and Daniell, 

2016). Proinsulin and extendin-4 could be detected in the circulation of mice within 30 

min after oral delivery (Boyhan and Daniell, 2011; Kwon et al., 2013). In toxicology 

studies using CTB fusion proteins, no drug-related effects were observed for clinical 

observations, body weights, clinical pathology, and gross necropsy observations (Daniell 

et al., 2019, unpublished). Dose dependent drug delivery was observed in pharmacokinetic 
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and pharmacodynamic studies of CTB fusion proteins. More recently, Daniell laboratory 

developed different tags to deliver foreign proteins bioencapsulated in plant cells to immune 

cells or non-immune cells or both types of cells (Xiao et al., 2016).

One important consideration in the selection of transmucosal carriers is their potential 

toxicity or other hurdles in the regulatory approval process. Oral administration of CTB was 

approved for human use few decades ago and is used by hundreds of millions of people 

around the globe (Hill et al., 2006). Because of repetitive cholera infection and outbreak, 

oral CTB has been repetitively used in the same patient population. No negative effect for 

CTB has been reported in the published scientific literature or in the popular press and 

therefore this product is used regularly for prevention or during outbreaks. Prevention of 

relapse of autoimmune uveitis in patients with Behçet's disease was tested by oral delivery 

of a CTB-autoantigen fusion protein, in human clinical trials (Phipps et al., 2003; Stanford 

et al., 2004). Relapse and recurrence of uveitis was blocked for 10–18 months after cessation 

of treatment with CTB-BD peptide (Stanford et al., 2004). Therefore, several examples 

listed below use CTB fusion proteins to induce oral tolerance.

6. Prevention of inhibitor formation in hemophilia

The most extensive clinical experience with ADA development, coupled with a need for 

antigen-specific tolerance induction, has likely been with protein replacement therapy for 

the X-linked bleeding disorder hemophilia, which is caused by mutations in coagulation 

factor IX (FIX, hemophilia B) or its co-factor, factor VIII (FVIII, hemophilia A). As the 

serine protease FIX has very low activity without FVIII, mutations in either protein can 

cause the bleeding phenotype. Hemophilia A occurs in 1 in 5000 male birth worldwide, 

while 1 in 30,000 boys is born with hemophilia B (Berntorp and Shapiro, 2012; Graw et al., 

2005; Jayandharan and Srivastava, 2011). In first world countries, treatment for hemophilia 

patients is based on intravenous (i.v.) infusion with plasma-derived or recombinant factor 

concentrate. Currently, the major adverse effect of this therapy is the formation of inhibitory 

antibodies (“inhibitors”), which form in 20–30% of patients with severe hemophilia A 

and in ~5% of severe hemophilia B patients (Berntorp and Shapiro, 2012; DiMichele, 

2012; Ehrenforth et al., 1992; Scott et al., 2013). Factor replacement therapy is seriously 

complicated by inhibitors and increases morbidity and mortality of the disease. Their 

formation typically occurs within the first 50 days of exposure to factor product, is 

dependent on CD4+ T helper cells and can be reversed via immune tolerance induction 

(ITI) protocols. These ITI protocols require frequent high-dose factor administrations for a 

long period of time (months to > 1 year), their costs are extremely high (often exceeding 

one million dollars), and ~30% of FVIII inhibitor patients fail to respond (DiMichele, 

2012). Moreover, there are no prophylactic ITI protocols. Preclinical data have shown that 

one can, for example, prevent inhibitor formation in hemophilia mice by co-administration 

of rapamycin and FVIII or FIX antigen (Maldonado et al., 2015; Moghimi et al., 2011; 

Nayak et al., 2009). However, there concern about use of immune suppressive drugs in 

pediatric patients with hemophilia, which is not an autoimmune disease. In addition, the 

likelihood of inhibitor formation for an individual patient cannot yet be predicted with 

sufficient accuracy. An antigen-specific, non-immune suppressive protocol would be more 

readily acceptable for translation. Toward this goal, a cost-effective system was developed 
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for high-level production of coagulation factor antigens in chloroplasts of transplastomic 

plant cells, which provide bioencapsulation of the antigen through the cellulose containing 

cell wall and effective delivery to the gut immune system (Daniell et al., 2016a; Daniell 

et al., 2016b). According to these results, antigens are not biologically active but they 

are effective in suppressing the pathogenic antibody responses to i.v. delivered coagulation 

factors.

6.1. Suppression of FVIII inhibitors in hemophilia A

FVIII is widely considered a highly immunogenic molecule as it can elicit potent antibody 

responses at very low i.v. doses. Inhibitor formation occurs in 20–30% of severe patients, 

with even higher incidence in African American and Latino patients (Scott et al., 2013; 

Wroblewska et al., 2013). FVIII contains 6 distinct domains, which are structurally 

organized as A1-A2-B-A3-C1-C2.(Vehar et al., 1984). The large and highly glycosylated 

central B domain functions in secretion of the FVIII protein (Dorner et al., 1987; Pipe, 2009; 

Roberts et al., 2011). However, recombinant B domain deleted (BDD) FVIII is biologically 

active and is currently used in the clinic. A heterodimer form of FVIII is secreted following 

at least two intracellular cleavages within the B domain. Consequently, circulating FVIII 

consists of a heavy chain (A1-A2-B domains) and a light chain (A3-C1-C2 domains), which 

are non-covalently linked. The majority of inhibitors are found to bind to A2, A3, or C2 

domain (Markovitz et al., 2013; Meeks et al., 2007; Pratt, 2012; Scott et al., 2013). These 

highly immunogenic sequences also contain several CD4+ T cell epitopes, although the 

C1 domain also contains T cell epitopes (Pratt and Thompson, 2009; Scott et al., 2013; 

Steinitz et al., 2012; Wroblewska et al., 2013). Oral tolerance was first induced using the 

native FVIII HC and C2 domains expressed in tobacco chloroplasts. The pentameric forms 

of the CTB-HC and CTB-C2 bioencapsulated in plant cells were delivered to hemophilia 

A mice via oral gavage of frozen plant cells. Delivery of FVIII antigen to the GALT 

was evident from presence of chloroplast-derived FVIII antigen in epithelial cells and in 

DC located in LP and Peyer's patches of the small intestine. The T helper cell responses 

and inhibitor formation (primarily reflecting IgG1 production) against IV injected FVIII 

were substantially suppressed in hemophilia A mice (FVIII exon 16 knockout mice of two 

different strain backgrounds) after oral administration of the plant-made HC/C2 mixture. 

Importantly, prolonged feeding was effective in controlling inhibitor formation long-term. 

Oral delivery of chloroplast-derived FVIII also significantly reduced inhibitor titers in 

pre-immune mice injected with recombinant FVIII, demonstrating that the oral protocol 

could also reverse inhibitor formation (Sherman et al., 2014). To cover the entire patient 

population and meet the clinical need, the full-length human clotting FVIII was generated 

in an edible lettuce plant, and plant cells were produced at cGMP hydroponic facility. 

Expression level of FVIII heavy chain and light chain were dramatically enhanced by codon 

optimization (Kwon et al., 2016; Kwon et al., 2018), expressing the largest human blood 

protein in chloroplasts. Oral delivery of lyophilized lettuce cells expressing FVIII HC and 

LC to hemophilia A mice robustly suppressed anti-FVIII antibody formation, in a broad 

dose range (Kwon et al., 2018). Production of the cytokine IL-10 in response to FVIII 

antigen and surface expression of latency associated peptide (LAP) on Treg have emerged as 

potential biomarkers to monitor plant-based oral tolerance induction (see below sections on 

tolerance mechanism for further details).
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6.2. Prevention and reversal of the pathogenic antibody response in hemophilia B

Although inhibitor formation is comparatively rare in hemophilia B, with an elevated risk 

in patients with F9 gene deletions or similarly severe mutations, FIX inhibitors are often 

more difficult to eliminate because of anaphylactic reactions against FIX or development of 

nephrotic syndrome. In either case, traditional ITI has to be stopped. In order to develop an 

oral tolerance protocol for hemophilia B, a CTB-fused human FIX (CTB-FIX) was initially 

produced in tobacco chloroplasts and frozen plant cells were orally gavaged to hemophilia 

B mice (Verma et al., 2010). Oral delivery of bioencapsulated CTB-FIX effectively blocked 

formation of pathogenic antibodies, including IgE and IgG1 (undetectable or up to 100-fold 

lower than controls) in hemophilia B mice. Consistent with suppression of IgE formation, 

this treatment also prevented fatal anaphylactic reactions that occurred after four to six 

exposures to i.v. FIX. Approximately 90% of plant-derived FIX-fed mice survived 12 

injections without signs of allergy or anaphylaxis. In contrast, only 20–25% of control 

animals survived after injecting six to eight recombinant FIX doses. Immunostaining 

demonstrated delivery of FIX to Peyer's patches in the ileum of small intestine. The oral 

administration protocol was found effective over a range of oral antigen doses (5–80 μg 

recombinant FIX/kg), and controlled inhibitor formation and anaphylactic reaction up to 

7 months (~ 40% life span of the male mouse strain C3H/HeJ) (Verma et al., 2010). In 

summary, repeated oral delivery of FIX bioencapsulated in plant cells suppressed inhibitor 

development and prevented life-threatening anaphylactic reactions to FIX replacement 

therapy in a murine model of hemophilia B.

In order to translate this oral tolerance approach to treatment of hemophilia B patients, 

transplastomic edible plants expressing pharmaceutical proteins need to be developed. 

The CTB-FIX expressing lettuce plants have been generated using a commercial variety 

(Simpson Elite) (Su et al., 2015b). Lyophilization of the fresh CTB-FIX lettuce leaves 

increased the CTB-FIX concentration by ~20 fold, reaching up to ~1.5 mg CTB-FIX protein 

per gram of dry leaves. Furthermore, the lettuce chloroplast-made CTB-FIX was stable with 

proper folding, disulfide bonds and pentamer assembly in lyophilized cells for up to ~2 

years at ambient temperature. Approximately 43.5 kg (dry weight) of CTB-FIX expressing 

lettuce leaves can be produced using Fraunhofer (Newark, Delaware) cGMP (current good 

manufacturing practices) hydroponic system per thousand square feet per annum, yielding 

up to 36,000 doses for treatment of 20-kg pediatric patients (Fig. 2). Dose escalation studies 

were performed using the lyophilized lettuce leaves, and successful oral tolerance induction 

was reported in all tested doses (1.5–15 μg CTB-FIX antigen per dose), indicating that plant 

cell-mediated oral tolerance induction can be applied to patients at different ages or with 

diverse genetic background (Su et al., 2015b). A wide range of effective doses will further 

facilitate translation. Lettuce-based oral tolerance effectively induced LAP+ Treg, resulting 

in suppression of inhibitor formation and of IgE, thereby preventing anaphylaxis to i.v. 

delivered FIX.

6.3. Oral tolerance in non-rodent model of canine hemophilia B

The vast majority of pre-clinical oral tolerance studies have been performed in rodent 

models. Recent clinical successes with oral tolerance induction to prevent severe food 

allergies, such as peanut allergy, show that this concept is not limited to rodents and in fact 
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applies to the treatment of patients (Hamad and Burks, 2017; Yanagida et al., 2017). Further 

support of oral tolerance in prevention of anti-drug antibody formation comes from a recent 

translational study in a large, non-rodent model of hemophilia B (dogs with a natural F9 

mutation). Here, suppression of antibody formation against FIX replacement therapy was 

demonstrated (Herzog et al., 2017). Therefore, oral tolerance can be achieved in diverse 

species. The study initially determined a dose of weekly i.v. injections of recombinant 

human FIX that reliably induced antibody formation of a certain titer in dogs with severe 

hemophilia B. IgG formation against FIX was highly reproducible in this model. As a 

result, inhibitors formed, albeit at titers that were more variable than binding antibodies. In 

addition, the dogs also developed severe allergic reactions that correlated with IgE formation 

and could be prevented with anti-histamine. Importantly, inclusion of lyophilized lettuce 

cells, expressing CTB-FIX, in dog chow (given twice per week, at an antigen dose of 0.3 

μg/kg) prevented these responses to i.v. FIX. Oral immune modulation robustly suppressed 

IgG and IgE formation against FIX, resulting in prevention of inhibitor formation and of 

anaphylaxis in 3 of 4 dogs. As a result, these animals showed complete correction of 

coagulation times after each of 8 weekly i.v. FIX injections, while control dogs failed to 

show correction after 3–4 injections because of antibody formation. Careful monitoring of 

general health, comprehensive serum chemistry, and hematological evaluations showed lack 

of toxicity from oral delivery of bionecapsulated CTB-FIX that was performed for up to 

6 months. Lettuce-made antigen had been produced in the hydroponic system discussed 

above. Given that the weight of these animals is comparable to that of pediatric patients 

that are likely candidates for this immune tolerance regimen, these outcomes illustrate the 

scalability to human treatment.

7. Treatment of rheumatoid arthritis (RA)

Rheumatoid arthritis (RA) is the most common form of arthritis and constitutes a 

disabling autoimmune disease that mainly attacks flexible joints, characterized by synovial 

inflammation, hyperplasia (“swelling”) and autoantibody production. Inflammation may 

also spread more systemically, affecting cardiovascular, pulmonary, psychological, and 

skeletal functions (McInnes and Schett, 2011).

Type II collagen (CII) is an extracellular matrix protein of joint cartilage, and it is required 

for smooth movement of joints, and autoimmune antibodies against CII have been detected 

at high level in some RA patients (Banerjee et al., 1988). Immunization of mice against CII 

is a commonly used pre-clinical model of RA (collagen-induced arthritis, CIA, mice). To 

test oral tolerance in this model, a glutelin–fused CII with tandem four repeats of CII250–

270 peptide, containing a human T-cell epitope, was produced in transgenic rice seeds at 

a level of about 1 μg per seed (Hashizume et al., 2008). Feeding RA DBA/1 mice with 

the transgenic rice seeds at 25 μg per dose for 2 weeks showed reduction and delay in 

IgG2a response against subsequent and repeated injection of type II collagen (Hashizume et 

al., 2008). More recently, transgenic rice seeds expressing CII256-271 (wild-type sequence 

or as altered peptide ligands to increase binding to the T cell receptor) at 7-24 mg/g 

seeds were orally delivered to CIA mice (Iizuka et al., 2014). In this model, CII256-271 

is presented by murine MHC II molecule I-Aq. Significant inhibition of the initial onset 

of arthritis was observed and appeared to be mediated by IL-10 producing CD4+CD25− 

Daniell et al. Page 12

Biotechnol Adv. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T cells, albeit that these regulatory cells were not further defined. However, there was no 

effect on the production of IFN-γ, IL-17, or IL-2. In an alternative approach, Arabidopsis 
thaliana plants expressing tolerogenic CTA1 (R7K)-COL-DD protein at 2.5% TSP were 

generated by nuclear transformation technology (Hansson et al., 2016). CIA mice fed with 

fresh Arabidopsis plants expressing CTA1 (R7K)-COL-DD proteins were either disease free 

or showed arthritis with substantially less severity. Tolerized mice had improved arthritis 

scores, reduced joint inflammation, and reduced systemic biomarkers for inflammation. 

Suppression of effector T-cell activity (Th1, Th2, and Th17 as reflected by reduced IFN-γ, 

IL-13 and IL-17A production) and up-regulation of IL-10 was observed in the tolerized 

(Hansson et al., 2016). While these models provide proof of principle that plant-based oral 

tolerance is applicable to inflammatory joint disease, the target antigens in RA are less well 

defined and may be more diverse in humans, who also have much more diversity in T cell 

epitope usage. Therefore, translation of these approaches is less straightforward than for 

other disease targets described in this review.

8. Desensitization from pollen allergy

Approximately 30% of the population of industrial countries suffers IgE-mediated type 

I allergies due to pollen, house dust and food allergies. In such individuals, the allergen­

induced IgE binds to mast cells and basophils, inducing the release of inflammatory 

mediators such as histamine (May and Smith, 2008). These allergic diseases are usually 

treated with medicines (e.g., H1-antihistamines, anti-leukotrienes and corticosteroids) via 

blocking the release of chemical mediators. Although such medications can alleviate allergic 

symptoms, they are not curative. Allergen-specific immunotherapy is the only curative 

treatment that can result in a lasting clinical effect (Bousquet and Demoly, 2006; Frew, 

2003). Antigen-specific immunotherapy can direct suppression of allergen-specific IgE, an 

increase in blocking IgG, suppression of effector Th1, Th2, and Th17 cells, and a reduction 

in allergen-specific T-cell responsiveness (Akdis and Akdis, 2011). While there have been 

multiple success in recent years with oral immune modulatory therapy using crude materials 

such as peanut flour or ground peanuts (Vickery et al., 2014), transgenic plants would be 

favorable for those allergies with well-defined allergens.

It has been documented that ~15–25% of the Japanese population, approximately 33 million 

patients, are afflicted with a seasonal allergy, showing clinical symptoms of allergic rhinitis, 

conjunctivitis, and asthma during February to April. IgE is formed in 90% of affected 

people to both allergens Cryptomeria japonica 1 (Cry j 1) and Cryptomeria japonica 2 

(Cry j 2), with the remaining 10% having IgE against one of these (Okamoto et al., 2009). 

To target T cells specific to these antigens, CTB- fused Cry j 1 and 2 were engineered 

to accumulate in ER-derived protein bodies (PB-I) of transgenic rice seeds (Takagi et al., 

2005). The production of IL-4, IL-5, and IL-13 (allergen-specific CD4+ T cell-derived 

allergy-associated Th 2 cytokines) and histamine release in serum were significantly reduced 

in Cry j 1 and Cry j 2 fed mice after systemic challenge with total protein of cedar pollen 

(Takagi et al., 2005). In order to further refine this approach and reduce the allergenicity 

while retaining the ability of the expressed allergen peptides to tolerize CD4+ T cells, both 

Cry j 1 and Cry j 2 were reconstructed using a molecular shuffling method to disrupt the 

tertiary structure (Wakasa et al., 2013). The modified Cry j 1 allergen showed decreased 
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IgE-binding capacity and thus reduced its allergenic activity. The engineered Cry j 2 

was also demonstrated to have reduced binding capacity to the Cry j 2-specific IgE from 

mouse sera. Suppression of allergen-specific CD4+ T-cell proliferation and IgE and IgG 

formation was observed in mice fed with transgenic rice seeds. Clinical symptoms such 

as sneezing frequency, infiltration of inflammatory cells in the nasal tissue, and allergen­

specific cytokine responses were also significantly reduced (Wakasa et al., 2013). Similarly, 

oral administration of rice seeds containing three CD4+ T cell epitopes (derived from of 

Cry j 1 and Cry j 2) fused to CTB suppressed allergen-specific IgE responses and cedar 

pollen-induced clinical symptoms in mice at 50-fold lower doses when compared with the 

analogous glutelin fusion (Takagi et al., 2008).

More recently, efficacy of oral immunotherapy with the Cry transgenic rice by conjunctival 

antigen challenge of allergic conjunctivitis in mice was investigated (Fukuda et al., 2018). 

BALB/c mice were injected with Japanese cedar pollen, then challenged with pollen in 

eyedrops, and then fed with Cry transgenic rice seeds or with non-transgenic rice seeds as a 

control for 16 days. These mice were then challenged twice with pollen in eyedrops. After 

the first challenge, the clinical signs were evaluated at 15 min; and the eyes, blood, spleen, 

and lymph nodes were isolated at 24 h after the second challenge. In mice fed the transgenic 

rice seeds, the clinical score was significantly lower than those fed non-transgenic rice.

9. Treatment of allergic asthma

Asthma is a chronic inflammatory disease of the airways, which causes reversible airway 

obstruction, bronchospasm, and multiple clinical symptoms, including shortness of breath. 

Over 200 million people are affected globally by this potentially life-threatening condition. 

The disease may be triggered by allergens. In allergic asthma, CD4+ T helper (Th) 2 cells 

are thought as the major effector cells in airway inflammation, and these Th 2 cells are 

associated with lung dysfunction in their recruitment and activation of eosinophils (Corrigan 

and Kay, 1992; Robinson et al., 1992; Watanabe et al., 1995).

Suzuki et al. generated transgenic rice seeds expressing a fragment (residues 45–145) of 

mite Dermatophagoides pteronyssinus allergen Der p 1 containing the major mouse and 

human T cell epitopes (Suzuki et al., 2011). Oral administration of the transgenic rice 

seeds to mice before systemic challenge with Der p 1 induced oral tolerance, as shown 

by inhibition of allergen-specific Th 2 cytokine synthesis (IL-4, IL-5, and IL-13) and 

IgE formation. The induction of oral tolerance inhibited bronchial hyper-responsiveness 

following exposure to Der p 1 (Suzuki et al., 2011). Transgenic tobacco plants expressing 

Der P2 antigen were also developed and tested in oral tolerance studies in mice (Lee et 

al., 2011). Animals receiving total protein extract from Der P2 transgenic plant cells orally 

once per day for 6 days showed reduced sensitivity to recombinant Der p2 (rDer p2). 

When compared to untreated controls, orally treated animals had reduced Der p2-specific 

IgE and IgG1 titers, IL-5 and eotaxin levels in bronchial alveolar lavage fluid. Eosinophil 

infiltration in the airways was also reduced. CD4+CD25+Foxp3+ regulatory T cells were 

significantly increased in mediastinal and mesenteric lymph nodes when fed with tobacco 

plant cells and splenocytes exhibited decreased proliferation and increased IL-10 secretion, 

after stimulation with rDer p2 (Lee et al., 2011).
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10. Potential for treatment of inflammatory bowel disease (IBD)

Inflammatory bowel disease (IBD) is a chronic autoimmune disorder characterized by 

mucosal inflammation and injury of the colon and small intestine, which affects more 

than one million North Americans. For unclear reasons, the incidence of this disease has 

been increasing (Hanauer, 2006). The two major forms of IBD, Crohn's disease (CD) 

and ulcerative colitis (UC), are diagnosed based on different gut location and clinical 

presentation. Although UC is typically observed in the large intestine and CD occurs in 

the entire gastrointestinal tract, immunological mucosal injury is a central feature for both 

disorders. Symptoms include nausea, diarrhea, abdominal pain and weight loss, even death 

resulting from severe dehydration, blood loss and malnutrition. The pathogenesis of the 

disease is complex and not well understood, in part due to the diversity of bacterial, viral and 

environmental factors in genetically susceptible individuals (Menassa et al., 2007). While 

it is possible to treat IBD with systemic administration of recombinant IL-10, side effects 

make this approach unattractive. Local introduction of the anti-inflammatory cytokine IL-10 

in the gut environment would solve this conundrum. Feasibility can be tested in certain 

strains of IL-10 deficient mice, a commonly used pre-clinical model of colitis. Oral delivery 

of tobacco cells expressing human interleukin-10 (hIL-10) reduced the severity of colitis at 

the sites of inflammation in IBD-susceptible IL-10−/− mice (Menassa et al., 2007). Dietary 

supplementation of plant cells hIL-10 was well tolerated by treated mice. Gut histology 

revealed reduced inflammation, which was correlated with lower expression levels TNF-α 
mRNA in the small bowel and an increase in IL-2 and IL-1 β mRNA levels (Menassa et al., 

2007).

11. Mechanisms of oral tolerance induction using plant cells

In order to prevent inflammatory responses to food antigens and commensal bacteria, 

the immune system of the small intestine has evolved an anti-inflammatory environment, 

characterized by the presence of specialized APCs, production of suppressive cytokines, and 

specialized lymphoid structures such as the PPs of the ileum. DCs, CX3CR1+ macrophages/

DCs, and endothelial cells are capable of taking up antigen from the gut lumen. In addition, 

the epithelium of PPs is rich in M cells that channel antigen from the gut lumen to areas 

with abundance of DCs. Enhancing delivery to immune system of the small intestine may 

improve tolerance induction and reduce the required antigen dose. For example, CTB 

fusions released from cells of chloroplast transgenic leaves efficiently target epithelial and 

M cells (Limaye et al., 2006; Ruhlman et al., 2010; Sherman et al., 2014; Wang et al., 

2015; Xiao et al., 2016). As a result, the antigens are delivered to CD11c+ DCs of the LP 

of all sections of the small intestine and to DC in PP (Fig. 4A–D) (Wang et al., 2015). 

These include CD103+CX3CR1− DC, which are known to transport antigen to the MLN 

and promote TGF-β dependent Treg induction through generation of RA or expression 

of IDO (Fig. 5) (Matteoli et al., 2010). In fact, the MLN is generally required for oral 

tolerance induction. While pDC are rare in the LP, this subset of DC is present in the MLN 

and PP and has been shown to contribute to oral tolerance (Goubier et al., 2008). While 

pDC have been known to play an important role in innate immunity against pathogens 

(for example producing high levels of IFN-α/β), it has recently become clear that these 

cells also have immune regulatory functions and aid in FoxP3+ Treg induction, which may 
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involve up-regulation of IDO (Biswas et al., 2015; Park et al., 2008). Oral administration 

of transplastomic leaf cells expressing FIX into hemophilia B mice followed by systemic 

challenge with the therapeutic protein antigen resulted in an increase in total numbers and 

in frequencies of CD103+ DC and pDC in MLN and PP (and for pDC also in the spleen) 

(Wang et al., 2015). Therefore, interactions between the responses to the orally delivered 

and the systemic antigen can enrich for tolerogenic DCs, thereby increasing systemic 

immune regulation. In the jejunum, i.e. the section proximal to the stomach, delivery of 

the ingested antigen to LP macrophages may be more prevalent. Interestingly, CX3CR1+ 

DC/macrophages in the LP acquire systemic antigens and also pass on antigen to CD103+ 

DC via gap junction transfer (Fig. 5) (Chang et al., 2013; Mazzini et al., 2014). These 

examples illustrate the connections between the gut and systemic immune systems.

Another potentially important although less well understood feature of oral antigen delivery 

is the uptake of antigen by the liver. In this gut-liver-axis, food antigens primarily enter 

the liver via the portal vein (albeit a lymphatic route has also been described) (Pabst and 

Mowat, 2012). Interestingly, CTB and other fusion proteins expressed in orally delivered 

transplastomic cells are routinely found to accumulate to some extent in the liver within 

hours after oral delivery (Limaye et al., 2006; Ruhlman et al., 2007; Xiao et al., 2016). The 

liver provides another tolerogenic environment, characterized by local antigen presentation 

and expression of anti-inflammatory cytokines such as IL-10. Liver transplants graft more 

easily and require less immune suppression than that is the case for other organs, and 

antigens ectopically expressed in liver via gene therapy can induce immune tolerance by 

promoting programmed cell death of effector CD4+ T cells and inducing FoxP3+ Treg 

(Herzog, 2017; Perrin et al., 2016). To what extent the liver contributes to tolerance induced 

by oral delivery of plant cells and which cell type in the liver capture and present the antigen 

remains to be defined.

11.1. Induction of regulatory T cells

Early on in the experience with oral tolerance based on feeding of transgenic plants it was 

recognized that active suppression is part of the tolerance mechanism as suppression of 

autoimmunity could be transferred from tolerized mice by adoptive transfer of splenocytes 

(Ma et al., 1997). Although high doses of orally delivered antigen can also result in 

specific deletion of T cells, the amounts of antigen released from plant cells upon digestion 

by commensal bacteria more likely induce tolerance via active suppression mediated by 

induced Treg. In more recent studies on oral delivery of plant cell-made antigens in animal 

models of autoimmune diseases and allergies, a recurring observation has been the induction 

of T cells, including CD4+CD25− T cell, that express IL-10, a key anti-inflammatory 

cytokine in environmental interphases such as the gut or the airways (Hansson et al., 2016; 

Iizuka et al., 2014; Lee et al., 2011; Ruhlman et al., 2007). Using oral tolerance to FVIII and 

FIX in hemophilic mice as a model, a very recent and more thorough set of investigations 

identified induction of two subsets of Treg in response to oral delivery of antigen 

bioencapuslated in plant cells: CD4+CD25+FoxP3+ Treg and CD4+CD25−FoxP3−LAP+ 

Treg (Sherman et al., 2014; Wang et al., 2015). Both Treg subsets suppressed antibody 

formation upon adoptive transfer, while CD4− cells or CD4+CD25−LAP− T cells failed to 

suppress. CD4+CD25+FoxP3+ Treg were originally discovered by Sakaguchi and colleagues 
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and are required in both humans and mice to maintain tolerance to self-antigens (Morikawa 

and Sakaguchi, 2014). These Treg undergo thymic development but may also be peripherally 

induced by TGF-β dependent conversion of conventional CD4+ T cells. CD4+CD25+FoxP3+ 

Treg constitutively express the receptor for IL-2, a cytokine that they require as a growth 

factor, and can suppress DC, B and T cells through a variety of mechanisms, depending 

on the context. These include cell contact dependent and independent mechanisms, 

ranging from suppression of co-stimulation, disruption of metabolism, cytokine-mediated 

suppression to cytotoxicity, among others. FoxP3+ Treg are intricately involved in many 

tolerance mechanisms and are also effectively induced by gut CD103+ DC. Their induction 

in the small intestine is critical for unresponsiveness to dietary antigens (Kim et al., 2016). 

They are one of the mediators of oral tolerance to antigens transgenically expressed in plant 

cells (Fig. 4D, Fig. 5). During oral tolerance induction with CTB fusion proteins, B cells 

promote further expansion of FoxP3+ Treg (Sun et al., 2008).

Weiner and colleagues found that mucosal antigen administration induces CD4+ T 

cells that overexpress TGF-β, and initially referred to these as “Th3 cells” (Weiner 

et al., 2011). Subsequently, these immune regulatory cells were better defined as 

CD4+CD25−FoxP3−LAP+ Treg that suppress in a TGF-β dependent manner and show cell 

surface expression of latency-associated peptide (LAP), which forms a latent complex with 

TGF-β. Induction of LAP+ Treg is dependent on TGF-β, IL-10, and DCs (Sun et al., 2008; 

Weiner et al., 2011). In the hemophilia model, antigen-specific induction of LAP+ Treg 

induction was sufficiently robust for the total frequency of CD25−FoxP3−LAP+ cells among 

CD4+ T cells to increase (Sherman et al., 2014; Su et al., 2015b; Wang et al., 2015). 

Although the overall frequency of FoxP3+ Treg did not significantly increase, suppression of 

antibody formation was equally efficient after adoptive transfer as for LAP+ Treg, indicating 

that antigen-specific FoxP3+ Treg are highly suppressive at low frequencies. LAP expression 

in circulating Treg (both FoxP3+ and FoxP3−) could potentially serve as a biomarker for oral 

tolerance induction (Kwon et al., 2018). LAP+ Treg were identified as the main source of 

IL-10 expression in splenocytes in response to FIX antigen (Wang et al., 2015). Moreover, 

the entire immune regulatory response, including increase in DC subsets and LAP+ Treg 

induction, was IL-10 dependent. Hence, IL-10 and TGF-β are critical for the induction 

and execution of oral tolerance to plant cell-derived antigens (Fig. 4E, Fig. 5). LAP+ and 

FoxP3+ Treg may provide both synergy and redundancy in systemic suppression of immune 

responses to the antigen. In order to connect gut and systemic immune responses, and for 

orally induced Treg to home back to the GALT for antigen-stimulation and expansion, 

imprinting of gut homing receptor expression onto CD4+ T cells is required. Indeed, 

plant-based oral tolerance to FIX was associated with significant increases in CCR9 and 

α4β7 expressing CD4+ T cells in PP, MLN, and spleens (Wang et al., 2015). Locally in 

the LP, another subset of Treg, namely IL-10 expressing Tr1 cells may aid in maintaining 

an anti-inflammatory environment that favors Treg induction. Induction of Tr1 cells, as 

evidenced by increase in frequency of CD4+LAG-3+CD49b+ T cells, was observed in the 

LP lymphocyte fraction (Wang et al., 2015). Tr1 cells are known to suppress through 

IL-10 secretion and cytotoxicity against conventional DCs (Roncarolo et al., 2014). Future 

studies may better define the local role of immunoglobulins in oral tolerance to plant-made 

antigens. For example, formation of systemic and secreted antigen-specific IgA, a TGF-β 
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dependent immunoglobulin subclass produced by B cells of mucosal immune systems, was 

observed in response to orally delivered transplastomic cells expressing CTB-Pins in NOD 

mice or CTB-FIX in hemophilia B mice, albeit without impeding long-term tolerogenic oral 

delivery of plant cells (Ruhlman et al., 2007; Ruhlman et al., 2010; Wang et al., 2015). Oral 

immmunotherapy to suppress allergic IgE formation is dependent on FcγRIIB, which has 

also been implemented in oral tolerance based on CTB fusions and is the only Fc receptor 

expressed by B cells (Burton et al., 2014; Sun et al., 2013).

12. Conclusions and future prospects

Oral tolerance is an attractive immunotherapy to prevent or reverse autoimmune, allergic, 

or anti-protein drug responses. This approach is non-invasive and antigen-specific, and 

a number of successes have recently been documented for food allergies albeit utilizing 

crude forms of peanut antigens. However, translation of oral tolerance for treatment 

of autoimmune diseases is more challenging, but could combined with other immune 

modulatory strategies, such as monoclonal antibody therapy. In blocking antibody formation 

in replacement therapies for inherited protein deficiencies, the plant-based method appears 

superior to conventional approaches using purified proteins and is substantially more cost 

effective. Besides hemophilia, lysosomal storage disorders are another example for diseases 

that could benefit (Su et al., 2015a). Expressing the target antigen in plant cells represents 

an elegant way to tap into the naturally existing immune regulatory pathways that are in 

place to control immune responses to food antigens. In addition, plant cells naturally provide 

bioencapsulation, eliminating the need for expensive protein purification and formulation. 

Antigens stored in freeze-dried plant cells are stable at ambient temperature for many 

years. Moreover, recent advances in plant biotechnology have overcome two major hurdles 

for this technology: limitations in the levels of antigen expression from the transgene per 

cell and lack of a suitable transgenic platform based on edible crop plants. Consequently, 

the numbers of plant-based research papers demonstrating oral tolerance induction and 

the scope of the diseases that are targeted have substantially increased in recent years. 

The transgenic chloroplast technology is particularly attractive, because it can achieve 

substantially higher antigen levels compared to nuclear transformation systems and is now 

available for lettuce, allowing the harvest and processing of edible leaves under GMP 

conditions. Expression of the antigen as a fusion with a transmucosal carrier enhances 

uptake by the gut immune system, resulting in tolerance induction at low antigen doses. A 

better understanding of the immunological mechanisms of plant-based oral tolerance is also 

being obtained. Therefore, the field is now ready to go beyond proof-of-principle studies in 

animal models to clinical studies using the cost-effective approach of delivering plant cells.
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Fig. 1. 
Examples of oral immune modulatory therapy using plant cells. Antigens bioencapsulated 

in plant cells from leaves, nuts, or seeds can be orally delivered to promote tolerance to 

autoantigens, allergens, and therapeutic proteins used to treat genetic disease. If the antigens 

are not naturally present in the plants, they can be expressed in transgenic plants.
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Fig. 2. 
Production scheme of clinical-grade, lyophilized lettuce cells for oral tolerance induction. 

Lettuce plants are grown in a hydroponic (soil free) system. Harvested fresh leaves are 

freeze-dried and assures antigen stability during storage at ambient temperature. Lyophilized 

leaves are powdered while preserving bioencapsulation. Depending upon application, the 

powder may be filled into capsules or added to liquid formulations. Figure modified from 

author's original publication (Su et al., 2015b).
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Fig. 3. 
Mechanism of oral delivery of bioencapsulated CTB fusion antigens. A. Plant cells 

containing the antigen are taken up orally in form of capsules or mixed into a liquid or food. 

B. The plant cell wall provides bioencapsulation and thus protects the protein antigens from 

degradation in the stomach. C. After delivery of plant cells to the small intestine, antigens 

are released upon enzymatic degradation of cell wall by the action of commensal microbes. 

D. Transmucosal delivery of antigen: Pentameric form of CTB binds to GM1 receptors 

on the apical membrane of intestinal epithelial cells, followed by retrograde trafficking 

through early and recycling endosomes to the trans-Golgi Network and subsequently to the 

endoplasmic reticulum (ER). When a protease cleavage site is incorporated between the 

N-terminal CTB and the antigen, the antigen is released, and CTB traffics to the basolateral 

membrane (not shown). Ultimately, transcytosis is complete when the antigen is released 

and can thus be taken up by immune cells or be systemically delivered.
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Fig. 4. 
Concept of oral tolerance induction using plant cells. A. Transgenic plant cells expressing 

the specific antigen are orally delivered. B. Upon release in the small intestine, the antigen 

(shown in green) is translocated to the gut-associated immune system (which is facilitated 

by use of transmucosal carrier polypeptides fused to the antigen). C. Antigen (here shown 

in red) accumulates in areas rich in to dendritic cells (DCs, blue). Also shown are M cells 

(green). D. Some of the antigen is taken up by tolerogenic CD103+ DCs (arrows point to 

antigen-loaded CD103+ DCs, which are shown in white, representing triple stain for antigen, 

CD11c, and CD103). E. As a result, antigen-specific regulatory T cells (CD4+CD25+FoxP3+ 

and CD4+CD25−FoxP3−LAP+ T cells) are induced. F. Induced Treg suppress B and T cell 

responses against the antigen, resulting in elimination of autoimmune or allergic responses. 

In the case of treatment for genetic disease, oral tolerance induction to the therapeutic 

protein suppresses formation of antidrug antibodies, so that administration of replacement 

therapy can correct the disease. (For inter-pretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 5. 
Detailed immunological mechanism of oral tolerance induction. Antigens released from 

plant cells in the small intestine upon oral administration are taken up by epithelial and M 

cells, followed by transmucosal delivery. Dendritic cells (DCs) may take up transcytosed 

antigen, sample antigen directly from the gut lumen, or acquire antigen initially taken 

up by CX3CR1+ macrophages (MF). Ultimately, antigen-loaded CD103+ DCs migrate 

to mesenteric lymph nodes (MLN) and present the acquired antigen to CD4+ T cells 

while producing TGF-β and retinoic acid, resulting in induction of Treg. Plasmacytoid 

DCs (pDCs) may enhance Treg induction. Upon migration back to the lamina propria, 

induced Treg further expand. The cytokines TGF-β and IL-10 are critical to Treg induction. 

Peripheral induction of FoxP3+ and of LAP+ Treg is TGF-β dependent, while IL-10 may 

enhance induction of Tr1 cells. IL-10 is crucial in preventing chronic inflammation in the 

gut and for the immune suppressive function of Treg on mucosal interfaces. Induced FoxP3+ 

and LAP+ Treg systemically distribute to lymphoid organs outside the gut immune system, 

such as the spleen, and suppress T cell responses and antibody formation.
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