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Introduction

| | NTRODUCTION

.1 Plant molecular farming

Plant molecular farming (PMF) is the production mharmaceutically important and
commercially valuable proteins in plants (Frankerale, 1997). It exploits heterologous
protein expression systems, such as plants, fotatige-scale production of recombinant
proteins that are therapeutically valuable, indalstenzymes, diagnostic and technical

proteins.

.1.1  Plant made pharmaceuticals (PMP)

The recombinant production of pharmaceuticals anf{d is expected to challenge already
established production technologies that curreatly bacterial fermentatiorEgcherichia
coli), yeast cell culturesSaccharomyces cerevisiae, Pichia pastoris), insect cells, or
mammalian cell cultures (NSO, BHK, CHO), for sevamasons. First of all, molecular
farming in plants provides an inexpensive and comerd way to produce
biopharmaceutical molecules on a large scale. Usipgn-field cultivation, transgenic
plants have superior advantages over all establiskpression systems in terms of capacity,
flexibility, scalability, and production costs (Baa, 2007). In fact, production of PMPs in
whole plants needs simple and inexpensive inpkes $iunlight, water and nutrients, it
enables unsophisticated and rapid increase of ptioduthrough increasing the area put to
seed, and low technology harvest and processingrémtuction of pharmaceuticals (Rigano
and Walmsley, 2005). Therefore, the use of transgaants could be a valid solution to the

need for a scale-up in the production capacityeodbmbinant proteins.

Another fundamental advantage of plants is the @amgd diversity of recombinant
molecules that they can potentially produce. Ashéigeukaryotes, plants are able to
synthesize small peptides, polypeptides and compleltimeric proteins, many of which
cannot be made in microbial systems (Ma et al.,3206or many molecules, such as

antibodies, the presence of plant chaperones thah@mologous to those in mammalian

1
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cells is an important factor, as these chaperooesa the efficiency of protein assembly
and the extent of protein degradation. In additi@mgeting recombinant proteins to the
plant secretory pathway ensures thistglycosylation and other post-translational

modifications take place.

Unlike microbial or mammalian cell culture systenmants ensure production of safe
biopharmaceuticals, because they lack human patlspgencogenic DNA sequences,

prions, and endotoxins (Commandeur et al., 2003).

Moreover, recombinant pharmaceutical proteins caexpressed in definite compartments
or even targeted to storage organs such as sebdse whey remain stable for months at
ambient temperatures, enormously reducing the ajstétorage and distribution (Stoger et
al., 2000).

Furthermore, plants can be exploited not only aglpction platforms for pharmaceutical
proteins, but also as delivery systems for cenaoducts when the plant tissue containing
the recombinant protein is used as food, makin@restte purification unnecessary and

dramatically cutting down production costs (Labkt 2007).

Many pharmaceutical proteins of mammalian origimenbeen synthesized in plants. These
range from blood products, such as human serummatbior which there is an annual

demand of more than 500 tonnes, to cytokines ahdrasignaling molecules that are
required in much smaller amounts (Giddings et &000). Several full size

immunoglobulines, secretory antibodies and furtlartibody derivatives have been
expressed successfully in plants, including scEiehodies, and antibody-fusion proteins
(Ma et al.,, 2003 and references therein; Lienarcalet 2007). In the past 15 years,
plant-made vaccines have also gained a lot of tadtenand a long list of antigens that
includes viral (Mason et al., 1996; Meyers et &008; Santi et al., 2008), bacterial
(Brennan et al., 1999; Walmsley et al., 2003; Fsuto al., 2008), enteric (Mason et al.,
1998; Tacket, 2005) and nonenteric pathogen ardi¢/dason et al., 1992; Lou et al., 2007)
as well as autoimmune antigens (Fitchen et al.519&esani et al.,, 2003; Wang et al.,

2008b) have been expressed in different plant &pcession systems.
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.1.2 Edible vaccines

Problems with current vaccines include the need nfmitiple doses and boosters, the
dependence on a functional cold chain and the patenfection hazards associated with
unsafe injections. These problems are recognizethtgynational agencies as a generic
global barrier preventing the efficient delivery afi vaccines to those in developing
countries with poor infrastructures (Tregoning ket 2005). In response to these problems
there has been increased interest in vaccinatigimes that can be delivered without
needles and have reduced dependence on the cahd Ome& possible solution is to develop
practical mucosal vaccines. Of particular relevancethe developing world is the

development of vaccines expressed in plants.

Plant systems offer the oral delivery option of mhaceuticals aimed at mucosal
immunization or tolerance, overcoming the cost eednvenience of injection of vaccines
(Yusibov et al., 2002). In fact, plants are ideat anly as bioreactors but also as delivery
systems for pharmaceuticals, given that the rigitl walls protect the recombinant protein
from the acidic environment in the stomach (Konglet2001) and enable intact antigen to
reach the gut-associated lymphoid tissue (GALT)g&RD et al., 2003). Because protein
purification costs can outweigh the economic adsg@tof any production system, the
additional advantage of using transgenic plantofat tolerance is that they allow to avoid
extensive purification. Therefore, PMPs could uratedly assist vaccine programs in
developing countries by simplifying immunizatiorgm@ens and tremendously reducing the
costs of vaccine production, purification, storagel administration (Nochi et al., 2007). In
the beginning, consumption of antigen-bearing fant vegetables was proposed for this
purpose. Considerations and hesitation about thgulatory requirements such as
consistency between lots and uniformity of dosageehresulted in a refinement of the
concept of “edible vaccines”. In fact, edible va&s, as regulated products, would require
controlled delivery of standardized doses, so stewel of processing of the edible plant
material would be required. This will not includenaplex purification, but is more likely to
involve simple and inexpensive food processing riepkes that are readily available, such
as freeze drying, and batch processing (Ma et2805). Therefore, if some regulatory
issues like homogeneous vaccine dose per gram Wweght can be solved satisfactorily,
plant-derived vaccines will hold many promises fsafe and cost-effective mass

immunization of mankind much more than any othedpction system (Boehm, 2007).
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Antigens already expressed as components of expetainplant-based vaccines include the
B subunit ofE. coli heat-labile enterotoxin (LTB) (Kim et al., 200Nprwalk virus-like
particles (Tacket et al., 2000) and hepatitis Basagr antigen (Kong et al., 2001).

[.L1.3  Plant expression strategies

.1.3.1 Stable nuclear transformation

The most common approach to produce heterologaisips in plants, that is applicable to
a wide range of species, is to use agrobacterlzsadistics to generate stably transformed
plants (Davey et al., 1989; Gelvin, 2008grobacterium-mediated plant transformation at
the moment is one of the most applicable and widesp methods of foreign genetic
material transfer into plant cells. Extensive stsdiin the past years resulted in
establishment of highly-effective recombinagrobacterium strains, vectors and protocols
and considerably extended the range of hosts (GeNi03). By this method, recombinant
gene sequences are integrated in the host plamtiear genome, and this approach can be
routinely applied, even to complex multisubunitteins, such as secretory antibodies (Ma
et al., 1995).

Microparticle bombardment technologies were dewatofo circumvent the problems of
incompatibility between tissues of many plant spgcimainly monocotyledons, and the
Agrobacterium vector (Smith et al., 2001). Conversely to agrfarmation, integration of
exogenous DNA into the plant’s genetic materialofeing particle bombardment results in
the majority of the cases in complex multicopy gnesgions and broken transgene
integration (Christou, 1997; Finer et al., 1999;itBnet al., 2001). As there is evidence for
correlation between increasing transgene copy nuihe transgene silencing (Taylor and
Fauquet, 2002), enhancédrobacterium transformation systems are being developed for
the major cereal crops, such as rice (Hiei and KQr2@08; Sripriya et al., 2008), maize
(Vega et al., 2008), wheat (Risacher et al., 2009; et al., 2009), barley (Bartlett et al.,
2008; Harwood et al., 2009), sorghum (Howe et 2006; Gurel et al., 2009) and oat

(Gasparis et al., 2008), to overcome the drawbaskeciated with biolistics transformation.

Transgenic plants require a rather long time far generation and characterization of
production lines and the generation of a sufficemiount of seed material. However, once
this bottleneck is overcome, an almost unlimited anstainable production capacity can be

4
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reached using the established agricultural infuastire in open-field or in greenhouses
(Boehm, 2007). Stable integration of the transgat®the plant nuclear genome results in
foreign protein levels usually not higher than lo%total soluble protein (TSP), although
sometimes it reaches higher means if special giesteboosting gene expression and/or
product accumulation have been applied. The majsaddantage of stable nuclear
transformation is that the expression level of egehe is variable and difficult to control,
because the integrated nuclear transgenes arey lsighsitive to the surrounding chromatin
environment, and there are also some regulatorgeras over the containment of nuclear

transformed plants of which changes are inheritauetv generations (Streatfield, 2006).

[.1.3.2 Transient expression

Transient gene expression systems in plants hasgaieadvantages over the generation of
stably transformed transgenic plants. Transientesgion is rapid and results on protein
expression can be obtained within days (Kapila let 2097). This makes transient
expression also suitable for verifying that thegg@noduct is functional before moving on
to the time-consuming generation of stable transgplants. A number of DNA transfer
techniques, such as electroporation or particle daydment, have been used for transient
assays in plant tissue (To et al.,, 1996; Seki gt 1899), but the two major transient
expression systems to deliver a gene to a plah&eekither infiltration of intact tissue with

recombinant agrobacteria (agroinfiltration), oreiction with modified viral vectors.

Agroinfiltration uses recombinamgrobacterium tumefaciens infiltrated into plant tissue.
The transferred T-DNA does not integrate into tlstilchromosome but is present in the
nucleus, where it is transcribed, and this leadsatasient expression of the gene of interest
which does not suffer from position effects (Kamlaal., 1997). Multiple genes, present in
different populations of agrobacteria, can alssibgultaneously expressed (Vaquero et al.,
1999). It is a fast and flexible system, but itkka¢he increases in production volume that
can be achieved easily with stable transgenic plgtieludko, 2008).

Production of pharmaceuticals using plant viraltgecis also a very promising strategy
(Pogue et al., 2002; Yusibov et al., 2006). To ddte most efficient means of achieving
high level transient expression of foreign protamplants has involved the use of vectors
based on RNA plant viruses (Giritch et al., 200&hdbo, 2007). Plant viruses are not

infectious in humans or animals and can accumulatge quantities of heterologous
5
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proteins in the plants. Two major strategies au# Virus’, which allows expression of large
fusion proteins in the viral capsid, and a deveigpapproach of ‘deconstructed virus’,
which relies onAgrobacterium as a vector to deliver DNA of one or more viral KRN
replicons to plant cells (Marillonnet et al., 20@leba et al., 2007). Recently, a virus-based
system that does not rely on viral replication l@so been described (Sainsbury and
Lomonossoff, 2008), that overcomes some of the maAjoitation of virus-mediated
transgene expression, such as the issue of bioooregat and the restrictions on the size of

the insert that can be accommodated without affgagplication.

.1.3.3 Plastid transformation

A fast developing and promising technology in thlAPscenario is the synthesis of
biopharmaceuticals and vaccines in plastids (DareéD6). Owing to the polyploidy of the
plastid genetic system with thousands of genomésqper cell, extraordinarily high levels
of foreign protein accumulation can be achievedhloroplasts (McBride et al., 1995; De
Cosa et al., 2001), making transgenic plastids|ig@s@ression factories for high-yield
protein production (Bock, 2001). Besides the paaeridr high-level production of foreign
proteins, other attractions of the technology ideluts effectiveness as a high-precision
genetic engineering technique — owing to transgetegration exclusively via homologous
recombination — , the absence from plastids of em@gc effects and gene silencing
mechanisms, and the increase in transgene contairpnavided by the maternal mode of
chloroplast inheritance in most crop plants, whangely excludes chloroplasts from pollen
transmission (Bock, 2007; Ruf et al., 2007). Thgamaestrictions of using chloroplast
transformation for production of recombinant progeis the limited number of hosts in
which the technique is routine, nowadays mosthatao and more recently tomato (Ruf et
al., 2001; Zhou et al., 2008), carrot (Kumar et 2004) and lettuce (Lelivelt et al., 2005;
Kanamoto et al., 2006), and the lack in the plastiipost-translational modifications such
as N-glycosylation, that is strictly connected to arejuired for the stability, structural

authenticity and functionality of some pharmacealic

[.1.4  Optimization of recombinant protein expression in pants

The purpose of plant molecular farming is to pradlarge amounts of an active, safe
pharmaceutical protein at an affordable price. &fwee, the development of an optimized
6
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expression system and its scale up to economidsl@fgoroduction are crucial stages. To
achieve high vyields, expression construct designstmoptimize all stages of gene

expression, from transcription to protein stability

For high-level transcription, the two most impottatements are the promoter and the
polyadenylation site, which are often derived frtme 35S transcript of th€auliflower
mosaic virus (CaMV) for dicotyledonous plants (Kay et al., 19®r the maize ubiquitin-1
gene for monocotyledonous plants (Christensen andilQ1996). Codon optimization,
bringing the transgene codon usage in line witht tifathe host, might also result in
increased accumulation levels of the recombinantiepr (Adang et al., 1993). Other factors
that influence transgene expression, including gbsition of transgene integration, the
structure of the transgenic locus and the gene-oopyber, cannot be controlled precisely
through construct design, and several strategie® Heeen adopted in the attempt to
minimize variation in transgene expression. Forngxa, surrounding the expression
cassette by scaffold attachment regions (Breyia,€1992) or using viral genes to suppress
gene silencing (Anandalakshmi et al., 1998) carabigtincrease transgene expression

levels and minimize position effects (Butaye et2004).

One of the most important factors governing thédyad recombinant proteins is subcellular
targeting, which strongly affects the interlinkedogesses of folding, assembly and
post-translational modification. The intracellutargeting of the recombinant protein is of
great influence to protein yield and its biologipmbperties mainly for two reasons. First,
the subcellular environment in which the recombimantein is synthesized is crucial for its
correct folding and, usually, the more similar #vironment to the native location, the
more likely the protein will acquire the correctnéormation and be functional. Second,
proteolysis of the recombinant protein by host gases and interferences between the
recombinant molecule and the host molecular functimy also lead to severe drawbacks
and prevent to reach satisfactory accumulationisde{igarbante et al., 2008). At the current
state of the art, the targeting of all intraceliutdampartments is feasible using known signal
sequences that can be fused to the target genecellatar locations that have been tested
and compared for foreign protein production incltige cytosol, the endoplasmic reticulum
(ER), the apoplast, the vacuole and the chloroplastomparative studies performed in
tobacco (Fischer et al., 1999; Schillberg et 89 Stoger et al., 2002) or rice (Torres et
al., 1999), ER targeting gave rise to the higheéstdyof biologically active protein, most
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likely due to the presence of chaperones, protsinHtle isomerase, glycosylation
enzymes and a reducing environment that favorseprastability in this compartment
(Boehm, 2007). However, this is not the rule, asrehis a number of proteins with
pharmaceutical properties that are not satisfdgtproduced in the endomembrane system
or require the passage through the whole secrgiathway and the post-translational
modifications therein to be functional (Vitale aRddrazzini, 2005). A promising strategy to
further increase protein stability in the unfavdeatytosolic and apoplastic environments, is
to anchor the recombinant protein to the cytosialee of the ER or to the outer side of the
plasma membrane, and has already been successiylgited (Schillberg et al., 2000;
Barbante et al., 2008). Employing this strategterierence of the recombinant protein with
the host cell metabolism is avoided, and moreadverécombinant protein is rendered less
susceptible to proteolytic degradation, leadingricoverall increase in accumulation levels.
In general, the lack of predictability of the besimpartment for a given recombinant

protein, implies a case-by-case experimental etialuaf different targeting strategies.

[.L1.5 Tobacco as a model system for PMP

Tobacco is a non-food and non-feed crop that hasstablished history as a model system
for molecular farming and is the most widely usegueces for the production of
recombinant pharmaceutical proteins at the resdatwratory level (Cramer et al., 1999;
Fischer and Emans, 2000; Sorrentino et al., 200&W et al., 2009). The main advantages
of tobacco include the mature technology for geaesfer and expression, the high biomass
yield (more than 100,000 kg per hectare for clasgoeed tobacco), the potential for rapid
scale-up owing to prolific seed production, and thailability of existing large-scale
infrastructures for processing (Ma et al., 2003)tHBnuclear and chloroplast genomes of
tobacco have been transformed with relative easeodgh many tobacco cultivars produce
high levels of toxic alkaloids, there are low-atkdl varieties that can be used for the

production of pharmaceutical proteins (Fischer Bnhans, 2000).

Recombinant proteins can also be produced in glehtultures (Hellwig et al., 2004), and
tobacco suspension cells are easily generatedéygdhtinuous agitation of friable callus
tissue, which results in a homogeneous suspengigimgle cells and small clumps. This
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approach is particularly advantageous when defaredl sterile production conditions are

required together with straightforward purificatiprotocols (Ma et al., 2003).

1.2 Type-1 diabetes mellitus

Type-1 diabetes mellitus (TLDM) — also called imswlependent diabetes mellitus (IDDM)
or juvenile diabetes — is one of the most commamrmh diseases of childhood. It is an
autoimmune disorder associated, in geneticallyeqitsade individuals, with the generation
and activation of autoreactive T cells recognizipgncreatic 3 cell autoantigens.
Self-reactive CD4+ and CD8+ lymphocytes infiltréhe pancreas (insulitis) and selectively
destroy the insulin producinf} cells in the islets. This destruction occurs siiemnd
progressively and may stay undetected for manysyeRy the time the first clinical
symptoms become apparent, nearly 80 % of the pgatifrcells have been destroyed and
there is little hope of curing the disease. Itimgdosed in nearly 0.3% of all children, but
clinical signs can appear at any age (Kidambi aatelP2008). TLDM incidence is growing
by 3% per year in children and adolescents, andnatlarming 5% per year among
pre-school children (International Diabetes Fetilems2007).

It is the cause of severe and debilitating disgbiin many individuals worldwide. The
chronic hyperglycemia of diabetes mellitus is asded with long-term damage,
dysfunction, and failure of various organs, esglcihe eyes, kidneys, nerves, heart, and
blood vessels (Schuster and Duvuuri, 2002). At gmresthere is no clinically useful
preventive measure against developing type 1 degbetor does exist a cure, and people
that suffer from it must take insulin by injectian insulin pump throughout their life to
survive, generating also a great deal of healtlk cast, which is bound to increase with
time and inflation. Unfortunately, in many partstbé world, insulin is not even available

because of cost or economic geography (Interndt@iadetes Federation, 2007).

The principal TLDM-associated autoantigens knowmldte are insulin itself, the 65 kDa
isoform of glutamic acid decarboxylase (GADG65) aftydosine phosphatase-like [A-2.
Susceptibility to T1DM is genetically determined,s acertain alleles of major
histocompatibility complex (MHC)-loci, are assoedtwith either a high or a low risk to
develop type-1 diabetes. Although the developménhe disease is greatly influenced by
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environmental factors, the events that lead tabtleakdown of self-tolerance to pancreatic

B cells are still poorly understood (Hanninen, 2000)

Ideally, autoimmune disease therapies would unjgualget the specific autoreactive
lymphocyte populations while leaving the rest ofe thmmune system unaltered.
Traditionally, tolerance has been achieved throtigh use of anti-inflammatory and
immunosuppressive drugs, most notably corticosdsroivhich must be taken indefinitely.
Unfortunately, such immunosuppressive regimens spatifically suppress the entire
immune system, thus exposing patients to increas&dof infections and cancer. Recent
efforts aimed at achieving tolerance through elation of only the pathogenic immune
response, leaving the other functions of the immaystem unperturbed, investigated newer
and more tailored tolerance therapies, such asnthection of oral tolerance (Wolfraim,
2006).

1.3 Oral tolerance and the role of T regulatory cells

Antigens elicit qualitatively distinct immune respes based on their portal of entry, and
antigens introduced at mucosal surfaces, sucheagastrointestinal tract, often elicit active
and systemic inhibition of the immune responseéhtis¢ antigens (Mayer and Shao, 2004).
The gut-associated lymphoid tissue (GALT) is on¢heflargest and most complex parts of
the immune system. Not only does it encounter gelavariety of antigens than any other
part of the organism, it must also discriminatesestn pathogenic organisms and harmless
antigens, such as food proteins and commensalrizadidost human pathogens enter the
body through the intestine, and strong immune nesg® are required to protect this
essential organ. By contrast, active immunity agfamonpathogenic antigens would be
wasteful, and hypersensitivity responses agairgadi antigens or commensal bacteria can
lead to inflammatory disorders, such as celiacadiseand Crohn’s disease, respectively
(Garside et al., 1999).

Under normal conditions, immune responses to hasnygit antigens lead to the induction
of local and systemic immunological tolerance, knaas oral tolerance. Oral tolerance can
also be exploited for therapeutic use, as the imlucof antigen-specific systemic

immunological unresponsiveness by feeding proteitigans represents a simple and

practical mean to prevent or treat autoimmune digaand chronic inflammatory
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conditions, and an attractive alternative to imnsuppressive medical interventions that
have undesirable side-effects (Wolfraim, 2006).l@dministration of antigens is thought
to lead to immune tolerance through one of twoiristmechanisms, depending upon dose.
High doses of orally fed antigen lead to deletioranergy of Th cells, which may occur
when the T cell receptor (TCR) engages the majostobompatibility comples
(MHC)-antigen complex in the absence of proper icagation, whereas repeated low

doses lead to the more long lasting induction oégulatory (Treg) cells (Wolfraim, 2006).

One of the several mechanisms developed by the mansystem to maintain peripheral
tolerance is indeed the active suppression of uretksBnmune responses mediated by Treg
cells (Battaglia and Roncarolo, 2004). Many différ&reg cell subsets have been shown to
play a central role in intestinal immunity. In padiar, the Treg cell subset that plays a role
in oral tolerance is represented by the T-regwatgpe-1 cells (Tregl). Tregl cells have
been described both for murine and human animaktsqtlarche and Wraith, 2005). They
display a unique profile of cytokine productionttigadistinct from that of other T cells. The
main cytokines produced by Tregl cells are IL-10 &aGF{3, which downregulate immune

responses mediated by naive and memory T cells.
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Figure 1: Potential mechanisms of oral tolerance.

(A) The generation of an immune response requiresidig of the T-cell receptor (TCR) with peptide-MHC
complexes. In the context of appropriate co-stitanjamolecules (CD80 and CD86) and cytokines, divac
immune response is generatel) However, with high doses of oral antigen, TCR slioking can occur in
the absence of co-stimulation, or concurrentlyhi@ presence of inhibitory ligands (CD95 and CDgauiid,
CD95L), leading to immunosuppressive responses as@nergy and deletiorC) Low doses of oral antigen
lead to the activation of regulatory T cells, whishppress immune responses by cognate interactouds,
soluble (interleukin-10, IL-10, and transforming ogth factorf, TGF{3) or cell-surface-associated
suppressive cytokines. R, receptor. (From MayerSimab, 2004)
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Tregl cells have been extensively characterized@dady are considered to be a specialized
subset of Treg cells able to prevent immune-mediatiseases and to maintain
immunological tolerance. For example, high doseH. €0 and repeated TCR stimulation
are sufficient to induce a population of murine GDeells containing a high number of
Tregl cells with the ability to suppress immunepogses bothn vitro andin vivo in a
model of inflammatory bowel disease (IBD) (Grouxakt 1996). Moreover, it has been
shown that oral administration of antigens in camakibn with IL-10 is one mechanism,
among many, for then vivo differentiation of Tregl cells, and this can beisaged as a
novel strategy for oral tolerance induction (Baitagnd Roncarolo, 2004).

An intriguing feature of Tregl cells is that, altlygthh they can be activated in an
antigen-specific manner, they can suppress immesgonses in the immediate surrounding
area in an antigen non-specific manner, a phenomé&nown as bystander suppression
(Mayer and Shao, 2004). The ability to control thieenomenon is a potentially powerful

therapeutic tool for controlling autoimmune/inflaratary conditions.

Several successful therapeutic trials of oral tolee induction in animal models have
supported a limited number of human clinical triasd, in general, oral tolerance was more
effective as a prophylactic measure than it was ré@versing ongoing diseases.
Unfortunately, in humans, heterogeneity in the giesind results of these trials have made

efficacy still difficult to discern (reviewed in Mar and Shao, 2004).

[.3.1  Use of immunoregulatory molecules in oral tolerancenduction

The potential benefits of mucosal autoantigen adination in the treatment or prevention
of autoimmune diseases are indisputable. In sgitthis, the simultaneous induction of
possibly detrimental immune responses cannot bdamked, and mucosal tolerance at the
present may still be a ‘two-edged sword’ with ptarhazards that we are not yet able to
completely control. How can we then be convincext the are inducing tolerance aoly
tolerance if we give autoantigens via mucosal uté/ays should be found to efficiently
control the induction of detrimental immune respmwhile not blocking the induction of

tolerance (Hanninen, 2000).

Several ways of manipulating oral tolerance exgsime of them enhancing and others

preventing tolerance. A strategy to improve thectfof orally administered antigens is the

12
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use of mucosal immunomodulators/adjuvants, that eahance the oral tolerance of
co-administered antigens by targeting small amowftprotein antigens to specialized
antigen-presenting cells of the GALT (Sun et a@9d). Thus, reduced quantities of the
co-administered autoantigen would be sufficientinduce oral tolerance. This would
represent a great advantage, because a major prableognized with the oral tolerance
strategy is that it requires feeding large if n@ssive doses of autoantigens. In particular, a
combination therapy of an autoantigen along wite onmore regulatory anti-inflammatory
cytokines given orally to enhance protection mgyesent an important new strategy in the
prevention of autoimmune diseases for several rsadéirst of all, it should establish a
form of forced manipulation of antigen-specific Thi2 T cell populations, and possibly
also induce regulatory immunity (Ma et al., 200#dditionally, being endogenous
molecules (unlike other mucosal adjuvants likedhelera toxin B subunit (CTB) that is of
bacterial origin), cytokines should not induce malizing antibody responses which could
limit their usefulness in oral tolerance, particlylaf prolonged or repeated administration is
required to initiate or maintain tolerance (Ma let 2004). Moreover, as already mentioned,
because adjuvants facilitate tolerance inductidreirt use would lower the required
guantities of co-administered autoantigens andetbez notably reduce the costs of this

therapeutic or prophylactic approach.

.4 Interleukin-10

The anti-inflammatory cytokine interleukin-10 (IlG), is a multifunctional Th2-type
cytokine with diverse effects on most hemopoieélt types (Sprang and Bazan, 1993). The
open reading frames (ORF) of the IL-10 cDNAs enceédereted proteins of ~178 amino
acids, including hydrophobic leader sequences (Blebml., 1990; Vieira et al., 1991), with
rather well conserved sequences — murine IL-10 {#l). and human IL-10 (hIL-10) are
~73% identical — consistent with anhelical bundle structure (Sprang and Bazan, 1993).
Human IL-10 is an 18 kDa polypeptide, which is mycosylated. In contrast, both
recombinant and T cell-derived murine IL-10 areehegeneouslWN-glycosylated at a site
near theN-terminus (Moore et al., 1990; Mosmann et al., 3980610 is biologically active
as an homodimer and the crystal structure of hiL(E@Qure 2) demonstrateshelices
within each subunit of a homodimer (Walter and Ndgeshan, 1995; Zdanov et al., 1995).
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Figure 2: Ribbon diagram of the intertwined human IL-10 homodimer.

The two IL-10 monomers are represented in greenpamd respectively. Intermolecular disulfide borate
shown in yellow (http://www.pdb.org).

While it plays a complex role in the immune systéhg major activities of IL-10 are to
inhibit cytokine production by macrophages and tppsess their accessory functions
during T-cell activation (de Waal Malefyt et al9Q9l; Fiorentino et al., 1991). Since this
causes the termination of inflammatory responseslOl is widely considered as an
immunosuppressive and anti-inflammatory cytokined anany investigations of IL-10
expressionn vitro, in animal models and in human patients have atdit a significant role
in inflammatory, malignant and autoimmune diseasgghlighting the potential clinical
value of this cytokine (Asadullah et al., 2003).wéwer, mammalian IL-10, including the
human one, also presents several immunostimulataperties (e.g., activation of dendritic
cells, NK cells, and some T cells) which appeartodie negligible when IL-10 is used

vivo to induce tolerance (Wakkach et al., 2000).

.4.1  Viral IL-10

Interestingly, IL-10 has orthologs in several vigemomes, and the IL-10 variant produced
by Epstein-Barr virus (vIL-10) is particularly clalyg related to its human counterpart (71%
and 84% identity at the nucleotide and amino aeglence levels, respectively) and binds

to both human and murine receptors (Moore et 8012 Despite the sequence similarity,
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vIL-10 exhibits primarily the immune-inhibitory pperties associated with the cellular
cytokine (e.g., suppression of Thl-polarized resperand monocyte inhibition) but lacks
many of the immunostimulatory properties associatéti the human IL-10 and murine
IL-10, such as costimulation of thymocyte or masit proliferation, and enhancement of
class I MHC expression on B cells (Lucas and Mdesd 2004). This exacerbated
inhibitory effect of vIL-10 makes it an even mor#ractive therapeutic candidate for
tolerance induction, as the viral cytokine couldrdna profoundly different effect on the

outcome of amn vivo immune response compared to hiL-10/mIL-10 (Maedral., 2001).

1.4.2 IL-10 as an adjuvant for oral tolerance induction

IL-10 has been extensively investigated as an inomatiulatory agent for the prevention
or cure for TLDM. Depending on the time and sitedministration, IL-10 alone can exert
distinct effects on diabetes development in miclyEsystemic treatment with exogenous
murine IL-10 inhibits TIDM in NOD mice, whereas @spire of NOD mice to IL-10 during
the effector phase of the disease did not inhigt diabetogenic potential of the T-cells
(Balasa et al., 2000), and local expression ofOL(ifhtraislets) even accelerated the onset of

the disease in the same animal model (Wogensdn &984).

One promising immunomodulatory application of IL-i50to enhance the induction of oral
tolerance to co-administered auto-antigens, leadmghe prevention or treatment of
autoimmune diseases with lower doses of toleriprggein. For instance, induction of oral
tolerance for the prevention of type-1 diabeteslitnel (TLDM) could be achieved by
repeated oral administration of small doses of ohéhe major auto-antigens associated
with the disease, the 65 kDa isoform of the enzghaeamic acid decarboxylase (GAD65).
The characterization of transgenic tobacco plantslycing immunoreactive GAD65 has
already been reported (Avesani et al., 2003), atthofeeding studies in a mouse model
have not yet been possible due to the low proteipression levels, requiring the
consumption of unrealistically large amounts ofnplenaterial in order to achieve an oral
tolerizing effect. However, simultaneous feedinghwplant material containing IL-10 may
reduce the amount of GAD65 necessary to inducetolatance. In fact, as Thl cells are
clearly implicated in the T1DM pathology, an immuegulatory cytokine strongly
promoting Th2 immune responses like IL-10, couldraant tolerance to co-administered
autoantigens such as GADGAdditionally, IL-10 inducing the formation of Tregdells
(Wakkach et al., 2000), should also drive the imentgsponse towards active rather than a

15



Introduction

passive tolerance, which should in turn provide @amobust and long-lasting protection

from the onset of the autoimmune disease.

1.4.3  Production of IL-10 in plants

Currently, recombinant murine IL-10 (BD Pharmingésn)oroduced in insect cells, while
the human (Schering-Plough) and viral IL-10 (R&Ds&yns) are produced B coli and

refoldedin vitro to reconstitute the dimers.

These expression systems suffer from several lilmits, mainly related to the necessity of
refolding the protein after purification and toiglel an endotoxin-free product, which result
in an extremely high price of IL-10 on the markeidarender the costs of research or
treatment unsustainable in some cases. For exaihplas been reported that early studies
on the treatment of psoriasis with IL-10 suggesiedd efficacy (Asadullah et al., 2001;
Kimball et al., 2002), but the outcome was not atered sufficiently cost-effective to
justify further development of the cytokine fordtment of people with this disease (Walsh
and Shear, 2004).

As the interest in the use of IL-10 as a potenhatapeutic agent continues to increase, a
more efficient production system providing suffitieamounts of biologically active IL-10
at low cost is becoming highly desirable (Wanglet2008a). In particular, the use of this
cytokine either orally or topically for the cure ioflammatory diseases would require large
amounts of recombinant protein for each treatmdihis need led to the interest in

transgenic plants as a source of low cost recombihal0.

Human IL-10 has been produced in stably transfortobadcco plants, and the ability of
plant-produced human IL-10 to induce anti-inflamomat responses has also been
demonstrated (Menassa et al., 2007). In two diffieneorks, Menassa and colleagues
investigated several subcellular localizations lid tecombinant protein, and among the
compartments where human IL-10 was targeted to plapy ER, chloroplast,
mitochondrion), the ER turned out to be the mostofable one, where the protein
accumulated to the highest levels (up to 0.00553®)T(Menassa et al., 2001; Menassa et
al., 2004). However, these yields were not satisfgc and far below the 1 % threshold that
has been proposed for plant-made pharmaceuticaltge teconomically competitive with
current recombinant production systems (Twyman.gP@05). In an attempt to increase the

16



Introduction

stability and thus the yield of the cytokine, theybsequently generated a fusion protein of
hiL-10 with a 27mer ELP-tag, and reached accunmandivels of 0.27 % TSP (Patel et al.,
2007).

1.5 Objective and strategy of the study

1.5.1  Objective of the study

Transgenic plants are attractive systems for pricalu®f therapeutic proteins because of
the ability to produce the target protein at laggale and at low cost, and the low
maintenance requirements. They are highly amentableral administration and could

become effective delivery systems without extenprggein purification.

We are interested in the induction of oral tolemfar the prevention of type-1 diabetes
mellitus (T1DM) which could be achieved by repeabeal administration of small doses of
plant material expressing one of the major auttgans associated with the disease,
GADG6b5.

The production and characterization of transgesti@atco plants producing immunoreactive
GADG5 has already been reported (Porceetdal., 1999; Avesangt al., 2003). However,
accumulation levels of the recombinant protein wiex@ low for an oral tolerizing effect

using plant tissue directly.

A strategy to improve the effect of orally admieigtd antigens is the combined use of
immunomodulators, such as IL-10, which should enbahe induction of oral tolerance to
co-administered auto-antigens, leading to the miwe or treatment of autoimmune

diseases with lower doses of tolerizing protein.

We therefore set out to investigate the abilitytadacco plants to produce high levels of
biologically active viral and murine IL-10. We fased on the expression of the viral IL-10
from Epstein Barr virus because, lacking some efithmunostimulatory properties of the
mammalian counterparts, it is an even better caelitbr the induction of oral tolerance to
co-fed autoantigens, and the murine IL-10 was migestigated as a reference, because the
final aim is to test the recombinant cytokine inmmuse model of T1IDM. In fact, a
comparative study, feeding either recombinant vIL-dr the recombinant endogenous
mIL-10 together with the GADG65 auto-antigen to N@iice, would allow to evaluate and
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assess the outcome of the different immunomoduylatooperties of the viral cytokine in
inducing oral tolerance in the animal model, andcevaluate the possibility of exploiting
vIL-10 for the prevention of TIDM.

1.5.2 Experimental design

The task of this thesis was to determine whethaobically active viral and murine 1L-10
could be produced in tobacco by (i) identifying thesst expression strategy, (ii) performing
a biochemical characterization of the plant-derivemtombinant proteins, and (iii)

confirming their biological activity and functiong.

To reach high accumulation levels of the recomtipaoteins, different targeting strategies
of the nuclear encoded recombinant protein wereestigated as well as plastid

transformation with the IL-10 genes.

The aim of the study was achieved by the follonapgroaches:

= |dentification of the best strateqy for the prodmoetof IL-10 in tobacco

- Targeting strategiesDifferent constructs for targeting IL-10 to sgeriplant

sub-cellular compartments (ER retained, membracbaed facing the apoplast
and membrane-anchored facing the cytosol) with &er@inal His6-tag were
generated. The best targeting strategy was evadlubhteugh transient expression,
and nuclear stable transformation of tobacco plamith the most promising

construct was performed.

- Chloroplast (plastid) transformatio@hloroplast transformation was carried out by

biolistic particle bombardment &f. tabacum leaves using gold particles coated with
plasmid DNA coding for a His6-tagged version ofheit murine or viral IL-10.
Primary spectinomycin-resistant transformants werassed through several
additional rounds of selection and regeneration dbtain homoplasmic

transplastomic tissue from which shoots were regded.

- BY2 transformation and inducible transgene expogssiAlthough it was not

planned in the beginning of the study, stable fansation of tobacco suspension
cell cultures was also investigated as an alter@adpproach to identify the most
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suitable production platform, given the difficutieencountered during the
experimental work in obtaining high accumulatioudis of the viral IL-10. In this
expression system, viral IL-10 expression underctivérol of a constitutive as well

as an inducible promoter was performed and evaluate

= Characterization of transgenic plants and plantipced IL-10: Determination of

recombinant IL-10 accumulation levels was done HySA and/or immunoblot
analyses. Validation of the selected targetingtestniawas carried out by immunogold
labeling and electron microscopy on the highesiOLproducing plants. Purification of
His6-tagged IL-10 was performed for subsequent iwiteal sequence determination,
N-glycosylation analysis, assessment of plant-prodilicel0’s biological activity byin

vitro assays using a murine macrophage cell line, amlisg studies.

A schematic representation of the experimentalgheisi presented in Figure 3.
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Amplification of IL-10 cDNA form source plasmids

! |

Generation of IL-10 targeting Cloning of IL-10 into the
constructs to ER, cytosol or chloroplast transformation
apoplast by PCR and cloning vector pRB9S

into the pTRAkt binary vector l
Generation of transplastomic

Evaluation of the targeting lants b rtic
plants by particle

constructs by Agroinfitration

bombardment
! l
Generation of stably BY.2
transformed tobacco plants e o Identification of homoplasmic
with the most promising _ lines by subsequent rounds of
construct Inducible selection and regeneration
tfransgene

(immunoblpt, ELISA, electron expression (PCR, Southern blot, seed
microscopy) test)

pV

Purification of IL-10 by IMAC

N-terminal sequence
determination

N-glycan analysis Stability studies in vilro biological
activity assays

Figure 3: Schematic representation of the experimeat design.
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[l MATERIALS AND METHODS

1.1 Materials

[1.L1.1  Organisms

11.L1.1.1 Plant material

* Nicotiana tabacum L. cv. Petit Havana, used for chloroplast transation
* Nicotiana tabacum L. cv. Petit Havana SR1, used for agro-mediataalsient expression
and stable nuclear transformation

* Nicotiana tabacum L. cv. Bright Yellow 2 (BY-2) cell suspension cule

11.1.1.2 Bacterial strains

Table 1: Bacterial strains

Strain Reference

recAl, endAl, hsdR17 (¢ m."), A(LacZYA-argF) U169,

Eﬁgg'cma Coll o 10E44, ©80d LacZAMIS, thi-1, gyrA96, relAL A, deoR: %‘;Z‘;be'e‘ a,
cloning

Agrobacterium

tumefaciens RK GnT, Km®, Rif®; gene transfer ilN. tabacum SR1 (Koncz and Schell,

GVv3101 and BY-2 cells with the pTRA vectors 1986)

PMPYORK

Q%nggi?eirslum Rif_R, Cartl; gene transfer in BY-2 cells with thgDeblaereet al.,

GV2260 pBinHyg vector 1985)

11.1.1.3 Animal cell line

» J774 murine macrophage cell line, kindly providgds. V. Kruys, Université Libre de

Brussels, Belgium, was used to assess IL-10 bicdbgictivityin vitro.
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[1.1.2  Nucleic acids

[1.1.2.1 Vectors

TOPO Cloning TA vector pCR.1TOPO' (Invitrogen, Karlsruhe, D): 3931 bp, puUC

based cloning vectoL,acZa, T7 promoterpla, nptll.

pTRAKkt-gfp (Thomas Rademacher, Institute for Bigloy/ll, RWTH Aachen,
Germany): 8352 bp, [Anip Carty, Karf] binary plant expression vector, derivative of
the pPAM expression vector (GenBank: AY027531kadtains the 35S promoter with
duplicated enhancer region (Kay et al., 1987) dmel pA35S terminator from the
Cauliflower mosaic virus (CaMV); the 5’ untranslated region (UTR) from thebacco
etch virus (TEV); two Scaffold Attachment Regions (SAR) frdobacco flanking the
expression cassette, for optimized transgene ssior@n planta (Breyne et al., 1992).
This vector was used for cloning of the IL-10 cDN#d A. tumefaciens mediated
transformation of tobacco.

TRAkc-rTPrfp (Thomas Rademacher): 8406 bp, [Am@arl, Karf], contains the 5’
untranslated region from the chalcone synthetase @i@m Petunia hortense and the
gene encoding the DsRed reporter molecule (éaah, 2001). The vector was used as

control during agroinfiltration experiments.

pBinHygTX: 12095 bp (GenBank: Z37515), [KanHyd"] derivative of the binary
vector pBIB (Becker, 1990), harbours an expressiamsette with the CaMV 35S
promoter containing three TET-Repressor bindingssifThis vector was as used for
cloning of the IL-10 cDNA and Tc-inducible expressiof transgenes.

pTRAhDsRed_eTX-vIL-10 (Thomas Rademacher): 11627 [Bmp~, Cart, Hydf],

contains the sequence encoding DsRed under theotomta constitutive CaMV 35S
promoter, in tandem with the sequence encodind¢Hibdagged ER-retained version of
vIL-10 under the control of the modified CaMV35Sopwter containing three
TET-Repressor binding sites and the duplicated mrdraregion; the two expression
cassettes are flanked and interspaced by SARs.vEki®r was used for Tc-inducible
expression of transgenes with a visible screenaigeker for selection of transgenic

clones.
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« pHK20 (Pal Maliga, Rutgers University, Piscatawhlj, USA): [Amg]; was used as

intermediate plasmid in the generation of the aptast transformation vector, to clone

the IL-10 sequences in the expression cassettestiogsof the ribosomal RNA operon

promoter fused to the 5’ untranslated region (5'yTiem gene 10 of phage T7 and the
downstream box (DB) frork. coli (Prrn-T7g10-DB), and the 3'UTR of the plastrtbcL
gene (TbclL) (Kuroda and Maliga, 2001).

« pRB95: 6810 bp, [Amp Karf’, Spef] chloroplast transformation vector (GenBank:

AJ312393) harbouring thaadA gene for Spec/Strep resistanceEincoli and in plant
chloroplasts (Ruf et al., 2001).

[1.1.2.2 Oligonucleotides

All oligonucleotides used in this study were sysihed and HPLC purified by Invitrogen
or MWG Biotech (Ebersberg, D). Stock solutions 602mol in autoclaved ddi® were
prepared and stored at -20 °C.

Name Sequence (5.3 ! Orientation
mIL-10 cloning
m-SP_f CAT GCC ATG GCA CCT GGC TCA GCA CTG CTA TGC (+)
GCT CTA GAC GGT TTA GAG CTC ATC TTT CTC AGA
m-HisKDEL_r GIG ATG GIG ATG GIG ATG GCT TTT CAT TTT GAT ¢)
CAT CAT GTA TGC
GAT GGT GGC AGA CAG GAC CCC TTG CTG GTA GGA
m-TcR_rl CAC CGA GGT AAA GCC ACA GIC TGC TCT ACC GCT )
TTT CAT TTT GAT CAT CAT GIA TGC
AAC ACA AGG GCG CTG ACC AGC ACA GCA TAC AGG
m-TcR_r2 GTG GCC TTC CCT AGC AGG ATC TCA TAG AGG ATG ¢)
GTG GCA GAC AGG ACC CC
GCT CTA GAC GGT TTA GIG ATG GIG ATG GIG ATG
m-TcRHis_r3 GAA ATC CTT TCT CIT GAC CAT TGC CAT CAA CAC ¢)
AAG GGC GCT GAC CAG C
m-cytb5_f TTG TCA TGA GCA GGG GCC AGT ACA GCC G (+)
ATG GCT GGG ATC ACC CAG TTG GIC CAC CAA CTG
m-Hiscytb5_rl GAA TTA GAC TCG ACG TGA TGG TGA TGG TGA TGG ¢)
CTT TTC ATT TTG ATC ATC ATG TAT GC
GCT CTA GAC GGT TTA ATC TTC TGC CAT GTA GAG
m-cytb5_r2 GCG ATA CAT CAG AGC TAC CAC CAG GGC TGA GAT ¢)
GGC TGG GAT CAC CCA GIT GG
Ch m_f GGA ATT CCA TAT GAG CAG GGG CCA GTA CAG C (+)
. GCT CTA GAT TTA GIG ATG GIG ATG GIG ATG GCT
Ch_m_His_r TTT CAT TTT GAT CAT CAT GTA TG )
vIL-10 cloning
CAT GCC ATG GAG CGA AGG TTA GIG GIC ACT CTG
v-SP_f CAG TG (+)
GCT CTA GAC GGT TTA GAG CTIC ATC TTT CIC AGA
v-HisKDEL _r GIG ATG GIG ATG GIG ATG CCT GGC TTT AAT TGT ¢)

CAT GTA TCC
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v-TcR_rl

v-TcR_r2

v-TcRHis_r3

v-cytb5 f1

v-cytb5 2

v-Hiscytb5 rl

v-cytb5 r2

Ch_v f

Ch_v_His_r
Analysis of

transplastomics

P5'RB70
P3'RB70
paadA136

Biological activity

SOCS3_f
SOCS3_r
GAPDH_f
GAPDH_r
Sequencing
m-int_f
m-int_r
v-int_f
v-int_r
pSS5'
pSS3
Universe
Reverse

ATG

GIG GCA GAC AGG ACC CCT TCC TGG TAG GACA

CCG

AGG TAA AGC CAC AGI CTG CIC TAC CCC TGG

CIT
ACA

TAA TTG TCA TGI ATG CTT CTA TGI AGI T
CAA GGG CEC TGA CCA GCA CAG CAT ACA &G

TGG

CCT TCC CTA GCA GGA TCT CAT AGA GGA TGG

TGG
GCT

CAG ACA GGA CCC C
CTA GAC GGI' TTA GIG ATG GIG ATG GIG ATG

GAA

ATC CIT TCT CIT GAC CAT TGC CAT CAA CAC

AAG
TAC

GEC GCT GAC CAG C
TTC TAT TGC AGC AAT TTA AAT CAT TTIC TIT

TAA

AGC AAA AGC AAT TTT CAC CAT GCA ATG TGA

CAA
GGA

TTT TCC CCA AAT G
ATT CCT CAA CAC AAC ATA TAC AAA ACA AAC

GAA

TCT CAA GCA ATC AAG CAT TCT ACT TCT ATT

GCA
TGG

GCA ATT TAA ATC ATT TC
CTG GGA TCA CCC AGI TGG TCC ACC AAC TGG

AAT

TAG ACT CGA CGI GAT GGI GAT GGI' GAT GCC

TGG

CTT TAA TTG TCA TGI ATG CTT C
CTA GAC GGI TTA ATC TTC TGC CAT GIA GAG

ATA CAT CAG AGC TAC CAC CAG GGC TGA GAT

TGG GAT CAC CCA GIT GG
ATC CAT ATG CAA TGI GAC AAT TTT CCC CAA

CTA GAT TTA GIG ATG GIG ATG GIG ATG CCT

TCG
CcCt

TTT
TGG

ACA

TTT AAT TGl CAT GITA TGC

TTT GGT ATA GIT G&C C
GIT TAC CTA TTA GIT TTC AGT
ATG ACG CCA ACT ACC

TTG TAG ACT TCA CGG CT
GGA GCT GAA GGT CTIT GAG
CCT CCA AGG AGT AAG AA
CTG GAA TGG AAA TTG TG

AGG TGA AGA CTT TC

TTG CTC TTA TTT TCA C
AAG AGA TGC CTT CAG

GCA GCT TGTI TAA AGG

CTT CGC AAG ACC CTT CCT CT
GAG AGA TAG ATT TGT AGA GA
GIA AAA CGA CGG CCA GT
CAG GAA ACA GCT ATG AC

()

()

)

)

)

)

(+)
()
)

(+)
()
(+)
()

(+)

()

(+)

()

(+)

)
(+)or ()
(Hor()

'Underlined sequences represent clamps that doybaitlize to the starting DNA template
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[1.1.3 Antibodies

Antibody Epitope Characteristics Reference

Primary antibodies
BD Pharmingen

Rat-anti-mIL-10 Mouse IL-10 Monoclonal (Erembodegem, B
Rat-anti mIL-10 Mouse IL-10 Monoclonal, biotinylate BD Pharmingen
Rabbit-anti-mIL-10 Mouse IL-10 Polyclonal ACRIS (Herd, D)
Rat-anti-h and vIL-10  Human and viral IL-10  Monou BD Pharmingen
Rat-anti-h and viL-10 Human and viral IL-10  Monoa#d, biotinylated BD Pharmingen
Goat-anti-vIL-10 Viral IL-10 Polyclonal mgsiﬁfr:nsb)
Rabbit-anti-penta His ~ C-terminal His-tag Polyclonal E:[;aelzlnsgrn?jllzgus A)
Mouse-anti-KDEL C-terminal KDEL tag Monoclonal ﬁ;?SZrD&SIIQSS(ﬁ)m
Mouse-anti-STAT3 STAT3 Monoclonal Cell Signaling
Rabbit-anti-phospho- STAT3 phosphorylated : .
STAT-3 on Tyr705 Polyclonal Cell Signaling
Rabbit-anti-SOCS3 SOCS3, Niterminus  Polyclonal IBL (Tokio, J)
Mouse-anti-GAPDH GAPDH Monoclonal IBL
Secondary antibodies
Rabbit-anti-rat Polyclonal, conjugated toSIGMA
(RAR™) RatlgG (H+L) alkaline phosphatase  (Deisenhofen, D)
Rabbit-anti-rat Polyclonal, conjugated to
(RAR™RP) RatlgG (H+L) horse radish peroxidase SIGMA

. . . Jackson
%O:;/?Pr;tl_rabblt Rabbit IgG (H+L) Zlokgl(i:rll%ns#og?)w:t%zfd toImmunoResearch

(Suffolk, UK)
Goat-anti mouse Polyclonal, conjugated toJackson
(GAM*?P) Mouse 1gG (H+L) alkaline phosphatase ~ ImmunoResearch
Rabbit-anti-goat Polyclonal, conjugated toBBInternational
(RAG") GoatlgG (H + 1) 10 nm gold particles (Cardiff, UK)
Goat-anti-rabbit . Polyclonal, conjugated to :
(GARY) Rabbit IgG (H + L) 10 nm gold particles BBInternational
Goat-anti-rabbit : Polyclonal, conjugated to, .
(GAR®™) Rabbit IgG (H+L) Alexa Fluof1680 Invitrogen
Rockland

Goat-anti-mouse Polyclonal, conjugated to

(GAMgoo) Mouse IgG (H+L) IRDyel] 800 (Gilbertsville, PA,

USA)

[1.1.4 Chemicals and consumables

The chemicals and consumables used throughout trk were purchased from the

following companies: Acris, Ambion (Austin, TX, U3AAmicon (Witten, D), Assay

Design, BB International, BD Pharmingen, Biochrorer@®ned (Berlin, D), Bio-Rad

(Munich, D), Bio-Whittaker, (Verviers, B), Cell Sigling, Duchefa (Haarlem, NL),

Eppendorf (Hamburg, D), Fluka (Neu-Ulm, D), Fujirki(Dusseldorf, D), GE Healthcare
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(Uppsala, S), Gibco BRL (Eggenstein, D), Greineo-Bine (Frickenhausen, D), IBL,
Invitrogen (Karlsruhe, D), InvivoGen (San Diego, CBSA), Jackson ImmunoResearch,
Kodak (Stuttgart, D), Macherey-Nagel (Diren, D), rbke (Darmstadt, D), Millipore
(Eschborn, D), R&D Systems, Roche (Mannheim, D)ckRnd (Gilbertsville, PA, USA),
Roth (Karlsruhe, D), Schleicher&Schuell (Dassel, B¢hott Glaswerke (Mainz, D), Serva
(Heidelberg, D), Sigma, Whatman (Bender & Hobeirydhsal, D).

I1.1.5 Stock solutions, buffers and additives

Standard media, buffers and stock solutions wegpgred according to standard procedures
(Ausubel et al., 1998; Sambrook and Russel, 208i)gudeionized water. Solutions were
sterilized by autoclaving (20min/121°C/2bar). Heatisitive components, such as
antibiotics, were prepared as stock solutionserfi#terilized (0.2um) and added to the

medium/buffer after cooling to 50°C.

[1.1.5.1 Antibiotics

Antibiotics Final : Stock solution
concentration

Escherichia coli medium

Ampicillin (Amp) 100 mg 1* 100 mg mf H,0

Kanamycin (Kan) 25 mg'l 100 mg mifH,O

Agrobacterium tumefaciens medium

Rifampicin (Rif) 100 mg't 100 mg mif DMSO

Kanamycin (Kan) 25 mgH 100 mg mifH,O

Carbenicillin (Carb) 100 mgHl 100 mg mi EtOH 50% (v/v)

Plant medium

Kanamycin (Kan) 50 mgH 100 mg mif H,O

Claforan 250 mg 1" 200 mg mi-H,0

Hygromycin 60 mg I* 100 mg mifH,O

Streptomycin (Strep) 500 mg | 500 mg mifH,O

Spectinomycin (Spec) 500 mg | 500 mg mifH,O

Tetracyclin (anhydrotetracyclin hydrochloride) 4164 I 2.32 mg mif H,0
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11.L1.6 Enzymes and reaction kits

Restriction enzymes either from New England BioJaB#®coBRL or Roche were used for
DNA digestion. HighFidelity Tag Polymerase (Invigen) was used for PCR amplification
of the constructs, whil@agDNA polymerase produced in-house (home-made Tag) wa

used for check-PCR reactions. The following kitsevesed:

Kit Supplier
QIAquick™ Gel Extraction Kit Qiagen
QlAprep’ Spin Miniprep Kit Qiagen
QIAquick” PCR-Purification Kit Qiagen
RNeasy RNA mini Qiagen
Megaprime DNA labelling kit GE Healthcare

[1.1.7  Matrices and membranes

« Hybond"-C nitrocellulose membrane (0.48n, GE Healthcare) and Whatman N°1
paper from Whatman (Maidstone) were used for imrblotoanalyses using alkaline
phosphatase substrate for detection (11.2.4.9).

e Immobilion-P PVDF membrane (0.45m) from Millipore was used for western blot
preparation using chemiluminescence detection.4ll1D).

« Hybond™-XL nylon membrane (0.4%m, GE Healthcare) for RFLP (11.2.1.11) and
northern blot analyses (11.2.1.14).

* Ni-NTA agarose resin (Qiagen) was used for the figation of recombinant IL-10

fused to the Histag from plant protein extracts (11.2.4.13).

11.L1.8 Equipment and applications

« Centrifuges. Eppendorf 5415 D and 5415 R, AvaftiJ-26 XPI (Beckman Coulter,
Krefeld, D), Multifuge 3 S-R (Heraeus, Hanau, DRotors: JA-10 and JA 25.50
(Beckman), 75006445 and 3057 (Hereaeus).

* DNA gel electrophoresis:wide mini and mini cells for DNA agarose electropgsis
and power supplies (Bio-Rad, Muenchen, D).

» Drilling device: Stirrer RZR1 C63-1000 (Heidolph, Schwabach, D)

* Electron microscope: EM-400 transmission electron microscope (Philidamburg,
D).
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« Electroporation apparatus: Gene pulsét’, Pulse controller unit, Estender unit (Bio-
Rad) and 0.2 cm cuvettes (Bio-Rad).

* Fluorescence microscopeOlympus BX40 (Muenchen, D).

* Freeze-dryer. Alpha 1-4 LSC (Christ, Osterode, D).

« Gel filtration apparatus: AKTAprimeld plus purification system with a Superdex 200
pre-packed glass column (GE Healthcare).

« Incubator: Innova™ 4340 incubator shaker (New Brunswick scientificeitingen, D).

« Infrared fluorescence detector: ODYSSEY Infrared Imaging system (LI-COR, Bad
Homburg, D).

* Luminescent image analyzerL. AS 3000 (Fuji Film, Duesseldorf, D).

* Mass spectrometer: quadrupole time-of-flight Ultima Global mass spenteter
(Waters Micromass, Vienna, AT).

* Microtiterplate reader: synergy HT (Bio-TEK, Bad Friedrichshall, D).

e Mixer mill: Mixer Mill MM200 (Retsch, Haan, D).

» Particle bombardment system:Biolistic PDS-1000/He system (BioRad).

* PCR Termocyclers: Primus and Primus 96 plus (MWG-Biotech), PE Bitasys
GeneAmp PCR Systems 9600 (Weiterstadt, D).

* Photometer: Eppendorf Biophotometer (Eppendorf).

» Phosphor autoradiography imager: Typhoon Trid variable mode imager (GE
Healthcare).

* Probe sonicator:UW2070 (Bandelin electronic, Berlin, D), Microtiptdn MS72.

« Protein gel electrophoresis equipmentMini PROTEAN II'™ (Bio-Rad).

* Protein gel transfer equipment:Min Trans-blot transfer cell (Bio-Rad).

» Ultramicrotome: Ultracut E (Leica, Wetzlar, D).

* UV-crosslinker: BLX-254 (Vilber Lourmat, Eberhardzell, D)

e UV-Transilluminators : wavelength 302 nm and UVT-20M (Herolab, Wieslo&),
UV-chamber (Bio-Rad).
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1.2 Methods

[1.2.1  Nucleic acid technologies

[1.2.1.1 PCR amplification

Polymerase Chain Reaction (PCR) was performed reithemplify the genes of interest
from template DNA, directly fusing the sequencegessary to create and clone the
different targeting constructs into the plant tfanmation vectors (11.1.2.1), or to identify
positive clones after bacterial transformation2(R.7). DNA amplification was carried out
in a final volume of 5Qul, containing 1x PCR buffer, 1.5 mM Mg£l0.25 mM of each
dNTP, 10 pmol of each primer, 2.5 unitsTag DNA polymerase and 10-100 ng template
DNA. The PCR reaction was performed in a GeneAmR Bgstems 9600 (PE Biosystems)
as follows: one denaturation step at 94°C for 3;1Bihcycles of denaturation at 94°C for 30
sec, annealing atF5°C for 30 sec, extension at 72°C 1 min, follovigda final extension

step at 72°C for 7 min.

10x PCR buffer (for home-madeqg) 100 mM Tris-HCI, pH 9.0
500 mM KClI
1 % (v/v) Triton X-100

11.2.1.2 Nucleic acids quantification

The DNA (or RNA) concentration was determined bytiegd density measurement
(1 OD260nm Unit = 50pg mi't of double stranded DNA or 40y mi* of RNA) as described
(Jefferson et al., 1987). The DNA (or RNA) purit@svcontrolled by the Olghnrd OD2sonm

ratio.

[1.2.1.3 DNA sequencing

DNA sequences were determined by the DNA Analysrig ¢acility at the Fraunhofer IME
using an Applied Biosystems (Weiterstadt, Germahly) Prism 3730 sequencer and the
BigDyell -terminator v3.1 chemistry. Premixed reagents wesen Applied Biosystems.
Sequence analyses were carried out with the Wist®eckage v10.2 (Genetics Computer
Group, Madison, WI, USA).
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[1.2.1.4 Agarose gel electrophoresis of DNA

Analytical as well as preparative gel electrophsres DNA was performed as described
(Sambrook et al., 1996) in 0.8-1.2 % (w/v) agargsés prepared with TBE buffer and
containing 0.1ug/ml ethidium bromide. Known amounts of DNA molesmuimarkers, such
as 1 Kb ladder (Fermentas) or Lamitl/ marker (Fermentas), were used for evaluation of
DNA concentration and size. The DNA samples weesldal after the addition of DNA
loading buffer, and the electrophoretic run wagiedrout in TBE buffer at 5-10 V/cm.
Visualization of the DNA bands and documentationhef gels were performed using a UV
transilluminator at 302 nm and a black and whit&.8.Y 429K camera (Herolab). In
preparative electrophoresis, for purification oparticular DNA fragment from a mixture
after restriction enzyme digestion, the DNA fragmehinterest was excised from the gel
on an UV transilluminator with a clean scalpel. €A extraction was performed with the
QIAquickd gel extraction kit (Qiagen) according to the mawtidrer’'s instructions. The
concentration of the recovered DNA was measuredtspghotometrically (11.2.1.2), and

the quality of the extraction was assessed by agagel electrophoresis.

10x TBE electrophoresis buffer 900 mM Tris-base
900 mM Boric acid
25 mM EDTA, pH 8.3

6x DNA loading buffer 0.025 % (w/v) Bromphenol blue
0.025 % (w/v) Xylencyanol
50 % (v/v) Glycerol
in 2x TBE buffer

[1.2.1.5 Restriction digestion of DNA

Restriction enzyme digestions were carried ouhin huffer supplied with the enzyme, in
accordance with the manufacturer’'s recommendationgemperature and duration of the
digestion. For lJug DNA 1-2 units of the appropriate enzyme were used the mixture
was incubated 1-3 h at the enzyme’s optimal tempe¥a For double digestions,
combination of the two enzymes at the most suithbliéer was performed. If combination
of the two enzymes was not possible, sequentiastigns were performed, and DNA was
purified via the QIAquickl PCR purification kit (Qiagen) in between to excjpameaction

buffer and remove the first enzyme. Reactions watopped by heat inactivation, when
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applicable, or the DNA was directly purified eithey gel extraction (11.2.1.4) or PCR
purification kit (Qiagen).

[1.2.1.6 Dephosphorylation of DNA

Dephosphorylation of restricted vector DNA was domiéh Calf Intestine Phosphatase

(NEB) according to the manufacturer’s protocol.

[1.2.1.7 Ligation of DNA

DNA ligation was carried out in a total volume o® fl. Concentration of the DNA
fragments was determined (I1.2.1.2), the vector Ddphosphorylated (11.2.1.6) and the
reaction was set up mixing around 100 ng of veiet@r 1:3 molar ratio with the insert, with
either 80 U T4 DNA-Ligase or lul Quick T4 DNA-Ligase (NEB) and the appropriate
ligase buffer. Sticky-end ligations were carried ati22°C for 30-180 min, and blunt-end
ligations overnight (o/n) at 16°C. Ligation prodweas used directly to transfori coli by
heat-shock (11.2.2.3).

[1.2.1.8 Isolation of plasmid DNA from E. coli with a commercial kit

Plasmid DNA was purified using QIAprep Spin Minipr&it or the Plasmid Midi Kit
(Qiagen) according to the manufacturer’'s instrungioQuality and yield of plasmid DNA
were examined by spectrophotometric analysis {112). and agarose gel electrophoresis
(11.2.1.13). Isolated DNA was stored at -20°C.

[1.2.1.9 Isolation of plasmid DNA from E. coli with the boiling-prep method

For simultaneous screening of numerous clones,bthiéng-prep method (Holmes and
Quigley, 1981) was used to isolate DNA from recamabt E. coli. One ml of a 5 ml o/n
culture (11.2.2.1) was harvested by centrifugat@ri6000 g, for 5 min, at room temperature
(Rt) and the pellet resuspended in 380of STETL buffer by vigorous vortexing. The
suspension was incubated 5 min at Rt, boiled fed3® and then centrifuged 10 min at
16000 g at Rt. The white pellet was removed witbathpick and the DNA was precipitated
with 150 ul of ice-cold isopropanol centrifuging 20 min atOD® g at 4°C. The pellet was
washed once with 70 % (v/v) ice-cold ethanol, diéed resuspended in bi-distilled water
(ddH,0O) containing 0.1 mg/ml RNase-A.

31



Materials and Methods

STETL buffer 8 % (w/v) Sucrose
5 % (v/v) Triton X-100
50 mM EDTA, pH 8.0
50 mM Tris-HCI, pH 8.0
autoclave and store at 4°C
+ 0.5 mg/ml lysozyme prior to use

[1.2.1.10 Isolation of DNA from plant material

High quality total DNA for restriction fragment Igth polymorphism (RFLP) analysis
(11.2.1.11) was purified from plant tissue (leaf callus) as follows. Around 100 mg of
material were collected in a 2 ml tube and snapeinan liquid nitrogen. The frozen tissue
was pulverized with metal beads using a Retsch (thithin shaking, 2@), resuspended in
200 yl CTAB-buffer and incubated 30 min at 60°C, vortexitwice. DNA was extracted
with 80 ul of chloroform/isoamyl alcohol (24:1) and centgfd 10 min at 13400 g and 4°C.
The aqueous upper phase was transferred in a fenand RNA digestion was carried out
by adding DNase-free RNase at a final concentraiia?0 ug/ml and incubating 15 min at
37°C. Another extraction step was then performeidirey 60l of chlorophorm/isoamyl
alcohol (24:1) to the mixture and centrifuging 1hrat 13400 g and 4°C. Around 1H0of
upper phase were transferred to a new tube, and Bid# precipitated adding 0.8-0.9
volumes of isopropanol, placed 15 min on ice arahtbentrifuged 30 min at 13400 g and
4°C. The supernatant was carefully removed, aret afashing the pellet with 70 % (v/v)

ethanol, DNA was resuspended in g@Hand stored at 4°C until use.

CTAB-buffer 2 % (w/v) CTAB
1.4 M NacCl
20 mM EDTA, pH 8.0
100 mM Tris-HCI, pH 8.0
100 mMp-Mercaptoethanol

[1.2.1.11 RFLP analysis

Total DNA was extracted from leaf samples of traasipmic tobacco lines (11.2.3.2) using
the CTAB method (11.2.1.10), andpfg were digested o/n with the restriction enzyBgd|
(11.2.1.5). Digested DNAs were separated by elgttovesis on a 0.8 % (w/v) agarose gel
(11.2.1.4), transferred onto a Hybond-XL nylon memate by upward capillary blotting in
20x SSC buffer using standard protocols (Sambrdokle 1996), and DNA was UV
cross-linked onto the air-dried membrane (1x 0.126). The blot was pre-hybridized for
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2 h in Church buffer, and then incubated with 250h§saB probe produced from a 540 bp
PsaB photosystem | core protein nucleotide sequesiog a {?P]CTP Megaprime labeling
kit (GE Healthcare) following the manufacturer'stiuctions, o/n at 65°C, rotating. Excess
probe was removed with two 20 min washes in 2x SBC,% (w/v) SDS and then 0.5x
SSC, 0.1 % (w/v) SDS. The washed membrane was glaca cassette with a phosphor
screen and after 2-4 h incubation at Rt, the hytattbn signals were detected using a

Typhoori] Trio+ phosphoimager (GE Healthcare).

20x SSC buffer 3 M NacCl
0.3 M Sodium citrate
pH 7.0

Church buffer 1 % (v/iv) BSA
1 mM EDTA
7 % (w/v) SDS
0.5 M NaHPQ
pH 7.2

11.2.1.12 Isolation of total RNA from plant material

To isolate total RNA from plant tissue, around 10§ of material were collected in a 2 ml
tube and snap frozen in liquid nitrogen. The frotiesue was pulverized with metal beads
using a Retsch mill (1 min shaking, 2D and extracted with PeqGOLD TriF&astreagent
(Peglab) following the manufacturer’s instructioRNA was finally resuspended in 20
ddH;O, its concentration was determined spectrophotocady (11.2.1.2) and the integrity

checked by agarose gel electrophoresis (11.2.RMA was stored at -80°C until use.

[1.2.1.13 Agarose formaldehyde gel electrophoresis of RNA

RNA was separated by gel electrophoresis undertaieng conditions in the presence of
formaldehyde. Briefly, a 1 % (w/v) agarose gel eaming 1 % (v/v) formaldehyde was

prepared with MOPS buffer, and the RNA sample wasatlred 10 min at 75°C in 1x RNA

loading buffer before loading onto the gel. Thecelgphoresis run was performed in MOPS
buffer, first at 30 V for 30 min, and then at 5 Wc

10x MOPS buffer 0.2 M MOPS
0.05 M Sodium Acetate
0.01 M EDTA
pH 5.5-7.0
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RNA loading buffer 50 % (v/v) Formamide, deionized
6.5 % (v/v) Formaldehyde
20 % Glycerol
1.25 mM EDTA, pH 8.0
0.005 % (v/v) Ethidiumbromide
0.1% (w/v) Xylene cyanol
0.1 % (w/v) Bromphenol blue
in 1x MOPS
aliquot and store at -80°C

[1.2.1.14 Northern blot analysis

Tenpg of total RNA isolated from transplastomic tobateaves were separated by agarose
formaldehyde gel electrophoresis (11.2.1.13) anahdferred onto a Hybond-XL nylon
membrane by upward capillary blotting in 20x SSCifdauusing standard protocols
(Sambrook et al., 1996). RNA was UV cross-linkedoaine air-dried membrane (1x 0.120
Jlenf). The blot was pre-hybridized for 2 h in Churctfer and then incubated with 25 ng
of either murine or viral IL-10 probes producednfra 540 bp mIL-10 or a 468 bp vIL-10
cDNA sequence (11.1.2.2; Ch_m_f and Ch_m_His_ r, \Cli_and Ch_v_His r),
respectively, using a*P]JCTP Megaprime labeling kit (GE Healthcare) follog the
manufacturer’s instructions, o/n at 65°C, rotatikgcess probe was removed with two 20
min washes in 2x SSC, 0.1 % (w/v) SDS and then 85&, 0.1 % (w/v) SDS. The washed
membrane was placed in a cassette with a phospresrsand after 2-12 h incubation at Rt,
the hybridization signals were detected using ahdgpl]l Trio+ phosphoimager (GE

Healthcare).

11.2.1.15 Isolation of RNA from mammalian cell cultures

J774 cells were scraped from the wells, washed ontte PBS and resuspended in RLT
buffer (Qiagen). After vigorous vortexing, samplesre completely homogenized using a
1 ml disposable syringe with 20-gauge needle $r@di and total RNA was extracted using
the RNeasy kit (Qiagen), following the manufactigénstructions. RNA was immediately

checked for integrity by gel electrophoresis (1.23) and quantified (11.2.1.2), then stored

at -80°C until use.

11.2.1.16 Real Time RT-PCR

Reverse transcription of RNA isolated from J774 mophage cells (11.2.1.15) was carried

out using SuperScript Il (Invitrogen) following tmeanufacturer’s instructions. Real time
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RT-PCR was performed in triplicate from 10 ng cDIok each sample, using the SYBR
Green real-time master mix “SYBR Premix Ex Tag™'ak@ra Bio Inc, Shiga, J), in the
presence of 200 nM specific primer papsrchased from Invitrogen (SOCS3 f and
SOCS_r; GAPDH_f and GAPDH_r, 11.1.2.2ZThe reaction conditions performed bHye
DNA Engine Opticon 2 System (MJ Research, Walthiglii, USA), were as follows: 95°C
for 10 s, followed by 40 cycles of 95°C for 10 sda80°C for 40 s. Data were calculated
with LinReg PCR 7.0 and Q-Gene software (http://wgeme-
quantification.de/download.html) and then expressed mean normalized expression
(MNE) units after GAPDH normalization.

[I.2.2  Manipulation of recombinant bacteria

11.2.2.1 Growth of E. coli and glycerol stock preparation

Single E. cali colonies were examined for plasmid integrationAgR (I1.2.1.1). Selected

clones were grown at 37°C either in LB medium oshaker incubator at 180 rpm, or on
LB-agar plates (1.5 % (w/v)), containing the apprate antibiotics (I11.1.5.1). For long-term

storage, 60Qul of an o/n liquid culture was mixed with an equalume of 40% (v/v)

glycerol and stored at -80°C.

LB medium 1% (w/v) NaCl
1 % (w/v) Trypton
0.5 % (w/v) Yeast extract
pH 7.4

11.2.2.2 Preparation of competentE. coli cells for heat-shock transformation

E. coli strain DH® (11.1.1.2) competent cells were prepared for Rb@diated heat shock
transformation. A single bacterial colony was inated in 5 ml of LB medium and cultured
at 37°C, 180 rpm o/n. 100 ml of LB medium were wulated 1:100 with the o/n culture, the
cells were cultured at 37°C for 3-4 hours until ®®s00nm reached 0.4-0.5 and then
transferred to an ice-cold tube. After 10 min or,idhe cells were recovered by
centrifugation (2000 g/4°C/10 min). The pellet vgastly dissolved in 30 ml ice-cold TfB-I

solution and kept on ice for 10 min. The cells weeeovered by centrifugation and
resuspended in 4 ml ice-cold TfB-Il buffer. 2Q0 aliquots of the suspension were

35



Materials and Methods

dispensed into pre-chilled 1.5 ml tubes, frozen edmately in liquid nitrogen and stored at
-80°C.

TiB-I 100 mM RbCI
75 mM MnC}
10 mM Cad]
0.5 mM LiCl
35 mM K acetate
15 % (v/v) Glycerol
pH 5.8

TiB-II 10 mM RbCI
75 mM Cadl
15 % (v/v) Glycerol
10 mM MOPS
pH 6.8

[1.2.2.3 Transformation of E. coli by heat-shock

As soon as the competent cells were thawed onaic®nd 20-100 ng plasmid DNA
(11.2.1.8) or ligation products (11.2.1.7), diluted sterile dHO if necessary, were mixed
gently with the competent cells and stored on ae3D min. The cells were then incubated
for 90 seconds at 42°C and immediately placed erfoc 2 min. 80Qul of SOC medium
were added to the tube and the transformed celis imeubated at 37°C for 45 min. 200

of cells were plated onto LB-agar plates suppleetntith the appropriate antibiotics and
incubated o/n at 37°C. Single colonies were indedlan 5 ml of LB selective medium and
cultivated o/n at 37°C, shaking at 180 rpm. An wbigof the culture was then used for
plasmid extraction by the boiling-prep method (l1.2), and the correctness of the insert
size was assessed digesting the plasmid DNA wipnogypiate restriction enzymes (11.2.1.5)
and evaluating the digestion profile after eledaetic separation of the fragments on 1.2
% (w/v) agarose gel (11.2.1.4). Plasmid DNA fronethositive clones was then extracted
with commercial kits (11.2.1.8) and sent for sequieg (11.2.1.3).

SOC medium 1 % (w/v) Bacto tryptone
0,5 % (w/v) Yeast extract
10 mM NacCl
2.5 mM KCI
autoclave, then add
sterile MgChto 10 mM
sterile MgSQto 10 mM
sterile Glucose to 20 mM
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[1.2.2.4 Growth of A. tumefaciens and preparation of glycerol stocks

Single A. tumefaciens colonies were examined for plasmid integrationRfyR (11.2.2.7).
The selected positive clones were grown at 28°@Geeiin YEB medium on a shaker
incubator at 180 rpm, or on YEB-agar plates (1.5Wfv)) containing the appropriate
antibiotics (I1.1.5.1). For long-term storage, 800of a saturated culture was mixed with

400ul of glycerol and stored at -80°C.

[1.2.2.5 Preparation of competentA. tumefaciens cells for electroporation

A single colony ofA. tumefaciens grown on a YEB-agar plate containing Rif and Kan
(YEB-RIif-Kan) was inoculated in 5 ml of YEB-Rif-Kamedium in a 100 ml Erlenmeyer
flask and incubated at 28°C for two days shakir@) (dm). One ml of the culture was then
transferred into 100 ml of YEB-RIif-Kan medium, ardltivated at 28°C for 15-20 h
shaking (180 rpm) until the Qynmreached 1-1.5. The cells were chilled on ice toniin
and centrifuged for 5 min at 4000 g, 4°C. The pellet was washed tree times with 10 ml
of ddH,O and finally resuspended in 5Q0o0f sterile 10 % (v/v) glycerol. The suspension
was dispensed as 46 aliquots into pre-chilled 1.5 ml tubes, immedigtozen in liquid

nitrogen and stored at -80C.

11.2.2.6 Transformation of A. tumefaciens by electroporation

0.2-1.0pg of plasmid DNA (11.2.1.8) in sterile ddi@ was added to a thawed aliquot/of
tumefaciens electrocompetent cells (11.2.2.5), placed on me3 min and then the cell/DNA
mixture was transferred into a pre-chilled elecbrapion cuvette (0.2 cm). After application
of the pulse (29uF, 2.5 kV, 200Q), the cells were diluted in 1 ml of YEB medium and
incubated for 1 h at 28°C, shaking (180 rpm). GndQ ul of the culture were plated on
YEB-Rif-Kan-Carb agar plates and incubated at 285C2-3 days. Single colonies were
examined for plasmid integration by colony PCR2(Ml.1).

11.2.2.7 ldentification of recombinant agrobacteria

For rapid identification and verification of theréogn gene in recombinant agrobacteria,
isolated single colonies were picked from selecplates using sterile tips and directly
inoculated in a 0.2 ml PCR tube containing the PR while the plates were incubated at

28°C o/n to let the colonies regrow. PCR reactias warried out as described (11.2.1.1)
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using a home-madgaq DNA polymerase, and the PCR products were resaved 1.2 %

(w/v) agarose gel by electrophoresis (11.2.1.4).
[1.2.3  Transformation of plants and plant suspension culttes

11.2.3.1 Growth and maintenance ofN. tabacum L. cv. Petit Havana

Sterile tobacco plants were grown in either plastagenta boxes or glass Weck containers
on MS medium (containing the appropriate antib®tior selection, if transgenic) in a
controlled growth chamber with 20-25°C, 16 h phetigd (7000 lux).

Non-sterile tobacco plants were grown in a greeson ED73 standard soil (Patzer) with
0-30 % (v/v) sand under supplementary illuminatafn10000 lux (plus the sun light),
70-90 % humidity and 16 h photoperiod at 24°C (ahbr, depending on the outside
temperature). To prevent cross-pollination, flowermsre covered with plastic bags with

micro pores. Mature, dried seeds were stored iembggs at Rt.

MS medium 0.44 % (w/v) MS salts with vitamins
1 % (w/v) Glucose
0.7 % (w/v) Agar, pH 5.8

11.2.3.2 Transformation of N. tabacum chloroplasts by particle bombardment

N. tabacum cv. Petit Havana wild type (wt) plants grown ierde culture (11.2.3.1) were
used for chloroplast transformation by particle bandment. The youngest leaves from
~ 6-8 cm high plants were taken and laid adaxie¢ fapwards, on petri dishes containing
RMOP medium. For each shot, 1.5 mg of gold pasi¢e6um) were coated with 2(g of
plasmid DNA, prepared at a concentration of 2341l with commercial kits (11.2.1.8). Leaf
bombardment was performed with a PDS-1000/He Sy¢iioRad) at 1360 psi helium
pressure, using 1100 psi rupture disks and a laejatptor, with a distance from the target of
9 cm. After shooting, the leaves were cut into 5w squares and placed adaxial face
downwards onto RMOP medium containing spectinomys®0 mg ™) at 20-25°C, 16 h
photoperiod (7000 lux), until green calli appear@d8 weeks). The calli were then
transferred onto fresh RMOP-Spec plates until srslatiots appeared (4-8 weeks). When
leaves appeared, they were cut into small piece® X~2 mm) and transferred onto new
RMOP-Spec plates for the first regeneration roukdlouble-selection test, placing small
leaf pieces on RMOP plates containing spectinomseid streptomycin (both at 500 mg

mi™t) was also performed to exclude spontaneous rasistatants. After regeneration of
38



Materials and Methods

shoots, leaf samples were collected and testedh@mnoplasmy by RFLP analysis
(11.2.1.11). The plantlets were subjected to addgi regeneration rounds, if necessary, until
homoplasmic, and they were then transferred in Migboxes containing RM-Spec for
rooting. True homoplasmic transplastomic plantsewmeut in soil and transferred to the
greenhouse, where they were kept under transpplastic lids for 1-2 weeks to gradually
decrease the humidity, and then grown normallyn3péastomic plants were self pollinated
or, if male-sterile, hand-fertilized with wt pollerand the seeds were germinated on
RM-Spec and RM-Spec-Strep medium to confirm honmspla of the parental
transplastomic plant (Figure 5B).

RM macro 0.44 % (w/v) Cagk 2H,O
0.17 % (w/v) KHPO,
1.9 % (w/v) KNQ
0.37 % (w/v) MgSQ@x 7 HO
1.65 % (w/v) NHNO3

RM micro 0.169 % (w/v) MnS©
0.086 % (w/v) ZnS®x 7 H,O
0.062 % (w/v) HBO3
0.0083 % (w/v) KI
0.0025 % (w/v) NgMoO4 x 2 H,O
0.00025 % (w/v) CuSkx 5 HO
0.00025 % (w/v) CoGlx 6 H,O

RMOP medium, pH 5.8 (1 L) 100 ml RM macro
10 ml RM micro
5 ml FeNaEDTA 1 % (w/v)
30 g Sucrose
100 mg Myo-inositol
1 ml Thiamine HCI 0.001 % (w/v)
0.1 ml NAA 0.01 % (w/v)
1 ml BAP 0.1 % (w/v)
5.4 g Agar

RM medium, pH 5.75 (1 L) 100 ml RM macro
10 ml RM micro
5 ml FeNaEDTA 1 % (w/v)
30 g Sucrose
5.6 g Agar

11.2.3.3 Vacuum agroinfiltration of N. tabacum leaves

The preparation and vacuum infiltration of tobatezaves with recombinami. tumefaciens
(11.2.2.7) was carried out essentially as describgKapilaet al. (1997). A pre-culture of
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recombinant agrobacteria (8) from glycerol stock (11.2.2.4), carrying the desl plant
expression vector of the pTRAkt series (11.1.2.19swgrown in 5 ml YEB-Rif-Carb-Kan
selection medium (11.2.2.4) for two days at 28°6Galdng (180 rpm). On the third day, this
saturated culture was used to inoculate 20-100f ME®B-Carb-Kan medium 1:100, and the
suspension was allowed to grow o/n at 28°C, shakl® rpm). On the fourth day, the
culture was induced adding acetosyringone t@l0, glucose to 10 mM and MES (pH 5.6)
to 10 mM, and grown as usual. On the fifth day, @i®00nm Of the culture was determined
(approx. 5.0), the bacterial culture was adjuste@Dsoonm~1.0 with 2x infiltration medium
and water, and induced for an additional 2 h wild @M acetosyringonel. tabacum cv.
Petit Havana SR1 wt leaves, freshly harvested, waceium-infiltrated at 70 mbar for 20
min in the bacterial suspension, then placed withadaxial side upwards in plastic trays
with moistened Whatman paper. The trays were seaittdSaran wrap and incubated at
20-25°C with a 16 h photoperiod (7000 lux), fora/sl.

2x Infiltration medium 10 % (w/v) Sucrose
20 mM Glucose
0.86 % (w/v) MS salts
pH 5.6, prepare fresh

[1.2.3.4 Syringe agroinfiltration of N. tabacum plants

Five ml of YEB-RIif-Carb-Kan were inoculated withpb of recombinant agrobacteria from
a glycerol stock (11.2.2.4) carrying a plant ex@ies vector of the pTRAkt series (11.1.2.1)
and grown o/n at 28°C, 180 rpm. On the second tfay,culture was induced adding
acetosyringone to 20M, glucose to 10 mM, MES pH 5.6 to 10 mM, and groagnusual.
The following day, the OBonm Of the culture was determined (approx. 3.0), thetdrial
culture was adjusted to Q&nm~1.0 with 2x infiltration medium and water, and urced for
an additional 2 h with 20QM acetosyringone. The agro-suspension was inftratith the
aid of a 1 ml syringe, without needle, into thevies of intactN. tabacum cv. Petit Havana
SR1 wt plants. The infiltrated plants were growr2@t25°C, 16 h photoperiod (7000 lux),
for 3-5 days.

[1.2.3.5 Stable nuclear transformation ofN. tabacum plants
Stable nuclear transformation Mf tabacum cv. Petit Havana SR1 was performed according

to the leaf disc method, using recombin&attumefaciens (11.2.2.7), and transgenicoT
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plants were regenerated from transformed callil@yr@t al., 1983; Horsch et al., 1985).
Briefly, wt plants were grown in sterile conditiom MS medium in Weck glasses
(11.2.3.1) and the youngest leaves (length up twf were used for transformation. The
agrobacteria suspension was prepared inoculati@gnilOof YEB-RIf-Carb-Kan medium
with 100 pl of glycerol stock of the selected clone and grayvthe culture o/n at 28°C,
shaking at 180 rpm. On the next day the cells wetketted by centrifugation at 5000 g for
10 min, resuspended in 250 ml of induction mediund eultivated o/n at 28°C, shaking at
180 rpm. Agrobacteria cells were centrifuged 15 @tirb000 g, resuspended in 50 ml of
MMA buffer, and kept at Rt for 2 h. The @Qfanmwas adjusted to 1.0. The leaves were cut
into small pieces, transferred into Weck glassestaioing 50-100 ml of recombinant
agrobacteria suspension and incubated for 30 mifRtatThe leaf pieces were then
transferred onto sterile pre-wetted Whatman filiarpetri dishes, closed with saran wrap
and incubated at 25°C in the dark for two dayseAdards, they were transferred onto
MS-Il plates and incubated first at 25°C in thekd&or 3 days, and then with a 16 h
photoperiod until shoots appeared, transferringitbeto fresh plates every 2 weeks. When
shoots appeared, they were transferred onto M@ldtes, incubated at 20-25°C with a 16 h
photoperiod (7000 lux), until roots developed amalfy transferred into soil and grown in
the greenhouse (11.2.3.1).

Induction medium YEB medium
10 mM MES
pH 5.6

MMA buffer 0.43 % (w/v)
10 mM MES

2 % (w/v) Sucrose
200uM Acetosyringone (added just before use)
pH 5.6

MS-II medium MS medium with
1 mg I* BAP
100 mgT Kanamycin
200-500 mgt Claforan

MS-11l medium MS medium with
100 mg 1" Kanamycin
200-500 mgt Claforan
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11.2.3.6 Growth and maintenance ofNicotiana tabacum cv. BY-2 cells

N. tabacum cv. BY-2 suspension cells and calli were cultidaite BY-2 medium at 26°C in
the dark, shaking at 160 rpm for the suspensioiui@d. Suspension cells were sub-cultured
weekly using a 2 % (v/v) inoculum, while pinpointed clumps of callus cells were

transferred to fresh plates monthly.

BY-2 medium (1L) 4.43 g MSMO
30 g Sucrose
100ul 2,4-D (2 mg/ml)
150ul Thiamine-HCI (4 mg/ml)
0.2 g KHPO,
(2 g (w/v) Agar)

11.2.3.7 Stable transformation of N. tabacum cv. BY-2 cells

N. tabacum cv. BY-2 cells were transformed by co-cultivatiomith recombinant
A. tumefaciens as follows. 100 ml of BY-2 medium were inoculatedh 2 % (v/v) BY-2
wt cells 3 days ahead of the transformation datd,1® ml of YEB-RIif-Kan-Carb medium
were inoculated 1:100 with a glycerol stock of mabinant agrobacteria (11.2.2.4) and
grown at 28°C, shaking (180 rpm) for 2 days. On dag of transformation, three ml of
BY-2 culture, induced with 20@M acetosyringone, were co-inoculated with 1H00f
agrobacteria (OBonm ~1) in a small petri dish (5 cm). After incubatitar 3 days in the
dark at 24°C, the cells were transferred to cemgaftubes and sedimented (3min/100g/Rt).
The cells were gently resuspended in 2 ml of BY-&dimm containing 2Q@y/ml claforan,
and around 500-700 of the resuspended cells were transferred o8¥-& medium plate
containing 100ug/ml Kan and 20Qug/ml claforan; other 50@ of BY-2 medium were
added to facilitate an even distribution of thdsceh the plate. After the liquid medium had
mostly evaporated, the plates were sealed withfiparand incubated at 24°C in the dark

for 3-4 weeks, until transgenic calli appeared.

11.2.3.8 Identification of transformants by visualization of DsRed fluorescence

The fluorescence of the reporter protein DsRed vissalized by incubating the transiently
infiltrated tobacco leaves (I1.2.3.4) or the stabignsformed BY-2 cells (11.2.3.7) with an
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LCD lamp with glass fibre optic (Leica KL1500), additional filter for green excitation
(BP545/30) and a coloured foil (# 182, light red).

[I.2.4  Protein analysis

11.2.4.1 Isolation of total soluble proteins from tobacco laves

For screening purposes, around 100 mg leaf tissre wollected into a 1.5 ml tube and
extracted in 3 volumes of pre-cooled protein exioac buffer with a drilling device.
Aqueous supernatant was collected after centrifogatt 16000 g for 30 min at 4 °C, and

the samples either used immediately or storedQaG2

Plant protein extraction buffer PBS, pH 7.4
0.05 % (v/v) Tween 20
5mM EDTA
2 % (w/v) PVPP

For large scale extraction for IL-10 purificatideaf material, deprived of the midrib, was
ground to a fine powder using a mortar and pestitjuid nitrogen. The recovered material
was weighed and homogenized with 3 volumes of ILekraction buffer and further

processed according to the IL-10 purification peolqll.2.4.13).

IL-10 extraction buffer PBS pH 6.0
5 mM Ascorbic Acid
5 mM [3-Mercaptoethanol)

11.2.4.2 Isolation of total soluble proteins from BY-2 cells

For screening purposes, around 200 mg of eithémscal cell pellet from a liquid culture
(10 min at 16000 g, 4°C) were weighed in a 2 mkfitatube, and sonicated on ice for
1 min, 9 x 10 % cycle, 35 % power with 2 volumdsBd-2 extraction buffer. Clear

supernatant was separated from cell debris byitggdtion at 16000 g for 30 min at 4°C.

BY-2 extraction buffer PBSpH 7.4
0.05 % (v/v) Tween-20
5 mM EDTA pH 8.0
1 % (v/v) DMSO - freshly added
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For large scale extraction for IL-10 purificatiatme BY-2 cell pellet (15 min at 5000 g,

4°C) from 250 ml of a 5 days old liquid culture waashed once with PBS (pH 7.4) and
then homogenized with 2 volumes of IL-10 extractoardfer (11.2.4.1) with a dip-in blender

in a metal beaker placed on ice. The extract wehdu processed according to the IL-10
purification protocol (11.2.4.13).

11.2.4.3 Isolation of total soluble proteins from animal cdl cultures

After stimulation (11.2.6.2, 11.2.6.4), J774 cells1 x 10/well) were diluted in ice-cold PBS
and centrifuged twice for 5 min at 500 g, 4°C. €allere then resuspended in lysis buffer
containing inhibitors of proteases (@®/ml leupeptin, Sug/ml pepstatin A, 1 mM PMSF,
1 mg/mlal-antitrypsin) and phosphatases (1 mMWa,, 10 mM NaF, 1QuM phenylarsin
oxide), and following a 15 min incubation on icellaebris were spun down (12000 g,
20 min, 4°C) and the supernatants were frozen trddsat -80°C until use. Small aliquots

of the various extracts were used for protein aurdetermination (11.2.4.4).

Lysis buffer 20 mM HEPES, pH 7.9
420 mM NacCl
1 mM EDTA
1 mM EGTA
1 % (v/v) Nonidet P-40
20 % (v/v) Glycerol
1 mMDTT

[1.2.4.4 Total soluble protein quantification

Bradford reagent RdtiQuant (Roth) was used to determine the conceoiradi total
soluble proteins (Bradford, 1976). Standard prosafutions were prepared ranging from
250 to 31pg/ml using bovine serum albumin (BSA) to determihe calibration curve.
Then, 10ul of a 1/20 and 1/40 dilution of protein extractRBS (pH 7.4) were mixed with
200 pl of 1/5 diluted Bradford reagent in a 96-well {fldbottom, low binding)
microtiterplate (Greiner Bio-one). All samples werassayed in duplicate, the
spectrophotometer was blanked with 1/5 diluted Bnabireagent alone and absorbance was
read at 595 nm on a microtiterplate reader (Bio-J.ERrotein concentration was then
calculated by comparing the @anm of each sample with the Q§,m of the standard

protein (BSA) curve.
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11.2.4.5 SDS-PAGE with Tris-Glycine gels

Proteins were electrophoretically separated by otiscuous SDS-PAGE as described
(Laemmli, 1970).

Running gel (2 gels) 7.5 % 12 % 17 %
ddH20 4.8 mi 3.3 ml 1.63 ml
1.5 M Tris-HCI, pH 8.8 2.5 ml 2.5 ml 2.5 ml
SDS 10 % (w/v) 100l 100l 100l
Acrylamyde 30 % (w/v) 2.5 ml 4 ml 5.66 ml
TEMED 8l 4l 4ul
APS 20 % (W/v) 50 pl 50l 50 ul

Stacking gel (2 gels)

ddHO 3.645 ml
1 M Tris-HCI, pH 6.8 625ul
SDS 10 % (w/v) 50ul
Acrylamyde 30 % (w/v) 830ul
TEMED 5ul
APS 20 % (w/v) 15l

Before loading, proteins were denatured and sasdailin either reducing or non-reducing
1x SDS sample buffer at 100°C for 10 min. Electamelsis was carried out in SDS running
buffer, with a constant voltage of 20 V/cm.

Proteins were visualised by staining with Coomabsitant blue (11.2.4.7), Silver (11.2.4.8)
or transferred by tank-blotting (90 min at 180 Wt either nitrocellulose or PVDF

membranes for immunoblot analysis.

5x Reducing SDS sample buffer 62.5 mM Tris-HCI pBl 6
30 % (v/v) Glycerol
4 % (viv) SDS
0.05 % (w/v) Bromphenol blue
10 % (v/v)B-Mercaptoethanol

5x Non-reducing SDS sample buffer 62.5 mM Tris-p€l1 6.8
30 % (v/v) Glycerol
4 % (viv) SDS
0.05 % (w/v) Bromphenol blue

5x SDS running buffer 125 mM Tris-base

960 mM Glycine
0.5 % (w/v) SDS
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11.2.4.6 SDS-PAGE with Tris-Tricine gels

For total soluble protein separation in the ramgenf1 to 100 kDa, Tricine-SDS-PAGE was
performed (Schagger and von Jagow, 1987).

10 % Separating gel (2 gels) Stacking gel (2 gels)
Rotiphoresé Gel A 3.25 ml 650l
Rotiphoresé Gel B 1.5 ml 300l
3M Tris HCI, pH 8.45 3.334 ml 1.25 ml
10 % (w/v) SDS 100l 37.3ul
80 % (v/v) Glycerol 1.326 ml -
ddH,0 450l 2.72 ml
TEMED 3.6ul 4 pl
10 % (w/v) APS 36ul 40 pl

Before loading, proteins were denatured and sasailin Tricine-sample buffer at 100°C
for 10 min. Electrophoresis was carried out with #ppropriate anode and cathode buffers,
at 30 V for 1 h and then at 70 V constant for 13vith a buffer cooling system. Proteins

were visualised by staining with Coomassie brillialue (11.2.4.7).

2x Tricine-sample buffer 0.1 M Tris-HCI, pH 6.8
24 % (v/v) Glycerol
8 % SDS (w/v)
0.2MDTT
0.02 % (w/v) Coomassie Blugso

10x Anode buffer 2 M Tris-HCI, pH 8.9
10x Cathode buffer 1 M Tris-base
1 M Tricine

1 % (w/v) SDS
pH ~ 8.25 (do not adjust)

[1.2.4.7 Coomassie brilliant blue staining

Proteins separated by SDS-PAGE (11.2.4.5, I.2.4u6)e visualized by Coomassie brilliant
blue staining as described (Fairbanks et al., 197h¢ gel was stained with 100 ml of
Fairbanks A solution, heated in a microwave (1000uWMil boiling point (ca. 2 min), and
then let cool down at Rt for ca. 5 min, gently shgk The solution was discarded, the gel
briefly rinsed with dHO, 100 ml of Fairbanks D solution were added arh theated in a
microwave until boiling point (ca. 1min 20 sec).pfece of kimwipe was added to absorb

the stain, and the solution was allowed to coolmaivRt for ca. 5 min, gently shaking. The
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solution was then replaced with fresh Fairbanksoiten, and kept gently shaking until
the gel background became transparent. The gelewastually dried between cellophane

sheets for documentation purposes.

Fairbanks A (staining solution) 0.05 % (w/v) CoosiadR-250
25 % (v/v) Isopropanol
10 % (v/v) Acetic acid

Fairbanks D (destaining solution) 10 % (v/v) Acetd

[1.2.4.8 Silver staining

For higher sensitivity and to detect small amouafsproteins, SDS-polyacrylamide
(SDS-PAA) gels were silver stained according to theotocol from Shevchenko

(Shevchenkeat al., 1996), summarized as follows:

Step Solution Time 250 ml (2 minigels)
o 50 % (v/v) Methanol . 125 ml
Fixation 5% (v/v) Acetic acid 20 min 12.5 ml
Wash 50 % (v/v) Methanol 10 min 125 ml
dH,O 10 min 250 ml

Sensitizing 0.02 % (w/v) NaS,0; 1 min 0.05¢

Silver Reaction 0.1 % (w/v) AgNQ 20 min, 4°C 0.25¢

Wash dH,O 2 x 1 min

. 0.04 % (v/v) Formaldehyde (37 %) 750l
Developing 2 % (wiv) NaCOs 5

- keep shaking gently while developing
- when the solution is yellow discard it and repléagith a fresh portion
- the solution has to be transparent

Stopping 5 % (v/v) Acetic acid 10 min 125 ml
Storing 1 % (v/v) Acetic acid, 4°C 2.5 ml

11.2.4.9 Immunoblot with AP detection system

Electrophoretically separated proteins were transfe from a SDS-PAA gel onto a
Hybond™-C nitrocellulose membrane (48n) in the presence of transfer buffer for 90 min
at 180 V. The membrane was blocked with 5 % (wkinsmilk in PBST for 1 h at Rt, and
then blotted proteins were probed with the primamtibody o/n at 4°C. The bound antibody
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was detected by the addition of the appropriatersdary polyclonal antibody coupled to
alkaline phosphatase (AP) (11.1.3). Both primaryl aecondary antibodies were diluted in
PBST. To remove unspecifically bound antibodies,ttembranes were extensively washed
with PBST in between each step. The target proteere finally revealed by addition of the
substrate NBT/BCIP dissolved in AP buffer.

Blotting buffer 25 mM Tris-HCI, pH 8.3
192 mM Glycine
20 % (v/v) Methanol

10x PBS 1.37 mM NacCl
27 mM KCI
81 mM NaHPOx 12H,0
15 mM KH,PO,

PBST IxPBS,pH 7.4

0.05 % (v/v) Tween 20

AP Buffer 100 mM Tris-HCI, pH 9.6
100 mM NacCl
5 mM MgCb

[1.2.4.10 Immunoblot with HRP detection system

Electrophoretically separated proteins were transfiefrom a SDS-PAA gel onto a PVDF
membrane (4%m), pre-activated in methanol, in the presenceasfsfer buffer for 90 min

at 180 V. The membrane was blocked with 5 % (wkinsmilk in PBST for 1 h at Rt, and
then blotted proteins were probed with the primamtibody o/n at 4°C. The bound antibody
was detected by the addition of the appropriatersgary polyclonal antibody coupled to
horse radish peroxidase (HRP). Both primary andrsgary antibodies were diluted in
PBST. To remove unspecifically bound antibodies,ttembranes were extensively washed
with PBST in between each step. The target prateire finally revealed with the ECL Plus
Western Blotting Detection kit (GE Healthcare) @hd signal was either captured with a
LAS 3000 imaging system (Fujifilm) or using a BiokMautoradiography film (Kodak).
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11.2.4.11 Dot blot analysis

Dot blot analysis was used to screen either thesg¢ranic plants or the transgenic calli for
IL-10 production. Two to 2@ of row extract and 20 or 100 ng of commercial mer(BD
Pharmingen) or viral IL.10 (R&D Systems), respeelyy as positive control were dotted
directly onto a nitrocellulose membrane. The meménaas blocked with 5 % (w/v) skim
milk in PBST for 1 h and the primary antibody (10R0for the anti murine and 1:1000 for
the anti viral IL-10, in PBST) was applied o/n,48C. The membrane was then incubated
with the secondary RA® antibody (1:5000 in PBST) for 1 h at Rt, and thymal detected
with the NBT/BCIP substrate.

[1.2.4.12 IL-10 quantification by ELISA

Determination of the concentration of I1L-10, inheit row extracts or elution fractions after

Ni-NTA purification, was performed by sandwich enmrlinked immunosorbent assay

(ELISA) according to the following protocol (in lveten each steps, the plates were washed

3 times with PBST):

* Capture antibody: 96-well, flat bottom, high binding microtiterpég (Greiner
Bio-One) were coated o/n at 4°C with 1j0i0of the respective antibodies diluted in the

appropriate coating buffer:
mIL-10: monoclonal anti-mIL-10 Ab (BD Pharmingen) diluted2 pug/ml in

mIL-10 Coating buffer NaHPO, 11.8 g
NaH,PO, 16.1 g
dH,O to 1000 ml
Adjust the pH 6.5, store at 4°C

vIL-10: monoclonal anti- v-IL-10 (BD Biosciences) dilutexl0.5ug/ml in

vIL-10 Coating buffer Na,CO; 1.59 g
NaH,C0O;2.93 g
NaN;0.2 g
dH,O to 1000 ml
Adjust the pH 9.6 with acetic acid, store at 4°C

» Blocking: the wells were incubated with 2Q0 blocking buffer (1 % (w/v) BSA in
PBST buffer) for 1 h at Rt.
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» Sample application: samples were brought to the appropriate dilutioth WBS and
applied to the 96 well plate using a multichannigefior and incubated o/n at 4°C.
Standards for the calibration curve were 12 2-feddial dilutions of, respectively:
mIL-10 (BD Pharmingen) diluted to 50 ng/ml starticgncentration in PBS, and vIL-10
(R&D Systems) diluted to 1 ng/ml starting concetitrain PBS.

* Detection biotinylated antibody. 100 pl of either biotinylated monoclonal rat
anti-mlL-10 (BD Pharmingen) or biotinylated monawdd rat anti-viL-10 (BD
Pharmingen), diluted to ug/ml in blocking buffer, were applied to each wahd
incubated for 1h at Rt.

» Streptavidin-AP conjugated 100 pl of Streptavidin-AP (Jackson ImmunoResearch)
diluted 1:5000 in blocking buffer were applied &ch well and incubated for 30 min at
Rt.

* Detection 100 pl of the substrate para-nitrophenylphosphate (SIGMAO04-105)
diluted to 1 mg/ml in substrate buffer were addedeach well, the colour reaction
developed at Rt until yellow, and the OD of thetplaead at 405 nm using the
microtiterplate reader.

Substrate buffer 0.1M Diethanolamine

150 mM NacCl

1 mM MgCl,
pH 9.6

[1.2.4.13 Ni-NTA purification

Hiss-tagged IL-10 was affinity purified from either plaleaves or BY-2 cell pellet by
immobilized metal ion affinity chromatography (IMAC1 ml of Ni-NTA-agarose matrix
(QIAGEN) was poured in a disposable Econo-Pac colufBioRad) and used for
purification. After cell disruption (11.2.4.1, 11.2.2), row extract was centrifuged at 15000 g
for 15 min, and the supernatant filtered throughaper filter (Macherey-Nage#615).
Afterwards, the filtrate was adjusted to 500 mM Na& mM Imidazole, pH 8.0, and
incubated on ice for 1 h, gently shaking. The ettveas then centrifuged at 30000 g for 30
min, 4°C, the supernatant filtered through mirdclotaterial and then loaded onto the
column, previously equilibrated with wash bufferherl flow rate for the loading was
adjusted to 2 ml/min. The column was extensivelghea with at least 20 column volumes
of wash buffer, and elution was performed with 2a68umes of elution buffer. All steps
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were performed at 4°C. The collected elution fiatdi were dialyzed o/n at 4°C against
water, and then lyophilized using an Alpha 1-4 L8€&eze-dryer (Christ). Lyophilized
material was then dissolved in PBS (pH 7.4), theparation was centrifuged to remove
residual insoluble material, and IL-10 concentrmatio the supernatant was determined by
ELISA (11.2.4.12).

Wash buffer 1x PBS
500 mM NacCl
5 mM Imidazole
pH 8.0

Elution buffer 1x PBS
500 mM NacCl
500 mM Imidazole
pH 8.0

11.2.4.14 Gel filtration

To assess whether plant produced mIL-10 was cosiplét the dimeric state, the IMAC
purified protein (11.2.4.13) was analyzed by gdtrdition using an AKTAprim& plus
purification apparatus (GE Healthcare) and a Sugpe®d0 column (10/30, GE Healthcare),
with PBS (pH 7.4) as eluent and a flow rate of M86nin. 450 ng of purified recombinant
mIL-10 were loaded on the column, and 1 ml (eluttofumes 7-12 and 17-28 ml) and 0.2
ml fractions (elution volumes 12-17 ml) were colgt The elution fractions were analyzed
for IL-10 concentration by ELISA (11.2.4.12).

1.2.4.15 Mass spectrometry

Murine and viral IL-10, purified from either leafaterial or BY-2 cell pellet by IMAC
(11.2.4.13), were separated on a 17 % gel by SD&PAII.2.1.4), and the proteins were
visualized by Coomassie brilliant blue staining2M.7). The bands were then excised,
destained, carbamidomethylated, digested with tnypsd extracted from gel pieces as
previously described (Kolarich and Altmann, 2000latich et al., 2006). Subsequent
fractionation of the peptides by capillary reverpbdise chromatography, with detection by
a quadrupole time-of-flight (Q-TOF) Ultima Globalkss spectrometer (Waters Micromass,
Manchester, UK), was performed as described prelyo(van Droogenbroeclet al.,
2007). The MS data from the tryptic peptides waermgared with data sets generatedrby
silico tryptic digestion of the recombinant protein setpes using the PeptideMass program
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(http://www.expasy.org/tools/peptide-mass.html).q@&nces of the N-terminal peptides
were confirmed by tandem MS experiments. Data veeiayzed with MassLynx 4.0 SP4
Software (Waters Micromass, Mildford, MA, USA). TiMS-analyses were performed by

Johannes Stadlmann from the BOKU, Wien, Austria.

[1.2.5 Electron microscopy

[1.2.5.1 Specimen processing for ultrastructure analysis

Tobacco leaves were cut into small squares of ardumnf with a razor blade and fixed
o/n at 4°C in fixative solution (2 % (w/v) parafcaidehyde, 2.5 % (v/v) glutaraldehyde in
0.1 M phosphate buffer (pH 7.4). Specimens wera thashed five times for 15 min with
0.1 M phosphate buffer (pH 7.4) at 4°C. Samplesewmst-fixed in a 1 % (w/v) osmium
tetroxide and 0.8 % (w/v) potassium ferricyanidéuson in 0.1 M phosphate buffer (pH
7.4) for 3 h at 4°C, and the samples were then edfive times for 15 min with 0.1 M
phosphate buffer (pH 7.4). Dehydration was cargatlpassing the specimens through an
acetone series (50 % (v/v), 1 x 10 min; 70 % (V&s%, 10 min; 90 % (v/v), 3 x 10 min; 96 %
(v/v), 3 x 10 min, and 100 % (v/v), 3 x 15 min)48C. Specimens were then infiltrated in
Spurr epoxy resin, in a series 1:3, 2:2, 3:1 rasgtone (v/v), for 3 h each, and 100 % (v/v)
resin o/n at 4°C. The specimens were then trarsfanto Beem capsules (SPI Supplies)
filled with freshly prepared Spurr resin, and alemvo polymerize at 60°C for 48 h. Thin
sections showing silver interferences were obtaiosithg a Ultracut E ultramicrotome
(Leica) and were mounted on Formvar-coated 200 rgesth grids (Sigma). The sections
were stained for 10 min at Rt with an aqueous 2\ )(uranyl acetate solution, washed
with ddH,O and air-dried. They were analyzed with a EM 4@fhgmission electron
microscope (Philips) running at 80 kV by Elsa Arséitom the RWTH, Aachen, Germany.

0.1 M Phosphate buffer, pH 7.4 19 % (v/v) 200 mMBRO,
81 % (v/v) 9.9 mM NgHPOy

Spurr resin 12 % (w/v) DER. 736 Resin
0.8 % (w/v) DMAE
49 % (w/v) NSA
20 % (w/v) VCD
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11.2.5.2 Specimen processing for immunolocalization

Tobacco leaves were cut into small squares of ardumnf with a razor blade and fixed
o/n at 4°C in fixative solution (4 % (w/v) parafoafdehyde, 0.2 % (v/v) glutaraldehyde in
0.1 M phosphate buffer, pH 7.4). Specimens wera thashed five times for 15 min with
0.1 M phosphate buffer (pH 7.4) at 4°C. Dehydrati@s carried out first by immersing the
specimens in a 50 % (v/v) ethanol solution at 46C€30 min, then passing the specimens
through an ethanol series (70 % (v/v), 96 % (viwdl 400 % (v/v), for 30 min each) at
-20°C. Specimens were then infiltrated in LR WhResin (London Resin Company),
containing 0.5 % (w/v) benzoin methyl ether, ireaies 1:3, 2:2, 3:1 resin:ethanol (v/v), for
1 h each, and 100 % (v/v) resin o/n at -20°C. Tjpecenens were then transferred into
Beem capsules (SPI Supplies) filled with freshlggared LR White resin, and allowed to
polymerize under UV light at -20°C for 24 h in ant@matic freeze substitution unit (Leica).
Then, thin sections showing silver interferencesrewebtained using a Ultracut E

ultramicrotome (Leica) and were mounted on Fornogated 200 mesh gold grids (Sigma).

11.2.5.3 Immunogold labeling

For immunogold labeling, grids carrying ultra trgactions of LRW-embedded specimens
(11.2.5.2) were floated on drops of 6 % (w/v) BSAphosphate buffer (0.1 M, pH 7.4) for
20 min at Rt. The sections were incubated o/n @twith either a goat anti-vIiL-10 (1:100

in 0.1 M phosphate buffer; R&D Systems) or a ralaloiti-mIL-10 (1:300 in 0.05 % (v/v)

Tween 20, 0.1 M phosphate buffer; Acris) antiboolgth pre-adsorbed 1:10 in wt extract.
After washing wit 0.1 M phosphate buffer supplemsentvith 0.5 % Tween 20 (v/v), the

sections were incubated with the secondary antibmmhjugated to 10-nm gold particles
(Molecular Probes) diluted 1:30 in phosphate buéfied incubated at Rt for 1 h. The grids
were then washed with phosphate buffer and watedri@d and stained with an aqueous
2 % (w/v) uranyl acetate solution at Rt for 10 nittectron microscopy was carried out on a
EM 400 transmission electron microscope (Philipgining at 80 kV, and was performed by

Elsa Arcalis from the RWTH, Aachen, Germany.
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[1.2.6  Biological activity assays

[1.2.6.1 Maintenance of the mouse macrophage cell line

The mouse macrophage cell line J774 was maintaimedulbecco’s modified Eagle’s
medium (DMEM) (Bio-Whittaker) supplemented with 5(%/v) low endotoxin fetal bovine
serum (FBS) (Biochrom Seromed), at 37°C in atmospleentaining 5% (v/v) C¢& and
passaged twice weekly.

11.2.6.2 STAT3 phosphorylation assay

J774 cells were seeded at a density of ~ 8°c&ls/well in a 24-well tissue culture plate
and then stimulated with either commercial muribel® (BD Pharmingen) or viral IL-10
(R&D Systems), increasing doses of plant purifiadtime or viral IL-10, or purified extract
from wt leaves as negative control. After 20 migubation, the cells were immediately
blocked with ice-cold PBS, then proteins extradi¢®.4.3) and quantified (11.2.4.4). For
tyrosine-phosphorylated and total STAT3 detectid, ug of protein extracts were
separated on a 7.5 % (w/v) gel by SDS-PAGE (115),4and two color immunoblots were
performed with rabbit anti-phospho-STAT3 (Tyr705ndamouse anti-STAT3 124H6
antibodies (Cell Signaling), respectively, bothutkd 1:1000. Detection was simultaneously
carried out with Alexa Flud680 goat anti-rabbit (1:5000, Invitrogen) and IRDy&0O-
conjugated goat anti-mouse (1:2500, Rockland) stergrantibodies. Blotted proteins were
detected and quantified using the Odyssey infrarejing system (LI-COR Biosciences)

and software provided by the manufacturer.

[1.2.6.3 LPS-induced TNFu inhibition assay

J774 cells were seeded at a density of ~ 4°xc&0s/well in a 48-well tissue culture plate
and stimulated with 100 ng/ml ultrapugecoli LPS (0111:B4 strain, InvivoGen) for 18 h in
presence or absence of either commercial or pleoduced murine or viral IL-10. Cells
were then spun down by centrifugation, and detemtiton of TNFe levels in cell-free
supernatants was performed using a commercial ELKBADY410; R&D Systems),

according to the manufacturer’s instructions.

[1.2.6.4 Analysis of SOCS3 expression

J774 cells were seeded at a density of ~ 4°xc&0s/well in a 48-well tissue culture plate

and stimulated with 100 ng/ml LPS for 18 h in preseor absence of either commercial or
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plant produced murine or viral IL-10. FBOCS3 gene expression analysis, total RNA was
extracted (I1.2.1.15), reverse transcription wasried out and real time RT-PCR was
performed in triplicate from 10 ng cDNA for eachhgae (11.2.1.16). For determination of
SOCS3 protein amounts, proteins were extracted fitmancells (11.2.4.3) and quantified
(11.2.4.4), and 50ug of total protein extracts were separated on a%.%w/v) gel by
SDS-PAGE (11.2.4.5). Two color immunoblots were fpemed with rabbit anti-Nk
terminus SOCS3 (1:150, IBL) and mouse anti-GAPDHibadies (1:4000, Ambion).
Detection was simultaneously carried out with AléXaor’680 goat anti-rabbit (1:5000,
Invitrogen) and IRDyE 800-conjugated goat anti-mouse (1:2500, Rocklamdprsdary
antibodies. Blotted proteins were detected and tifiexh using the Odyssey infrared

imaging system (LI-COR Biosciences) and softwamyjoled by the manufacturer.

[1.2.7  Simulated gastrointestinal digestion

The stability of plant-produced murine and virat10, either embedded in the lyophilized
tobacco tissue or purified from tobacco leave@l13), was compared, along with the
commercial counterparts, in vitro gastrointestinal simulation conditions. The expents
were conducted over a range of time points (0 5,13 s, 1 min, 5 min, 15 min, 30 min,
1 h) at 37°C. Purified IL-10 was digested in eitr@mulated gastric fluid (SGF) or
simulated intestinal fluid (SIF) at a concentratioinl ng/ml. At each time point, 10-ng
aliquots were taken and the digestion reaction stagped by either adding p&EO; to a
final concentration of 45 mM, for the SGF, or ED1®\a final concentration of 10 mM, for
the SIF. Samples were then analyzed by ELISA 4112) for IL-10 quantification.

For the analysis of the protective effect of leéabie on murine and viral IL-10, stable
transgenic leaves expressing the recombinant prdteR.3.1) were snap-frozen in liquid
nitrogen, ground with mortar and pestle and fredized as 0.1 g aliquots in 1.5 ml tubes.
For each time point, a single aliquot of leaf tessuas incubated with 7Q@ of either SGF
or SIF, and the reaction quenched at the appreptiiae, as described. After digestion, the
leaf powder was extracted with 2 volumes of bu{feR.4.1) and the IL-10 content in the
extract was determined by ELISA (11.2.4.12).
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Simulated gastric fluid (SGF) 3.2 g/l Pepsin
2 g/l NaCl
pH 1.2

Simulated intestinal fluid (SIF) 10 g/l Pancreatin
7.8 g/l NaHPO, x H,0O
pH 6.8

[1.2.8  Statistical analysis

Statistical changes in TNF production andSOCS3 mRNA expression levels were
determined using the one-way ANOVA withset to 0.05, according to the Newman-Keuls

test.
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I RESULTS

1.1 Expression of IL-10 in tobacco chloroplasts

[11.1.1 Generation of transplastomic plants

The constructs for chloroplast transformation wgenerated amplifying the m/vIL-10
mature sequences by PCR (11.2.1.1) using primesigded to introduce a Higag at the
C-terminus, and to creabddel andXbal recognition sites at the 5’ and 3’ ends, respetyi
(1.11.2.2, Ch_m_f and Ch_m_His_r for the murine, and Ch_v_d &h_v_His_r for the
viral 1L-10). The resulting amplification productsere digested with the appropriate
restriction enzymes and inserted into the chloipkxpression cassette of the pHK20
plasmid (I11.1.2.1), replacing thaeptll coding region. The correctness of the inserted
fragments was confirmed by sequencing, and theesgpn cassettes containing the m/vIL-
10 cDNA were excised digesting the pHK20/IL-10 westwith Sacl andHindlll.
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Figure 4: Map of the chloroplast transformation vecbr and its integration site in the tobacco plastome

(A) Physical map of the chloroplast genome regioo iwhich the pRB95 vector (11.1.2.1) integrates by
homologous recombination. The transgenes are targetthe intergenic region between thefM andtrnG
genes (Ruf et al.,, 2001). Selected relevant réistnicsites are marked. THgglll restriction sites and the
hybridization position of the probe used for RFLRalgges (11.2.1.11) are indicatedB)( Structure of the
plastid transformation vector pRB95 IL-10. The tigarse expression cassette consists of the riboseMal
operon promoter fused to the 5’ untranslated reddTR) from gene 10 of phage 7r{R-T7g10) and the
3'UTR of the plastidbcL gene (Tbcl). The selectable marker gene aadA is driven blyimeric ribosomal
RNA operon promoter (Pn) and fused to the 3'UTR from the plastid psbA gérasbA).
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Finally, the inserts were cloned into the similagigested chloroplast transformation vector
pRB95 (I1.1.2.1), which allows single copy insertiof the transgene in a defined DNA
sequence of the tobacco plastome by homologousntapation (Figure 4), and contains
the aadA gene as selectable marker, conferring resistaacthd aminoglycoside-type

antibiotics spectinomycin and streptomycin.

Chloroplast transformation oN. tabacum cv. Petit Havana was achieved by biolistic
bombardment of young sterile tobacco leaves witisipid DNA-coated gold particles
(11.2.3.2).

[11.1.2 Selection of homoplasmic lines

Primary Spec-resistant lines were identified agigrealli or regenerating shoots on medium
containing the antibiotic. During selection of thiant tissue on spectinomycin-containing
medium, however, spontaneous resistance to thdiatiti can arise by specific point
mutations in the chloroplast 16S rRNA gene (Svab Blaliga, 1991). To eliminate the
spontaneous mutants, the leaf pieces were expasedouble selection on medium
containing both spectinomycin and streptomycin2(8.2). TheaadA gene, if inserted,
confers resistance to both aminoglycoside-typebaniits, while the spontaneous point

mutations confer only resistance to spectinomyg€igure 5A).

For the murine construct, 5 spectinomycin-resislaies were obtained, only one of which
(line #4) survived the double selection test. L#dewas confirmed to be a true transformant
containing theaadA and themlL-10 genes by PCR analysis (11.2.1.1, PaadA136 andtnm-in
primers, not shown). Homoplasmy of this line waseased by restriction fragment length
polymorphism (RFLP) analysis (11.2.1.11) on a fevanis derived from the first
regeneration round, which gave the expected hyaiidin pattern and demonstrated that
the line was already in homoplasmic state (not sho®eeds from two of these plants (C
and D) were tested by germination on spectinomgomaining medium (Figure 5B) and
the T; plantlets were also analyzed by RFLP analysisuieigA), both assays confirming

again the homoplasmic state of this transplastdimgc
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Tp on Spec V | Tp on Spec-+ Strep

Figure 5: Selection of true transplastomic lines oantibiotic-containing medium.

(A): During the regeneration of chloroplast transfants on spectinomycin-containing medium, spontasieou
resistance to the antibiotic can occur through sitipn of specific point mutations in the chlorapt 16S
rRNA gene. Spontaneous spectinomycin-resistant mhuitaes were effectively eliminated by selection o
synthetic medium containing both spectinomycin (@ad streptomycin (Strep), because the point tioata
does not confer resistance to both antibiotics. Méygosed to the double-selective medium, leafegidom
spontaneous Spec-resistant lines bleached out ribvaké of the plates), whereas leaf pieces frone tru
chloroplast transformants remained green (uppémofigthe plates).B): Seeds from transplastomic (Tp) plants
were tested for germination on spectinomycin-con@ medium to confirm the homoplasmic state.
Homoplasmic lines give rise to 100% spectinomyesistant progeny (left), while seedlings free of th
chloroplast transgene would bleach out like the(middle). To ultimately exclude spectinomycin-résig
mutants, some seeds from the same transplastonaic Ware also tested by germination on double-getec
medium containing spectinomycin and streptomycdghf). The germinated seedlings, although resistmt,
not grow nicely due to the high total antibiotimxcentration, and are usually discarded afterwards.

For the viral construct, only three spectinomyasistant lines could be regenerated after
bombardment, and of these, only one (line #2) mhtise double selection test and turned
out positive for transgene insertion in PCR analy$i.1.2.2, paadA136 and v-int_r, not
shown). Obtainment of vIL-10 homoplasmic transgast plants from this line was finally
confirmed by RFLP analysis on leaf tissue from tdanf both the first and second
regeneration rounds (Figure 6B). As often happehemaplants are kept long in tissue
culture, the transplastomic plants transformed whih vIL-10 construct were male sterile,
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and they had to be cross fertilized with wt pollElowever, this is not a problem in the case
of transplastomic plants, due to uniparentally mrete plastid inheritance, which should
ensure transmission of the transgene to the wholgepy. In fact, as expected, all the seeds
germinated on spectinomycin-containing medium wesastant to the antibiotics (Figure
5), confirming both homoplasmy of the parental laved lack of pollen transmission of
chloroplast transgenes. Molecular analysis of the géneration plantlets ultimately
confirmed that they were homoplasmic, as no hybaiiibn signal with the wt plastome was

detected for all the transplastomic plants analyEeglre 6B).
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Figure 6: RFLP analysis assessing homoplasmy of trgplgastomic plants.

DNAs were digested witBglll and probed with a radiolabelgdaB fragment (11.2.1.11). Digestion witRglll
produces fragments of approximately 3.5 kb in tlild type and approximately 6 kb in both murine asial
IL-10 transplastomic lines (see Figure 4). In alinples, the probe detects also a faint band abzaippately

2 kb which comes from promiscuous DNA in the nusl¢Ruf et al.,, 2000; Wurbs et al., 2007). In all
transplastomic lines, but not in the wild type, irebe detects a more or less intense band at>dpyaiely

3 kb, which most likely reflects recombination etgerinvolving the terminator region of the transgene
(111.2.4.3). A): Plants transformed with the murine IL-10 constrdhe T, generation of two plants (C and
D), which are derived form the same primary tramsfint (line #4), was analyzed individually and psobl
(B): plants transformed with the viral IL-10 construéll plants derive from the same and only primary
transformant obtained after particle bombardmene #2). Representative plants from the(lanes 2 and 3)
and T generation (the rest), from the first (lanes 47band the second regeneration round (lanes 8), 8,
from the soil (lanes 3-8) and thie vitro culture (lane 9) were analyzed. 'y’ indicates #oye plant, ‘y/V’
indicates a yellow sector from a variegated plaut ‘g/v’ a green sector from a variegated plant.
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[11.1.3 Phenotype of transplastomic lines

Regeneration of transplastomic plants after chlasiptransformation with the vector
encoding the viral IL-10 was extremely difficult cartime consuming, as the calli kept
growing on the selective plates without generatamgots for months. Eventually, one
slowly-growing pale-green transplastomic plant vedgained (Figure 7A) and was then
subjected to an additional round of selection agkneration giving rise to several clones.
These plantlets also showed variable phenotypesaasidw growth rate, both in tissue
culture and in soil. Most of the plantlets regetedtawere yellow in the beginning, and
developed later on green sectors that conferreatiagated phenotype to the leaves (Figure
7B). Some completely green plants were also obdaireem the second regeneration round

(Figure 7C), and had a normal development.

vIL-10

miL-10 |

15t regeneration 1st regeneration 2nd regeneration
round round - in soil round

Figure 7: Phenotype of transplastomic plants.

PanelsA, B and C show plants transformed with the construct foaliL-10, while paneld, E andF
represent transplastomic plants for the murineOL-1

In transformants obtained with the construct enogdihe murine IL-10, no obvious

phenotype was observed in plants from the firsemegation round, neither in sterile culture
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nor in soil (Figure 7D and E). However, from the@ad regeneration round, some plantlets

showed slightly deformed and curled leaves (Figiiteindicated by the arrow).

For both constructs, all plants grown in the gresrsie flowered and, although most of them
were male sterile and had to be hand-pollinatedh witid-type pollen, produced viable

seeds.

[1.L1.4 Characterization of homoplasmic plants

[11.1.4.1 Immunoblot analysis

As the aim of this study was to obtain high accwanhah levels of the recombinant
cytokines in tobacco leaves, gene expression intridwesplastomic plants was directly
investigated at the protein level. It has alreaégrbreported that transplastomic plants
accumulating extremely high amounts of recombingndteins can have a mutant
phenotype, as the result of the exhaustion of &re gxpression capacity of the chloroplast
by overuse of its ribosomes for the productionhef tecombinant protein (Oey et al., 2008).
Considering this, the impaired growth and yellovepbtype of the vIL-10 transplastomic
plants could foreshadow extremely high accumuladibtine recombinant protein, at least of
the viral version of the interleukin. Immunoblotadysis was performed on leaf extracts
from (i) different transplastomic plants of botletf, and T, generations, (ii) tissue culture
and greenhouse-grown plants and (iii) young ancroldaves, to assess dependency of
protein accumulation on leaf age (Birch-Machin ket 2004; Zhou et al., 2008) (11.2.4.1,
11.2.4.10).

Quite disappointingly, only a very faint band cepending to the viral IL-10 was
detectable only in the soluble extracts from plaotsparts of leaves with a yellow
phenotype (Figure 8). Even more surprisingly, ntecon of a band corresponding to
murine IL-10 was possible in any of the plant estsaanalyzed (data not shown). IL-10
accumulation levels in the raw plant extract wéentassessed by ELISA, and amounts up
to 0.02ug/ g FLW for the murine and 0.44g /g FLW for the viral IL-10, respectively,

were determined.
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Figure 8: Immunodetection of viral IL-10 in leaf extracts of transplastomic plants.

40 pg of extracted total soluble proteins (I1.2.4.1)tloe equivalent amount of insoluble protein fractiavere
separated on a 15% (w/v) gel by SDS-PAGE (lI.2,40k)tted to a PVDF membrane, and incubated with a
monoclonal vIL-10-specific antibody (11.1.3). Asrool, a wild-type sample was included and as siethd
(STD), commercial recombinant vIL-10 was used. itfaignal was detectable in the soluble fractibordy

a few samples (highlighted by the red box), whistr@spond to plants or part of leaves with a seblrached
phenotype. Note that the slightly higher molecwaight (approximately 18 kDa) of the plant-produtied 0
compared to the standard is probably due to theepe of the 6xHis tag, and that a double bandbas
previously observed for both the commercial andpaet-produced IL-10 in immunoblots (111.4.1).

[11.1.4.2 Northern blot analysis

Since for both viral and murine IL-10 transplastoniines, extremely low to null
recombinant protein levels could be detected by umoblot (111.1.4.1), examination of
transgene expression at the transcript level becsoessary to unravel the causes of this
unexpected result. Total RNA was extracted (I122) from a few representative plants for
each construct, and Northern blot analysis waopaed (11.2.1.14) with transgene-specific
probes in order to determine the presence of thmal \nd murine IL-10 transcript,
respectively. For both transgenes, the presence of the transoripe transplastomic lines
was confirmed. Viral IL-10 mRNA accumulation wasvian green sectors of somatically
segregating plants (Figure 9A, sample ‘H green’)d amndetectable in the green
transplastomic plant analyzed (Figure 9A, ‘plan), Blthough a very faint band could be
detected upon overexposure of the blot (not shoimtgrestingly, the tissues accumulating
the highest levels of vIL-10 transcript coincidedthathose, in which at least a little bit of
recombinant protein could be detected by immunobfBigure 8, sample ‘2H).
Nevertheless, the Northern blot analysis reveated gresence of stable mRNA of both

transgenes and therefore does not explain the lblaaria of accumulation of IL-10 protein.
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Figure 9: Northern blot analysis of transplastomic fants.

Tenpg of total RNA extracted from leaves (11.2.1.12)revdoaded for each sample, and a radiolabeled PCR
product specific for either the viral or the murihel0 transgene was used as probe (11.2.1.140) Oetection

of the viral IL-10 transcript. Capital letters deéadalifferent plants. The phenotype of the analyzetenal is
also indicated. Note that the band at approximaieykb corresponds to the vIL-10 transcript, wiiile band

at around 1 kb most likely represents a transomgti read-through product (Zhou et al., 200B). Detection

of the murine IL-10 transcript in two;Tgeneration plants. The band at approximately 0.6ddbesponds to
the mIL-10 mRNA. To confirm RNA integrity and equaading, the ethidium bromide-stained agarosegel i
also shown below each panel.

[11.1.4.3 Investigation of recombination events in the transgne expression cassettes

The almost complete absence of recombinant prétem the transplastomic plants despite
insertion of the transgene (111.1.2) and accumatatof the transcript (111.1.4.2), together
with the fact that the pale phenotype observedtter transplastomic plants transformed
with the viral IL-10 sequence showed somatic segjteqg (i.e. sectorial variegation, Figure
7B), prompted us to investigate in more detail tbgion of transgene integration in the

chloroplast genome of these plants.
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Somatic segregation is one of the hallmarks ofgmic inheritance and usually indicates
heteroplasmy of the plastid genome. Interestinglgen sectors and yellow sectors showed
no presence of the wild type genome in RFLP analyseure 6B), indicating that both
green and yellow tissues were homoplasmic for thesgenes. However, the presence in
the RFLP pattern of an unexpected band of moleaita smaller than the wt, suggested
that some rearrangements had taken place withinpkagtid genome. Intriguingly, the
intensity of this additional band was found to baci higher in the green sectors compared
to the yellow ones in the plants transformed with Yiral construct (Figure 6B, plant ‘2H’),
but was uniformly much weaker across the greendwplplants transplastomic for the
murine IL-10 sequence (Figure 6A). Molecular analysf the plants transformed with
either the viral or the murine IL-10 performed bR (not shown), indicated that for both
lines homologous recombination between the Ruldmsge subunit gene terminator region
(TrbcL) used as 3'UTR of the transgene in the esgioy cassette and the endogenous copy
of the terminator region present on the plastidoges had taken place. This recombination
event had already been observed in transplastolantsptransformed with the same vector
backbone (F. Zhou, Max Planck Institute, Golm, Gamg personal communication) and
results in the excision of a circular DNA fragmevttich can be detected by amplification
with outwardly oriented primers (Figure 10). Thiagiome rearrangement accounts for the
unexpected band observed in the RFLP pattern dfaikplastomic plants. Nevertheless,
this recombination event should not affect tramdiorn or translation of the transgene, and
therefore does not explain the almost complete redfes®f recombinant IL-10 from the

transplastomic plants.
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: Detection of homologous recombination emés between the TrbcL terminator regions of the

transgene and the endogenous rbcL gene on the plaste.

A schematic representation of the transformatioctareregion that integrates into the tobacco plastas
shown, together with the position of insertion itib@ chloroplast genome (orange arrow). The tertoinaf
the Rubisco large subunit gene (Trbcl) that undesdnmenologous recombination is indicated by a reddyo
both the vector and the plastome, and the positiche endogenous copy present on the chloropksbrge
is indicated by a green arrow. The annealing pasitfcthe primers oriented in opposite directiond aged to
detect the circular DNA molecule that is excisedrupecombination of the TrbcL copies is indicatedréxy

arrows. A

schematic representation of the resuBi@R product is also given (courtesy of F. Zhou).

Therefore, the promoter and 5’'UTR regions of thel@_transgenes in the transplastomic
plants were examined. In the pRB95 chloroplastsfiamation vector, th@adA and the
transgene are transcribed from divergent rRNA apelerived promoters. The promoter

driving theaadA had suffered a deletion of its 5’ portion alrean\E. coli, presumably by

microhomology-mediated illegitimate recombinatidnaadirectly repeated pentanucleotide

sequence (CGAGC), resulting in a weaker 46-nuadeashorter promoter version (Zhou et

al., 2008). After introduction into the plastid game, homologous recombination between

the full-lengthPrrn promoter upstream of IL-1@(rn-long in Figure 11) and the shortened

version Prrn-short in Figure 11) can result in reciprocal exchangehaf two promoter
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versions by ‘flip-flop recombination’ (Rogalski at., 2006) producing two isoforms of the
plastid genome: one with the shorteriPversion placed in front aiadA and the full-length
version in front of the transgene, and the othéh wie shorter Pn version in front of the
transgene and the full-length version in fronaadlA (Figure 11). This recombination event
has already been described for expression of tlenreinant protein Nef, whose
accumulation to high levels in tobacco chloroplaatised a mutant phenotype almost
identical to the variegated one observed for tihal ViL-10 (Zhou et al., 2008). Surprisingly,
sequencing of the promoter regionsaaftlA and the IL-10 transgene (amplified by PCR
from total DNA isolated from one representativensiglastomic plant each), revealed that
rearrangements other than those already descrilpeébenef transgene had occurred. In the
case of the plant expressing the murine IL-10,athginal sequence of the vector used for
transformation could not be detected, and two wffe rearrangements had occurred
(Figure 11). In one of these rearrangements, ipeflip recombination had involved the
two Prrn versions and the region in between, which wasrtedecompared to the original
vector. In the other one, inversion of the inteigegequence had also occurred along with
exchange of the promoters, but additionally a parof the 5’ sequence of tlaadA gene
had been duplicated and now replaced the T7 phage §0 translation control region (G10
in Figure 11) and part of the IL-10 sequence. Tlamtptransformed with the construct for
viral IL-10 expression, instead, harbored the @hitionformation Prrn-long driving IL-10,
Prrn-short driving aadA) and a second conformation, in which the G10 secgi@nd the
first 53 nucleotides of the murine IL-10 ORF hactheeplaced by part of tHerrn-short

promoter and theadA coding sequence.

These results indicate that, for both transgeresymbination products that condition low
IL-10 accumulation seem to be favoured over thegimal configuration, and that
transcription of the viral IL-10 transgene from teeongerPrrn-long promoter probably
accounts for detectability of viral IL-10 proteimatt, even though accumulating at extremely

low levels, causes a severe pigment-deficient piyeero
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Figure 11: Recombination events in the promoter regins of the two transgene cassettes.

For both transgenes, the promoter region was aeglily PCR (11.2.1.1) from DNA extracted from one
representative plant each (11.2.1.10), and theltiaguragment was sequenced. In both cases, @apdauble
sequence was obtained, and the two overlappingatige sequences were determined by manually diisgec
the chromatograms. The figure shows a schemativieveof the rearrangements identified. Note thdtere

a duplication of part of theadA gene has occurred in front of the transgenesfite53 and 40 nucleotides
are missing from the murine and viral IL-10 readifiggmes, respectivelyaadA: aminoglycoside
adenylyltransferase gene; Prrn short: short versighe rRNA promoter; Prrn long: long version bétrRNA
promoter; G10: T7 phage gene 10 translation corggibn. Not drawn to scale.

[11.1.4.4 Analysis of the total soluble protein pattern

Analysis of the total soluble proteins extractednirtwo representative transplastomic
plants per construct, assayed by SDS-PAGE (Il.2ah@ Coomassie Brilliant Blue staining
(1.2.4.7), revealed reduced levels of the RuBid@ge subunit in those plants that were
transformed with the construct for the viral IL-Hhd displayed the yellow phenotype
(Figure 12). In contrast, there was no apprecidgifference between the TSP patterns of
wild type plants and plants transformed with theanstouct for murine IL-10 (data not

shown).
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Figure 12: Analysis of the total soluble protein paerns of vIL-10 transplastomic plants.

Total soluble proteins (TSP) were extracted fromegitinansplastomic or wild type leaf material (4.2.).
Samples of 3ug TSP were separated on a 10% (w/v) Tris-Tricine gebbS-PAGE (I1.2.4.6), and the gel
was stained with the Coomassie Brilliant Blue diye@4.7). Lane 1: molecular weight marker; laneadid
type; lanes 3-5: different areas of the same thafphenotype is indicated. Large (LS) and smal) €&Bunits
of RuBisCo are marked at the right. A clear redurcin LS and consequently SS amounts is observétkin
transgenic plants in a manner that correlates thighbleached phenotypg/v’ indicates a yellow sector from
a variegated plant, ‘g/v’ a green sector from aegated plant and ‘g’ a green plant.

1.2 Nuclear expression of IL-10 in tobacco

[11.2.1 Generation of the plant expression constructs forubcellular targeting

Three constructs each were designed for the mllaii@® vIL-10 cDNAs, targeting the
recombinant proteins to three different sub-ceflulacalizations: (i) the endoplasmic
reticulum (ER), achieved by retaining the nativaekminal signal peptide and adding a
C-terminal SEKDEL motif for ER retention (Figure ,1BR-m/vIL-10) (Mitoma and Ito,
1992); (ii) the plasma membrane (IL-10 facing thmo@ast), achieved using the native
signal peptide and adding the C-terminal hingetaaadtsmembrane domain from the human
T-cell receptor (Figure 13, Apo-m/viL-10) (Schillige et al., 2000); and (ii) the ER
membrane (IL-10 facing the cytosol), achieved bletileg the native signal sequence and
adding the C-terminal cytochromie5 (cytb5) membrane anchor domain (Figure 13,
Cyt-m/vIL-10) (Mitoma and Ito, 1992; Schouten et 4B96; Zhao et al., 2003).

69



Results

LB RB

pAnos  Pnos SA B TL pA SAR
" T~ KDa
ER-mNIL-10 sp IL-10 His6 SEKDEL m/v
VL T ) 20.4/18.7
(ER-retained)
sp IL-10 TcR Hisb
Apo-m/viL-10 —
(menfbranef'anchore ] ) 25234
facing the apoplast)
IL-10 His6 cytb5
Cyt-m/vIL-10 I ‘-
dinly NI ) 23.4/21.8

(membrane-anchored
facing the cytosol)

Figure 13: T-DNA region of the pTRAKkt plant expresson vector and gene cassettes targeting murine
and viral IL-10 to different subcellular locations.

LB and RB, left and right border of the T-DNA; Pnasd pAnos, promoter and terminator of the nopaline
synthase gene; nptll, coding sequence of the neonpjmsphotransferase gene; SAR, scaffold attachmen
region; P and pA, 35S promoter with duplicated ecka and terminator of the cauliflower mosaic virus
(CaMV) 35S gene; TL, 5' UTR of the tobacco etch viflIEV); sp, native N-terminal signal peptide; IL-10,
mature IL-10 sequence; Hishistidine tag; SEKDEL, ER retention signal; TcR, @wimal hinge and
transmembrane domain of the human T-cell recepydbs, transmembrane domain of the rat cytochrofe-b
On the right of each construct, the predicted md&cweight for the corresponding mature polypeptisi
given. Not drawn to scale.

These constructs, all bearing a ¢tisg at the C-terminus to facilitate protein pwatfiion,
were generated by subsequent PCR reactions (l)21%ing up to three overlapping primer
pairs (Table 2), designed to fuse the differentali@ation sequences at the 5 of the
transgene and to introduce the sequences for th@@ate restriction enzymes at the 3’
and 5’ ends (in case of the Cyt-vIL-10 construav@s necessary to fuse the TEV 5 UTR
region (1.1.2.1) up to th&mnl site directly to the IL-10 mature sequence, toidwnsertion

of an additional amino acid at the 5" end). Eachhaf final fragments generated by PCR
was gel purified (11.2.1.4), cloned into a pTOPCctee (11.1.2.1), transferred int&. coli
DH5a competent cells (11.2.2.2) by heat shock (lI.2)2&hd its correctness was confirmed
by sequencing. The inserts were then cut out opT@PO vector by restriction digest with
the appropriate enzymes (11.2.1.5), ligated (I1l.2)into the digested and dephosphorylated
(11.2.1.6) pTRAkt-gfp plant expression vector (IR11) and transformed int&. coli
(11.2.2.3). For each transformation, a positivenelovas selected upon plasmid restriction

digestion (I.2.1.5), and the correct insertioroitiie vector was confirmed by sequencing
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with primers designed on the vector backbone (pS$553’, 11.1.2.2). All plasmids were
transferred intoA. tumefaciens strain GV3101 by electroporatiafil.2.2.6), and glycerol
stocks of a recombinant clone (11.2.2.7) were pregdll.2.2.4).

Table 2: Primer pairs used to generate the differentargeting constructs.

The m/v-IL-10 sequences were amplified from the eespe plasmid containing the full-length cDNA
(I1.11.2.1) by PCR, performing up to three subsequeactions to generate the final targeting corsdrurhe
overlapping primer pairs used (11.1.2.2), desigtedlirectly fuse the localization and His-6 sequento the
5" end of the IL-10, are listed in the table anfened to each PCR step; the restriction site®dhtced for
cloning the fragments into the pTRAKkt vector (.12 are indicated in the right column.

Construct (m/v) PCR reaction Primer pair Cloning enzymes (5’-3)
ER-IL-10 1/1 m/v-SP_f ; m/v-HisKDEL _r Ncol-Xbal
Apo-IL-10 1/3 m/v-SP_f; m/v-TcR_rl
2/3 m/v-SP_f ; m/v-TcR_r2
3/3 m/v-SP_f ; m/v-TcRHis_r3 Ncol-Xbal
m-cytb5 f; m-Hiscytb5 rl
Cyt-IL-10 1/2
v-cytb5 fl ; v-Hiscytb5 rl
ol m-cytb5_f; m-cytb5 r2 BspHI -Xbal (mlIL-10)

v-cytb5 f2 ; v-cytb5 r2 Xmnl-Xbal (vIL-10)

[11.2.2  Agrobacterium-mediated transient expression

111.2.2.1 Vacuum-infiltration of whole detached leaves

Transient expression iNicotiana tabacum cv. Petit Havana SR1 leaves was carried out at
least three and up to 5 times for each constric2.() by vacuum agroinfiltration of whole
detached leaves (11.2.3.3). After 2-3 days of iraiidn, the infiltrated leaves sometimes
appeared wilted, dried out and/or necrotic (notstjo This phenomenon was observed in
most of the infiltrations performed, but not alwagsd the severity of the phenotype also
varied between the experiments and, to some exXietween the constructs. However, due
to the high variability of the leaf phenotype obset after vacuum agroinfiltration, it was

difficult to attribute a specific phenotype to asfic construct.

Analysis of IL-10 accumulation levels in vacuumilinted leaves was performed using a
sandwich ELISA (11.2.4.12) on the crude leaf extsal.2.4.1). Despite the high variation

in the overall accumulation levels observed betwerperiments, the ratio between the
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amount of IL-10 detected for each construct wasagdmconstant and reproducible within
each experiment, and showed that both mIL-10 ahd10l accumulated to the highest

levels in the ER (up to 10-1&/g fresh leaf weight (FLW), Figure 14).
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Figure 14: Comparison of IL-10 levels in leaves agifiltrated with the different targeting constructs.

N. tabacum cv. Petit Havana SR1 leaves were vacuum-infiltkqte2.3.3) with A. tumefaciens carrying the
different plant expression constructs (111.2.1)r Bach construct, three to four leaves from diffiereild type
plants were infiltrated; they were incubated on Wiléer paper for 3 d, with a 16-h photoperiod &0%C.
Quantification of IL-10 accumulation levels in tleaf extracts was performed by sandwich ELISA #.22).
The left and right bars represent the data for tteé and murine IL-10, respectively; the localizeis reported

on the x-axis refer to the constructs describeBligure 13. The data shown represent the mean +f$iree
independent experiments performed.

Immunoblot analysis of leaf extracts with IL-10-sfiie monoclonal antibodies (11.1.3) was
also performed, to have a preliminary indicationcofrect processing of the recombinant
proteins. The molecular weights of the detectedegimme were consistent with those of the
mature native polypeptides, taking into account derminal Hig and C-terminal
localization tags (Figure 15), suggesting that theyproperly synthesized and processed.
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Figure 15: Immunoblot analysis of IL-10 transientlyexpressed in tobacco leaves by agroinfiltration.

Total soluble proteins were extracted grinding taoaleaf tissue in two volumes extraction buffera4.1),
and separated by 17 % (w/v) SDS-PAGR):(murine IL-10 analysis. 659 TSP were blotted onto a
nitrocellulose membrane and immuno detection wasechout with a monoclonal anti murine IL-10 (1020
followed by 1 h incubation with RA® (1:5000) and NBT/BCIP detection at Rt (I1.2.4.@ommercial
recombinant murine (20 ng, BD Pharmingen) was wsegositive control.R): viral IL-10 analysis. 5Qug
TSP were blotted onto a PVDF membrane, immuno deteuatas carried out with a monoclonal anti virat IL
10 (1:1000) followed by 1 h incubation with RA® (1:5000), and the signal revealed with the ECL Plus
Western Blotting Detection kit (GE Healthcare) (4.2011.2.4.9). Fifty ng of commercial recombinastal
IL-10 (R&D Systems) were used as positive contfil.recombinant IL-10 used as positive control; M:
prestained protein marker; 1: extract from leawndiftriated with the construct for ER-retained IL-10;extract
from leaves infiltrated with the construct for afagtic IL-10; 3: extract from leaves infiltrated thvithe
construct for cytosolic IL-10. Arrows indicate the10 monomer.

[11.2.2.2 Agroinjection in intact plants

To exclude that the variability in phenotype of thecuum agroinfiltrated leaves was
somehow influenced by the growth conditions andustaf the wt plant/leaf used for
infiltration, in planta agroinjection was performed with all the constsuat the same leaf in
parallel. Additionally, the use of intact plantsther than detached leaves for
agroinfiltration, allows to keep the leaf matengider observation for longer times and to
follow more carefully the evolvement of the evehtaecrotic lesions. The experiment was
repeated 4 times on two plants each, trying to miie the position effect as much as
possible within every experiment, injecting all sbmcts in three different leaves of the
same plant, and in different sectors of the leak Phenotype observed after agroinjection
of intact plants was more reproducible than theuuat infiltration: injection with the
constructs encoding the apoplastic versions of bathine and viral IL-10 (Apo-m/v-IL-10)
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always caused necrosis and, in all cases, resultdek fastest and most severe symptoms,

when compared to the other constructs of the sarié hersion (Figure 16A-B).

Figure 16: Symptoms caused byniplanta agroinjection of the different IL-10 targeting constructs.

(A-B) Agrobacteria harbouring the pTRAkt vectors encgdire generated versions of murine and viral IL-10
(11.2.1) or the control vector TRAkc-rTPrfp (1.1 were injected into different sectors of the sdeaf of
intact N. tabacum cv. Petit Havana SR1 plants, and the infiltratednfd were grown at 20-25°C, 16 h
photoperiod (7000 lux), for 3-5 days (11.2.3.4). Tévgeriment was repeated 4 times, trying to randeras
much as possible the injection site for every amest Partial A) or complete B) necrosis of the infiltrated
areas developed 2-5 days after injection, in atecoctsspecific manner, and with the apoplastic ioersof
both murine and viral IL-10 always causing the ieatland most severe symptom€-[§) Injection of
agrobacteria carrying the pTRAkc-rTP-DsRed vectbt.@.1) was performed in parallel as negativetain
(C), and accumulation of DsReB) was visualized with an LCD lamp with glass fib@tio (Leica KL1500),

an additional filter for green excitation (BP545/3Md a color foil (No. 182, light red).
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Agroinjection of the construct for ER localizatiohthe viral, but not the murine, IL-10 also
constantly resulted in partial to complete necros$ithe infiltrated area, while the cytosolic
version of murine IL-10 gave rise to necrotic lesioin two of the four experiments
performed, and only in correspondence of thoseeleahat showed the most severe
symptoms overall (Figure 16B). A culture of agrdieai@ carrying a pTRAkc-rTPrip
plasmid encoding the fluorescent protein DsRed..@l1) was used both as visual positive
control for the agroinfiltration procedure, and m@egative control for the onset of the
necrotic phenotype, as this construct has beemsxtdy used in the laboratory and was
never deleterious to the plants. As expected, ¢aé dectors infiltrated with agrobacteria
carrying the pTRAkc-rTPrfp plasmid showed DsRedifescence and no necrotic lesions
(Figure 16C-D).

[11.2.3 Stable expression in transgenic tobacco plants

Stable nuclear transformation ®. tabacum cv. Petit Havana SR1 was carried out
according to the leaf disc method (11.2.3.2) usitigg most promising ER-m/vIL-10
encoding vectors (pTRAkt_ER-mIL-10 and pTRAkt _ER-M0) that yielded the highest

accumulation levels in the transient expressioregrgents (111.2.2).

[11.2.3.1 Phenotype of stable transgenic plants

In vitro regeneration of plantlets from tobacco transforomatvith the construct encoding
the murine IL-10 was straightforward, and also otmaasferred into soil, plants expressing
mIL-10 did not display any mutant phenotype andwgas the wt (not shown).

Differently, transformation olN. tabacum Petit Havana SR1 with the construct encoding the
ER-retarded version of the viral IL-10 gave risertany normal looking plantlets, but also
to a number of plantlets that appeared very patolar and had a retarded growth (Figure
17A). Also after transfer into soil, these plantewg slowly, appeared lighter green, showed
leaf thickening and more pronounced veining (FidglLir8); in some cases the flowers were
impaired, and the plants had to be hand-pollinaehuse the stamens were shorter than the
pistil (Figure 17C); some other plants never predliseeds because the flowers dried out
and fell off the plant before opening (Figure 17Bnd some very dwarf ones died without
even developing flower buds (not shown).
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Figure 17: Phenotype of transgenic plants expressindL-10.

Transformation oN. tabacum cv. Petit Havana SR1 was performed by the leaf disthod (11.2.3.2) using
agrobacteria carrying the plasmid encoding the E&-ded version of viral 1L-10 (111.2.1). Regeneuati of
transgenic plants on selective medium after transfition gave rise to many pale green — almost white
shoots, which had thicker leaves and grew morelgloampared to the green ones)( Once moved from
the sterile culture into soil, these shoots dewatojmto slow growing, stunted plants that had nelomgated
leaves, thicker than wt plants, with unusually mnamced veining and sometimes a dark-light spotted
appearanceB). Some of these plants developed abnormal floé@ysvhich having the stamens shorter than
the pistil had to be pollinated by hand, but evaliyyroduced viable seeds. Instead, those pldmtwisg the
overall strongest phenotype, did not produce séedsause the floral buds dried out and fell off fient
before developing into mature flowei3)(

Despite the variety and multiplicity of phenotypiits observed within the vIL-10
transgenic population (Figure 17), the degree adrfiem was identified as a good indicator
to summarize the overall severity of the symptomgerestingly, the pale green, stunted
plantlets regenerateith vitro - which were initially regarded as unhealthy anscarded
from the selection of 40 plants to constitute ttagtgg To population - turned out to be the
plants accumulating the highest amounts of viLaiBen later analyzed for recombinant
protein levels by ELISA (11.2.4.12). As a matterfatt, a striking positive correlation was
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always found between the vIL10 accumulation levelsasured in the leaves and the
size/phenotype of the transgenic plants (Figure 18)
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Figure 18: Phenotype of transgenic plants correlatesith viL-10 accumulation levels.

Analysis of vIL-10 accumulation levels in transgertobacco plants (11.2.4.12) revealed a strikingly
correlation between the stunted phenotype andrtteuats of recombinant protein detected in the fisafie.

In this figure, three Tsister plants of the same age and grown underatine sonditions, representative of the
range of phenotypic alterations observed, are shand the corresponding accumulation levels of 1/0L-
measured by ELISA in the leaf extract are reportddvibeach plantA). No differences could be detected
regarding the appearance or the growth rate ofrmesgenic plant accumulating vIL-10 to the lowestel
and the wt (not shown)B] Enlargement of the dwarf plant in (A), which acaudates vIL-10 at the highest
levels and displays the strongest phenotype obdeNete that, besides the stunted appearance,siitter
internodes and smaller leaves, this plant isistill vegetative state, while the normal-lookingesiss already
flowering. (C) Side view of the same transgenic plants show@Jjnunderlining the enormous difference in
growth and development between the three expressors

This same range of phenotypic characteristics, thed same correlation to the vIL-10
accumulation levels displayed by the tissue-cultiggved plants, were also observed for
the T, generation. Therefore, taking into consideratiba high number of regenerated
shoots displaying the phenotype (at least 20)fabts that also iIplants were affected, and
the clear correlation between the severity of th@moms and the vIL-10 accumulation
levels, the abnormalities observed for the transgetould not be adequately explained by
position or tissue-culture effects. Rather, thebseovations strongly suggested that they
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were most likely caused by the expression of thesgene/recombinant protein itself, rather
than being the result of somaclonal variation iretldy thein vitro tissue culture

conditions.

[11.2.3.2 Analysis of IL-10 accumulation levels in subsequergenerations

For each construct, 40 transgenic plants were srgd and the amount of IL-10 in the
leaves of the hemizygous, Plants was estimated by ELISA (11.2.4.12). For rilQ, the
best yield was 21.31g/g FLW, whereas the best yield of vIL-10 was &g FLW,

mirroring the results of the transient expressissegs (111.2.2).

Seeds from self-pollination of the six highest egsing plants for each construct were
tested for germination on kanamycin-containing ggates, and 20 resistant plants per line
were transferred into soil and grown in the greersieo(l1.2.3.1). They were screened for
IL-10 accumulation by immunodotblot (Figure 192I4.9), and the most promising ones
were also analyzed by ELISA. In the §eneration, accumulation levels up to 3jddlg

FLW for mIL-10 and 10.§ig/g FLW for vIL-10 were observed.

estd  wt ° r g
line 32{ line 27{ die it
Ung 39{ line 29{ 4
line 40 { |' 31{
line 42{ s
A B

Figure 19: Dotblot screening of T plants for IL-10 accumulation.

Total soluble proteins were extracted from leaf dasfll.2.4.1) and directly applied onto a nitrdakise
membrane (I1.2.4.11). Protein extract from a wyjlget plant was used as negative control (wt), atheteR0 or
100 ng of commercial murine or viral IL-10 were dses positive controls (STD), respectivel) Screening
of T, plants for murine IL-10 accumulatioBY Screening of Tplants for viL-10 accumulation.

The same screening and analysis procedure wasedpfdi the F generation plants
expressing miL-10, and the highest accumulatioelletasserved was 43g/g FLW, which

Is a further increase compared to theg&neration.

For the plants transformed with the construct foe expression of vIL-10, it was not
possible to obtain seeds from the T1 generatiomt@laas they developed a severe

phenotype (I11.2.3.1) and never produced maturedls (Figure 17F).
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[11.2.4  Immunolocalization of IL-10 in transgenic tobacco ¢aves

In order to confirm that, in the stable nucleansfarmants, the IL-10 bearing the KDEL
signal at the C-terminal was truly localized andtwoulated in the ER, immunogold
labelling and electron microscopy studies wereqgraeréd. For both the murine and the viral
IL-10 expressing plants of the; Beneration, the localization studies confirmed: tthe

recombinant proteins were retained and accumulatdte ER, as expected (Figure 20). No

significant labeling was found in other cell contpaents (data not shown).

chloroplast
®

Figure 20: Immunolocalization of recombinant IL-10 in tobacco leaves.

Small squares dfl. tabacum T, transgenic tobacco leaves expressing vA3ldr murine IL-10 B) were fixed

in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyided.1 M phosphate buffer, pH 7.4 (11.2.5.2). Spen
were infiltrated and polymerized in LR White Resfitra thin sections were obtained and incubatedh wit
either a goat anti-viL-10 or a rabbit anti-mIL-18 arimary antibody, and with a secondary antibody
conjugated to 10-nm gold particles (11.2.5.3). Glaldeling can be seen in the ER as indicated byvaeads.
Note that no labeling can be found in the cell vaalll in the apoplast.

[11.2.4.1 Ultrastructural analysis of transgenic leaves

Given the severe impact on plant development aag#te phenotype caused by expression
of vIL-10, electron microscopy studies were perfedron stable transgenic leaf material
(T1 generation), to investigate whether major alter&ti were also evident at the

ultrastructural level. The differences noticed wezkated to the number of plastoglobules

within the chloroplasts. Plastoglobules are lowsilgnlipoprotein particles attached to the
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thylakoid membranes, and constitute an interior mamment of the chloroplast that
functions for both lipid biosynthesis and storagégure 21 clearly shows that, while
transgenic leaves expressing murine IL-10 had twofour small plastoglobules per
chloroplast, like in wt leaves (not shown), the memof plastoglobules was considerably
increased in chloroplasts from leaves expressiayittal variant of the cytokine, with up to

10-20 plastoglobules per chloroplast.

Figure 21: Ultrastructural details from chloroplasts of transgenic tobacco leaves expressing IL-10.

Small squares dfl. tabacum T; transgenic tobacco leaves expressing mudaB) or viral IL-10 C-D) were
fixed in 2% (w/v) formaldehyde, 2.5% (w/v) glutadehyde in 0.1 M phosphate buffer, pH 7.4 (11.2.5.1)
Specimen were first osmificated, then infiltratead gpolymerized in Spurr resin. Ultra thin sectiomere
obtained and analyzed with a transmission eleatmmnoscope. Some plastoglobules are indicated tmnat
apo, apoplast, cw, cell wall; v, vacuole.
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1.3  Expression of IL-10 in BY-2 suspension cultures

I11.3.1  Constitutive expression of murine and viral IL-10

Given the relatively low accumulation levels ob&dnfor vIL-10, connected to the severe
phenotype, in the stable nuclear transformantsadot BY-2 suspension cells were also
transformed with the construct for ER-retentionvif-10, in the attempt to reach higher
viL-10 accumulation levels without deleterious effe in this expression system.
Transformation of BY-2 cells with the murine constrwas also performed to have a mean
of comparison with transgenic plants on the expoestevels. From BY-2 transformation
(11.2.3.7) with the pTRAkt_ER-vIL-10 and pTRAkt_ERIL-10 vectors (111.2.1), 25 calli
per construct were analyzed. They were screenedefmombinant protein production by
immunodotblot analysis (11.2.4.9) of the proteirtrexts (11.2.4.2) and, for each construct,
the seven most promising lines were tested in ELI&AIL-10 quantification (11.2.4.12).
For the murine construct, the highest expressival lebserved was 18{g/g FW, while
for the viral one expression levels were up to [dgdg FW. For each construct, liquid
suspension cultures of BY-2 cells from the highespressing callus were established
(11.2.3.6). IL-10 accumulation levels in the cedljet were determined by ELISA at 3, 5 and
7 days after inoculation of the culture in fresh dimen (dpi). These time-course
measurements were repeated in three independentrimemts, and the highest
accumulation levels, observed for both lines ap6were 9.3 + 1.41g/g FW for the murine
and 1.4 + 0.4ug/g FW for the viral IL-10 (Figure 22). Secretioh l&-10 in the culture
medium was found to be less than 0.2% for bothemset (not shown). No obvious
difference in the growth of the suspension cultuvas observed, and the average weight of
the cell pellet at 7 dpi was not substantially eli#nt for the two lines (Figure 22, upper
right panel).

81



Results

M murine pellet weight (7 dpi)
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Figure 22: Accumulation of murine and viral IL-10 in BY2 suspension cultures.

Time course analysis of IL-10 accumulation levelshia cell pellet of BY-2 suspension cultures ab &nd 7
days post inoculation (dpi) in fresh medium (11.B)3 assayed by ELISA, and expressedug4 fresh cell
weight (FW); in the upper right panel, the averfigsh pellet weight of the suspension cultures dpi7is
shown. Values are means + SD of data from threepaddent time-course experiments with the highest
producing line.

[1.3.2 Inducible expression of vIL-10

A possible explanation for such low accumulatiorele of the viral IL-10 compared to the
murine IL-10 also in BY-2 cells, despite no obvialiferences in the culture growth, was
that if the viral IL-10 was indeed harmful to th&am cell in a concentration-dependant
manner, we were actually selecting against highresging lines. It was therefore decided
to use an inducible promoter, to assess whetherctiwh of IL-10 expression at a defined
time point of the cell culture growth could lead iegher accumulation levels of the
recombinant protein. The tetracycline(Tet)-specifesrepressible expression system (Gatz
and Quail, 1988) was chosen, which has already lseenessfully used in BY-2 cells
(David and Perrot-Rechenmann, 2001). Initially, ¢bestruct for ER localization of vIL-10
was cloned as &pnl-Xbal fragment into the pBinHygTx vector (11.1.2.1), which the
transgene is under the transcriptional control ofaalified 35S promoter (‘Triple Op’), that
contains three Tet-Repressor binding sites surriognthe TATA box (Figure 23). The
plasmid was transferred infa tumefaciens strain GV226y electroporatiorfll.2.2.6) and

this was used to over-transform a BY-2 line stabiynsformed with the pBinTetR vector
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(Gatz et al., 1992), which constitutively synthesizhe bacterial repressor protein TetR

(kindly provided by Dr A. Schiermeyer, FraunhofstH, Aachen, Germany).

Tet-Operator 1 Tet-Operator 2 Tet-Operator 3

CACAATCCCACTAGPCTCTATCAGTGATAGAGTIGTATATAA(%ACTCTATCAGTGATAGAGTIGA+ACTCTATCAGTGATAGAG AACGGTACC....
paal piatialin T
Kpnl

Hpal
+1

Figure 23: Tetracycline inducible ‘Triple Op’ promoter.

Sequence of the tetracycline inducible promoteforegncluding one Tet-Operator (the 19 bp palindmomi
binding site for the Tet-Repressor) 1bp upstreath®fTATA-box, a second operator 1bp downstream of the
TATA-box and a third operator 23 bp downstream ef TATA-box of the normally constitutive CaMV 35S
promoter. The CAAT-box and TATA-box are underlined.

However, the use of the pBinHygTX vector for teyreme-specific de-repressible
expression of vIL-10 in BY2 cells turned out to tmre complicated than expected. In
particular, setting up the induction conditions faansgene expression in the transformed

calli to identify the transgenic clones was noaigfintforward.

Therefore, a vector containing an expression cssgth the Tet-inducible vIL-10 gene in
tandem with the DsRed screenable marker gene dinel@ontrol of a constitutive promoter
was preferred. It was also decided to switch onégogTRA vector backbone, which allows

easier manipulation compared to the low-copy pBinwkd plasmids.

pAnos Pnos TL pA TL pA

Figure 24: Schematic overview of the T-DNA region othe pTRA plant expression vector used for the
tetracycline de-repressible expression of viral IL10 in BY2 cells.

LB and RB, left and right border of the T-DNA; Pnasd pAnos, promoter and terminator of the nopaline
synthase gene; hyg, coding sequence of the hygionosphotransferase gene; SAR, scaffold attachmen
region; P35SSTX, 35S promoter of the cauliflower awwwirus (CaMV) 35S gene with three Tet-Repressor
binding sites surrounding the TATA box and duplicatéathancer; pA, terminator of CaMV 35S gene; TL, 5’
UTR of the tobacco etch virus (TEV); SP, native viLgignal peptide; viral IL-10, mature vIL-10 seqoen
His6, histidine tag; SEKDEL, ER retention signal; P35@®moter of the 35S gene of CaMV with duplicated
enhancer; TP, transit peptide of the barley grahalsd starch synthase gene; DsRed, red fluorepoetatin
from Discosoma sp.. Not drawn to scale.
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The TetR synthesizing BY2 transgenic line was dvansformed with this new
pTRAhDsRed-eTXvIL-10 vecto(Figure 24 (from Dr. T. Rademacher, RWTH Aachen

University, Germany).

As DsRed accumulation is usually a good indicatotransgene expression levels when
transformed in tandem with the target gene, onlfli cdisplaying the highest
macroscopically visible DsRed fluorescence werecddet, transferred to liquid culture and

used for further analysigigure 295.

A B

Figure 25: Selection of BY2 transgenic clones based DsRed fluorescence.

Monitoring of Discosoma red fluorescent protein (DsRed) in transgenic B¥els calli and suspension
cultures transformed with the pTRAheTXvIL-10 vect®rsRed fluorescence was visualized with an LCD
lamp with glass fiber optic (Leica KL1500), and ditehal filter for green excitation (BP545/30) aadtolored
foil (#182, light red). A) Four transgenic BY-2 calli representing independelones that show
macroscopically different fluorescence intensiB) Liquid suspension cultures of BY-2 cells; wt cails the
left and transgenic on the right.
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A preliminary evaluation of four clones showing thegghest DsRed fluorescence was
performed, inducing the BY-2 suspension cultureth wetracycline and monitoring vIL-10
accumulation in the cell pellets after 24, 48 a@d. A clear correlation between the amount
of recombinant protein and the macroscopic DsRedrélscence intensity was observed.
The conditions for induction -in terms of tetraggel concentration and time of induction-
were optimized (1uM Tet, directly after subculturing), and the highpsoducing clone
was evaluated for vIL-10 accumulation by ELISA ihrde independent time-course
experiments (Figure 26, striped bars). The reslitained were highly reproducible, and
accumulation levels of vIL-10 up to 5.8)/g FW were reached. These levels are 3.5 times
higher than those previously obtained in BY-2 saspmn cultures which constitutively
express the same transgene {igkg FW) (Figure 26, solid bars). Negligible basHl-%0
amounts were measured for the un-induced negatinteads (< 0.055 pg/g FW), indicating
a tight repression of transcription in the Tet-Rr@ssing clone used for over-transformation

(not shown).

7-

Tet
H constitutive

e wn
1 1

ug viL-10 7 g Fi
M LY+

—
L

\\\\\}m
\\\\\g

3dpi Adpi 5dpi Bdpi 7dpi

Figure 26: Improvement of viral IL-10 accumulation levels in BY2 suspension cultures upon expression
of the transgene from a tetracycline inducible prorter.

Tet-R BY2 suspension cultures, over-transformed wlith pTRAhDsRed-eTXvIL-10 vector carrying the
vIL-10 gene under the control of the tetracyclindticible promoter, were induced with 1M tetracycline
when a saturated culture was transferred into 50fresh medium at 2%(v/v) density (striped bars).
Suspension cells were grown at 26°C, 180 rpm sigakind 2ml aliquots were withdrawn daily from 37%o
days post induction (dpi) for analysis. Viral IL-A@cumulation was determined by ELISA on the celepe
extracts. For comparison, the results obtainedipusly (111.3.1) with the constitutive expressioivdL-10 in
BY2 cells at 3, 5 and 7 dpi are also shown (soditsp The data reported are the means + SD ofdtseftbm
three independent experiments.
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.4  Characterization of plant-derived IL-10

[11.4.1 Investigation of IL-10 dimeric state

The biological activity of IL-10 depends strictly @ts dimeric state (Zdanov et al., 1995). In
order to determine whether or not mIL-10 and viLvi€re properly assembled into dimers,
the Hig-tagged proteins were purified from stable ffansgenic tobacco leaves via
immobilized-metal affinity chromatography (IMAC) om nickel-nitrilotriacetic acid

(Ni-NTA) column (11.2.4.13), concentrated, and fiaoated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) unei¢her reducing or non-reducing
conditions (11.2.4.5). Immunoblot analysis (I1.2%. confirmed the correct molecular
weights of both proteins (19 and 21 kDa for theland murine IL-10, respectively; Figure
27A and B, right panels). When separated underradoeing conditions, the plant-derived
vIL-10 predominantly formed stable dimers (Figui#A2 left panel), whereas mIL-10 was
partly dimeric and partly monomeric (Figure 27Bft leanel). Since commercial mIL-10
also gives rise to a monomer band under these tamsli this is most likely an artifact of
the SDS-PAGE method. This was confirmed by gefatiibn analysis (11.2.4.14), which

showed that the plant-derived mIL-10 eluted asglsipeak with a profile corresponding to

the size of the dimeric form (Figure 27C).
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Figure 27: Assessment of IL-10 integrity and dimeriation.

Viral (A) and murine B) IL-10, purified from transgenic tobacco leaf exiis by IMAC, were analyzed by
immunoblotting after separation by non-reducingft (lganels) and reducing (right panels) SDS-PAGE.
Commercial recombinant viral IL-10 producedBncoli (rvIL-10) or murine IL-10 produced in insect cells
(rmlIL-10) were used as controls, and different antewf plant-derived IL-10 were loaded, as indidaia top

of each lane.§) Elution profile of plant-derived mIL-10 from a Senglex 200 column showing a single peak
which, compared to the elution volumes of standafdrence molecules on the same columns (not shown)
matches with the expected size of the dimer. Dietecif IL-10 in the elution fractions was carriedtdy

ELISA.
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[11.4.2 Analysis of N-glycans and N-terminus peptides

The mature mIL-10 polypeptide has two potenhadlycosylation acceptor sites, whereas
viL-10 has a single site. To determine the glycampgosition, both plant-derived
recombinant proteins were purified from transgertmbacco leaves by affinity
chromatography using a Ni-NTA column and separdtgdSDS-PAGE; the Coomassie
Brilliant Blue stained bands were excised from ge¢ digested with trypsin and analyzed
by mass spectrometry (MS) (Dr. F. Altmann, J. Stedlin, BoKu Vienna, Austria).

Despite the presence of a glycan acceptor sitesat,Athe plant-derived vIL-10 was not

glycosylated, as expected.

Murine IL-10 was glycosylated, but at only one lo¢ two potential acceptor sites, as is the
case for the native protein (Moore et al., 1990sMann et al., 1990). Unexpectedly for a
protein bearing a SEKDEL tag, oligo-mannose-typ®T® N-glycans accounted for only
46% of the totaN-glycan population, with Manbeing the most abundant glycoform (not
shown). Complex typeN-glycans accounted for 44% of the total, with GnGn&nd
GnGnX being the most prominent. GnMX was presentoager levels, while the other
complex typeN-glycans were found in only trace amounts-glycan abbreviations
according to Proglycan). These results indicalbed murine IL-10 was secreted instead of
being retained in the ER, as most of these compigycans carried terminal
N-acetylglucosamine (Gn) residues, which is a tyfieature of secreted proteins that pass
through thdarans-Golgi network on their way to the apoplast (Fitithest al., 1994; Lerouge
et al., 1998).

LC-MS analysis of plant-derived mIL-10 was perfodran both the upper and lower bands
in which the cytokine separates after SDS-PAGEUiE@7B). No substantial differences in
the MS spectra were found for the two proteinsjcaihg that the lower band does not
represent a degradation product (not shown). Maeowdetailed analysis of the

glycosylated peptide indicated that the protein the two bands has the same
N-glycosylation pattern (Figure 28A and B), suggestihat the difference in migration is

probably the consequence of different conformati@ssumed by IL-10 during the

SDS-PAGE. In support of this hypothesis is the fhat also the commercial mIL-10 —and
even the non-glycosylated commercial vIL-10— shtw same migrating behavior upon
SDS-PAGE separation.
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In contrast, when murine IL-10 purified from traesgc BY-2 cells was subjected to
N-glycan analysis, thi-glycans found on the protein were only of the @ligannose-type,
as expected for a protein retained in the ER (EQ&C).
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Figure 28: Liquid chromatography-mass spectrometry (LC-MS) of the glycosylated peptide
EDNNCTHFPVGQSHMLLELR of murine IL-10.

Murine IL-10 purified by IMAC (11.2.4.13) and seped by SDS-PAGE (I1.2.4.5) was digested with tiyps
and the peptides subjected to LC-MS analysis (13} The spectrum of the glycosylated peptide @wsh
(A) sample corresponding to the upper band of plenivedd mIL-10; B) sample corresponding to the lower
band of plant-derived mIL-10;C) mIL-10 purified from transgenic BY-2 suspensioalls (111.3.1). See
http://www.proglycan.com for an explanationfglycan abbreviations.
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However, it has to be pointed out that the recomnttirprotein had been purified from the
cell pellet of a BY-2 suspension culture, therefihiie result does not rule out the possibility
that murine IL-10 is indeed secreted by the céltsa matter of fact, the observation that the
amount of mIL-10 secreted in the culture supernatas lower than 0.2% (111.3.1) could be
the consequence of a rapid degradation of the reic@mt protein in the culture medium,
rather than reflecting a tight ER retrieval of nilD- Actually, the results of thi-glycan
analysis of the plant-purified mIL-10 combined witlose obtained for the BY-2 derived
cytokine, could be explained assuming that murlndQ is not efficiently retained in the
ER and secreted in both expression systems, boiore rapidly degraded in the BY-2

supernatant than in the leaf apoplast.

Nevertheless, the high amount of complex tyglycans found on the plant-purified
mlIL-10 contradicted the electron microscopy resultat had clearly localized the protein in
the ER (Figure 20). As the only obvious differeritween the leaf samples utilized for
immunolocalization and for protein purification weee age of the plant material, mIL-10
was purified from young or old leaves of young atd plants and subjected Myglycan
analyses, to figure out if there was a correlati@tween the leaf or plant age and the
intercellular fate of recombinant IL-10 in tobacptants (Figure 29). The results of the
N-glycan analysis confirmed that murine IL-10 in ygueaves of young plants (4 weeks)
bears mostly oligo-mannose type glycans (~93%)ctipof a ER-retarded protein. The
small amount of complex type glycans (<7%) is pldpaue to a minimal escape from the
KDEL-mediated ER retrieval mechanism, which has nbedten observed for other
recombinant proteins (Floss et al., 2008; Triguetal., 2005). TheN-glycan profile of
mIL-10 purified from 6 weeks old plants, insteaipwed around 50% of complex-type
glycans on the protein, no matter if purified froypung or old leaves (Figure 29).
Additionally, the type of complex glycans found dhese samples carried terminal
N-acetylglucosamine (Gn) residues suggesting searefithe recombinant protein from the
plant cell (Fig. 4). This suggests that mIL-10 gseg the ER is secreted by the plant cell
and not, for example, redirected to the lysosomahmartment. These results indicate that
the increase in leakage of mIL-10 from the ER englmiorane system is dependent on the

plant age rather than the leaf age.
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Figure 29: N-glycan analysis of plant produced murine IL-10 puified from leaf material of different
age.

Murine IL-10 purified from stable transgenic lea&terial of different age by IMAC (11.2.4.13) wasgdisted
with trypsin and the peptides subjected to liqulttomatography-mass spectrometry (LC-MS) analysis
(11.2.4.15). The ‘4 week / top’ sample correspomaghe material that was analyzed by immunoloctbra
and electron microscopy. The ‘6 weeks / bottom’ dersprresponds to the plant material from which L
was purified for N-glycan analysis the first timeor each sample, the glycosylated peptide contginin
asparagine-30 of mIL-10 (EDNNCTHFPVGQSHMLLELR) was gaatl by mass spectrometry. The MS data
from the tryptic peptides were compared with dagts ggenerated by in silico tryptic digestion of the
recombinant protein sequences using the PeptideMmegram (http://www.expasy.org/tools/peptide-
mass.html). See http://www.proglycan.com for anlaxation ofN-glycan abbreviations.

For both murine and viral IL-10, the identity ofetiN-terminal peptide was established by
tandem MS analysis. The sequence of the maturel@lpelypeptide started with QYSRE

while vIL-10 started with TDQCD (Figure 30), comfimg co-translational ER translocation

and correct cleavage of both signal peptides, a&sligted by the SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP/).
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Figure 30: Liquid chromatography-tandem mass spectrmetry (LC-MS/MS) profile of the viral IL-10
N-terminal tryptic peptide.

The Coomassie-stained band (11.2.4.7) of viral ILfrified from tobacco leaves (11.2.4.13) was digds
with trypsin, extracted from gel pieces, and anadyZ-irst, the sample was analyzed in plain MS madd
then the sequence of the N-terminal peptide waBrowed by tandem MS.

[11.4.3 Detection of the KDEL-tag on mIL-10

A possible reason for the consistent miL-10 esdap@ the ER, could be the loss of the
KDEL tag upon cleavage by cell proteases, whosaviyctvaries with the plant

developmental stages (Stevens et al., 2000). TorereflL-10 purified form bottom leaves
of 6-week-old plants was analyzed for presencenefKDEL-tag by immunoblot, and the

analysis confirmed that the tag was still presenthe protein (Figure 31).

As the recombinant protein still bears the KDEL,tagd the mIL-10 accumulation levels
are not exceptionally high to suggest saturatiothefKDEL retrieval machinery, the most
likely explanation for the presence of complex tyyglycans on miL-10 is that the tag is
partially occluded following assembly of the IL-#iimer, and is not completely accessible
to the KDEL receptor.
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Figure 31: Confirmation of KDEL presence by immunobbt analysis.

To confirm the KDEL presence on the C-term of mIL-tt@& plant purified recombinant protein was anadyze
by immunoblot with antibodies against the KDEL, éHIS tag, and the mIL-10 itselfAj Five micrograms
of mIL-10 purified from bottom leaves of 6 week @lhnts (lane 1) were separated on a 17% SDS mbkhe
same amount of M12 antibody bearing a KDEL tag orh#eevy chain was loaded as positive control (Igne 2
Immunodetection was carried out with a moud€DEL antibody. B) The same amount of mIL-10 as shown
in panel A (lane 1) was analyzed in parallel witrabbit anti 6xHIS antibody. Although the overaltansity

of the signal is slightly lower, the results reflgcecisely what obtained with the anti KDEL antibo@y) As
control, 100 ng of mIL-10 (lanel) were separateBG-PAGE and detected by a rat anti mIL-10 antibody

1.5  Assessment of murine and viral IL-10 biological acvity

l11.5.1 STAT3 Phosphorylation assay

All the anti-inflammatory effects of IL-10 require thetivation of signal transducer and
activator of transcription 3 (STAT3), which actswdwstream of the IL-10 receptor in both
mouse and human cellular modelsloore et al., 2001). Therefore, the ability of
plant-derivedmlIL-10 and vIL-10 to phosphorylate the Tpgresidue of STAT3 was tested.
To exclude possible interference from plant prateoo-purifying with the recombinant

IL-10 molecules, equal amounts of wild type leaftenal were subjected to the same
purification procedure on a Ni-NTA column, and thleate was used as a control in all
biological activity assays. Stimulation of the meusacrophage cell line J774 with different
doses of plant-derived mIL-10 and vIL-10 triggefBAT3 tyrosine phosphorylation within

15 min and in a dose-dependent manner (Figure T38). concentration of plant-derived
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IL-10 required to elicit STAT3 tyrosine phosphotyte to a degree comparable to that
observed in response to commercial miL-10 (20 ngémid vIL-10 (150 ng/ml) was 50
ng/ml for the murine protein (Figure 32A) and 5@fml for the viral protein (Figure 32B).
STAT3 phosphorylation resulted specifically frone foresence of recombinant IL-10, since

control eluate from wild type plant extracts haddetectable effect even at the highest dose
tested.
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Figure 32: Activation of STAT3 phosphorylation by muine and viral IL-10 produced in tobacco plants.

STAT3 phosphorylation (STAT3-YP) was assessed by inublat analysis on protein extracts of macrophage
cells treated with increasing doses of plant-derike10 (11.2.6.2). A) J774 cells were cultured for 15 min in
the presence of eluate from wild type tobacco glgfgne 1; protein amount equivalent to the 150mhg/
sample of the mIL-10-producing tobacco line), 20nmnigof commercial mIL-10 produced in insect celsng

2) or increasing concentrations of plant-derived 110 (lanes 3-6).K) J774 cells were cultured for 15 min in
the presence of the eluate from purification ofdwifpe tobacco plants (lane 1; protein amount exent to

the 500 ng/ml sample of the vIL-10-producing tolmatioe), 150 ng/ml of commercial vIL-10 (lane 2) or
increasing concentration of plant viL-10 (lanes)3dtal cell extracts (5Qg) were separated by SDS-PAGE
and immunoblots were performed as described in Maerials and Methods section (11.2.6.2). One
experiment representative of two is shown. The blase scanned on the Odyssey Infrared Imaging Byste

at 700 and 800 nm. The relative STAT3-YP levels, wmntfied by the Odyssey software and normalized fo
the total STAT3, are reported below each panel.

I11.5.2 Enhancement of LPS-induced SOCS3 modulation

It has been reported that suppressor of cytokieasing 3 (SOCS3) is one of the targets of
murine IL-10 (Cassatella et al., 1999; Ito et 8899). IndeedSOCS3 mMRNA and SOCS3
protein expression in lipopolysaccharide (LPS)-stated J774 cells (11.2.6.4) is enhanced

in the presence of commercial mIL-10 (Berlato et, &002). Similarly, purified
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plant-derived mIL-10 increased the expression d{iRlucedSOCS3 mRNA (Figure 33A)
and SOCS3 protein (Figure 33B).
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Figure 33: Effect of plant-derived murine IL-10 on LPS-induced SOCS3 mRNA and SOCS3 protein
expression.

(A): J774 cells were stimulated for 2 h with 100 nigbh LPS alone or in combination with commercial
mIL-10 (20 ng/ml), or plant mIL-10 (50 and 100 ndynNon stimulated cells (‘medium’) were includedthe
analysis to determin8OCS3 basal expression levels. Total RNA was extracte®.1.15) and then analyzed
for SOCS3 MRNA expression by real time RT-PCR (11.2.1.16heTgraph shows thBOCS3 mRNA levels
(mean = SD) assayed in triplicate and normalizeBA®DH expression.R): J774 cells were incubated for 18
h in the presence of LPS alone (lane 2) or in coailin with 20 ng/ml commercial I1L-10 (lane 3) or 50
ng/ml (lane 4) or 100 ng/ml (lane 5) plant derivetL-10. Non stimulated cells (‘medium’) were inckadlin
the analysis to determine SOCS3 basal expressiaisleWhole cell extracts (5(g) were immunoblotted
using anti-NH terminus SOCS3 antibodyigper panel) and antibodies specific for GAPDHoyer panel),
followed by incubation with AlexaFluor 680 goat iargbbit and IRDye 800 goat anti-mouse antibody. The
relative levels of SOCS3 protein, as quantifiedthiy Odyssey software and normalized for the tofsPGH
content, are reported at the bottom of each lane. ddia shown inA) and B) are representative of two
independent experiments. ** p<0.001.

[11.5.3 Inhibition of LPS-induced TNF a production

The full functionality of plant-derived miL-10 andIL-10 was verified testing their
inhibitory activity on the LPS-induced productioh tamor necrosis factor alpha (TN
The amount of TN& released into the culture supernatant of J774 séthulated with LPS
for 18 h was reduced in the presence of plant-ddrwmIL-10 to the same extent observed
with the commercial mIL-10 (Figure 34A). Similarlghe ability of plant-derived vIL-10 to
inhibit LPS-induced TNE& production was equivalent to that of its commdrc@unterpart
(Figure 34B). Addition of control eluate from wilgtpe plants had no effect on the J774

response to LPS, or the suppressive activity oflOL-These results confirmed that the
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inhibition of TNFu production was dependent on the recombinant ayéskiand not on any

co-purified plant proteins.
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Figure 34: Inhibition of LPS-induced TNFe production by plant-derived murine and viral IL-10.

J774 cells were stimulated for 18 h with IL-10 aphPS alone, or LPS plus IL-10 (11.2.6.3). The eduattthe
purification of wild type leaves (wt) was also indked, alone or in combination with commercial IL-10
exclude the interference of plant proteins with #ssay. TNE secretion in the culture medium (med) was
quantified by ELISA and is reported as pg/ml supematValues are the means + SD of four independent
experiments for the murine IL-1@ and three independent experiments for the virdlQ (B). ** p<0.001.

1.6 Stability studies

[11.6.1 Investigation of different storage conditions and émperatures

In order to plan the feeding studies in the animalel, the stability of the recombinant
proteins in different formulations and at differei@imperatures over three months was
investigated. Transgenic leaf material was groumiiquid nitrogen and either stored frozen
as a powder, lyophilized and stored at room temperaor directly used for protein
extraction and the extract was then stored inrezer. The amount of IL-10 in the samples
was quantified by ELISA at every time point. Bottunne and viral IL-10 behaved the
same in terms of stability in the investigated g¢tiods, and both resulted to be stable in the
raw extract at -80°C or in the powder either at'€0r -80°C over a three months period.

In Figure 35 the results obtained for the murind 0 are reported as representative of both.
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Figure 35: Stability studies of murine IL-10 in different storage conditions.

IL-10 levels were determined in the leaf extraceath time point by ELISA, and results are repoeed%
relative to the amount of IL-10 at time-point @){ leaf powder stored at -20°CB); leaf powder stored at
-80°C; C): leaf extract stored at -80°M)Y: lyophilized leaf powder stored at room tempemtu

[11.6.2 Resistance of IL-10 to gastrointestinal degradation

The stability of murine and viral IL-10 produced tiansgenic plants, either embedded in
the lyophilized tobacco tissue or purified from tp&ant tissue, was compared using
simulated gastric fluid (SGF, 3.2 g/L pepsin, p)land simulated intestinal fluid (SIF, 10
g/L pancreatin, pH 6.8).

Both murine and viral plant-produced IL-10 resultedre resistant to gastric degradation
when retained within the leaf tissue (Figure 36pearppanels), indicating that the plant
matrix contributes to protect the recombinant pnsteagainst proteolytic enzymes and
low-pH conditions. This increased stability wasexsally relevant in the case of the viral
IL-10, as after 30 s of digestion there was <4%commercial IL-10, while in the

lyophilized tissue >90% was still present.

Also in SIF digestion experiments, IL-10 embeddedhe plant material turned out to be

more resistant to degradation (Figure 36, lowerefgnFor both murine and viral IL-10,
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>30% of the cytokine was still present after 30 nmoubation, while the commercial
counterparts were already undetectable.

In both digestion setups, the stability of plantified IL-10 was comparable to, if not
higher than, that of the respective commercial tenparts.
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Figure 36: Stability of plant produced IL-10 in simulated gastrointestinal fluids.

The stability of plant-produced murine and viral1D; either embedded in the lyophilized tobaccaiéssr
purified from tobacco leaves, was compared, alonith vihe commercial counterparts, im vitro
gastrointestinal simulation conditions (11.2.7).rified I1L-10 at a concentration of 1 ng/ml or 0.&liguots of
lyophilized leaf tissue were digested in either \dated gastric fluid (SGF, 3.2 g/L pepsin, pH 1.2) o
simulated intestinal fluid (SIF, 10 g/L pancreafi 6.8) at 37°C. The digestion reactions were sdppith
45 mM NaCOs for SGF, or 10 mM EDTA for SIF, respectively. IL-t@ntent was determined by ELISA
directly in the quenched digestion solution for there IL-10 samples, or in the plant extract foe th
lyophilized leaf material. The results shown arerttean of three independent experiments.
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IV DISCUSSION

IV.1  Expression of IL-10 in the chloroplast of tobacco lants

Plastid transformation is a very attractive toolniolecular farming, due to the extremely
high foreign protein accumulation levels that cae feached, compared to nuclear
transformation (up to 100 times higher - De Cosalgt2001). This is most likely due to
both higher stability of many foreign proteins osi the chloroplast than in the
nucleo-cytoplasmic compartment, and to the highresgion levels that result from the

enormous numbers of genome copies and thus tramsggmes per cell (Bock, 2001).

In the attempt to reach high IL-10 accumulatiorelsvn plants, chloroplast transformation
of N. tabacum cv. Petit Havana was performed using the pRB9%ovdiearing the coding
sequence of either the murine or the viral IL-10wdver, quite disappointingly, chloroplast
transformation turned out not to be a feasible @@aghn for IL-10 production, as only
unsatisfactory levels of recombinant protein cdogdobtained in the transplastomic plants

generated.

The first hypothesis considered to explain the latkecombinant protein accumulation,
was protein degradation. Proteolytic degradatiomindu plant development can be an
important factor affecting yield and homogeneity hadterologous proteins produced by
transgenic plants (Stevens et al., 2000) and, iticpéar, massive protein degradation is
known to occur during tissue senescence. In the o&dL-10, however, the absence of
recombinant protein did not seem to depend on dg@f (as observed in several earlier
studies - Birch-Machin et al., 2004; Zhou et aDP2), as both older and younger leaves
were analyzed for IL-10 accumulation, and no obsidifferences were observed between

the samples.

Incorrect folding of IL-10 within the chloroplastyhich would in turn lead to its rapid
degradation, was also taken into consideration. Thieroplast stroma constitutes a
reducing rather than oxidizing environment, anchwiteach IL-10 monomer subunit there

are two disulfide bonds which are susceptible tluction (Zdanov et al., 1995). Several
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examples in the literature suggest that disulfidadbformation in the chloroplast stroma
may not be problematic: human somatotropin has Imerhesized at high levels in
chloroplasts in a biologically active form that éeds on the formation of two disulfide
bonds (Staub et al., 2000). The cholera toxin Bgraer with five disulfide bonds was also
expressed in chloroplasts as functional oligom@rsou4.1% of TSP (Daniell et al., 2001).
Nevertheless, this might be protein dependent,ithds to be considered that the redox
state of the stroma is strongly influenced by #neel of photosynthetic activity (Ruelland
and Miginiac-Maslow, 1999) which, for example, walsviously impaired in the plants
transformed with the viral IL-10 construct. FailwklL-10 disulfide bonds formation in the
chloroplasts of transplastomic plants could havesiidy increased its susceptibility to
proteolysis. Chloroplasts contain a range of pidgtao activities that target mis-folded,
mis-targeted and damaged proteins for destructevigwed in Adam and Clarke, 2002),
and proteolysis alone might account for the apgdesak of accumulation of IL-10. As a
matter of fact, Menassa and colleagues have repding the highly homologous human
IL-10 protein targeted to the chloroplast of nucligansgenic tobacco plants accumulated at
extremely low levels (up to 0.0043 % TSP) and dat assemble into a homodimer,
supporting the possibility of IL-10 protein insthtyi inside the chloroplast environment
(Menassa et al., 2004). Chloroplast proteasesndezd of prokaryotic type (e.g. Clp, Deg),
and therefore have different substrate specifeitompared to eukaryotic proteases
(ubiquitin-proteasome system) which could be aaed®r protein instability within the
chloroplast.

However, the observations collected and the anslysgformed on the transplastomic
plants altogether, suggested that something marglex than simple protein degradation
was taking place in IL-10 expressing plants. Fobktall, regeneration of transplastomic
plants after biolistic bombardment was extremeffialilt, as the callusissue kept growing
undifferentiated without producing shoots. Also,lyofive spectinomycin-resistant lines
were eventually obtained for the murine construnct earee for the viral one. Of these, only
one line per construct turned out to be a truespkstomic line after the resistance test on
double selective medium. This is an unusual antemdly low transformation efficiency,
as upon one bombardment of tobacco leaves witkahe vector backbone, usually around
10 independent transplastomic lines are obtainedh&rmore, plants derived from this only
transplastomic line developed a yellow or variedgibenotype in the case of viral IL-10,

and slightly deformed and curled leaves in the cdske murine transgene (Figure 7).
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Interference of IL-10 with gene expression (e.d.,ttee level of codon usage) in the
chloroplast was excluded in light of the fact thbvious toxicity problems, although with a
different phenotype, arose also when the transgemee expressed in the nucleus. This
observation, together with the fact that the seqgesrof the murine and viral versions of
IL-10 are highly homologous only at the amino al@del and retain an almost identical
quaternary structure, strongly suggest that thé&QLprotein itself, and most probably its
dimeric form, is responsible for the phenotypieedtions observed. The yellow phenotype
could suggest a deleterious interaction of the mdmpant protein with the plant
photosynthetic apparatus. This has been seen bé&orxample, in a study where the outer
surface protein A (OspA) produced in tobacco chptasts strongly affected the
photosystem Il in a concentration-dependent mameedering the plants unable to grow
without exogenously supplied sugars (Hennig et281Q7). However, in the case of IL-10,
the impaired growth of transplastomic plants alygead complex medium in the tissue
culture led us to exclude that IL-10 interferesedily with photosynthesis, because the
plantlets grew slowly and developed abnormalitiespite the availability of nutrients, in
particular sugars as carbon source. Interestingly,L0 expression was accompanied by a
sharp decline in the accumulation of plastid-endopi®teins, most notably Rubisco, by far
the most abundant protein in plant cells (Figurg This observation raised the hypothesis
that viL-10 might interfere with the overall traagbn or protein folding processes, possibly
by interacting with molecular chaperons or transtatactors. However, to date, there is no
published evidence or indication of such an inteéoac

Sequencing of the promoter region of both transgeandicated that the lack of IL-10
accumulation was a direct consequence of recombmatvents that had occurred within
the plant, leading to either the deletion of thietfd0-50 nucleotides of the IL-10 ORF or to
the exchange of the transgene promoRerr(-long) with the weaker versiorP(rn-short)
(Figure 11). In fact, although the shortérrn promoter still contains the -35 consensus
sequence and the -10 element, it is apparently fasshactive than the full length promoter
(Zhou et al., 2008). Northern and western blot ysed indicated that the yellow phenotype
observed for the viral IL-10 construct correlatethwhigh mRNA and detectable foreign
protein accumulation levels, indicating that evedramely low amounts of IL-10 are
apparently detrimental to the plant. A yellow aratiggated phenotype similar to the one
observed for vIL-10, and an analogous correlatibhigh transgene mRNA accumulation

levels with yellow and low transcript amounts wiffeen plants or plant sectors, have been
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recently described by Zhaat al. (2008). In that work, Nef-expressing transplastoptants
were generated by transformationMftabacum cv. Petit Havana with a plasmid based on
the same pRB95 vector, and five out of 14 indepetigl@yenerated transplastomic lines
displayed the altered phenotype. Analysis of tleeater region in those plants revealed an
inverse relationship between expression and/or ragfation of AadA and Nef, and a
positive correlation of the yellow phenotype witkry high accumulation levels of the
recombinant protein (~4 % TSP). As upon expressioNef in the chloroplast as a fusion
protein with p24, massive accumulation levels wesached without causing growth
abnormalities (up to roughly 40% of TSP), the atghoould exclude that the phenotypic
alterations observed upon expression of Nef aloeethe result of the exhaustion of the
gene expression capacity of the chloroplast byusepf its ribosomes for the production of
the recombinant protein. They rather suggestedkia &ffect of Nef, possibly caused by
interference of the lipidated (Glenz et al., 2086)erminus of the recombinant protein with
thylakoid structure and function which, in turn, wle inhibit photosynthesis. Similarly, in
the case of IL-10, the amount of the recombinaantgdn in transplastomic plants is so low
that it is extremely improbable that such accumoratevels are exhausting the overall
protein production capacity of the chloroplastidasl, a more general harmful effect of the
cytokine to the cell metabolism and/or developmisninore likely, also considering the
plant’s stunted phenotype and the cell death symptabserved upon nuclear expression of
the same proteins (Il1.2). The alterations of thiginal genome configuration leading to the
exchange of the promoters between the transgenaatAdthat were found for the only
transplastomic line obtained, in the case of mulind0 (Figure 11), and in all lines
generated, in the case of Nef (Zhou et al., 20@8)cate that there might be some selective
pressure favouring the recombination product olerdriginal configuration. This selective
pressure could be either enhancement of the afitibiesistance level, as achieved by
combination of aadA with a stronger promoter whétiould confer a fithess advantage to
the high selective pressure of spectinomycin, deerease in the expression level of the
antigens, if high-level transgene expression iscdetl against. The antibiotic concentration
that was used for transplastomic tissue selectiobath studies is in accordance to the
standard protocols for chloroplast transformatiod & has never been reported as toxic,
rendering the augmented antibiotic resistance leaelweak explanation for the
recombination events observed. Additionally, foe tkiral IL-10, the rearrangements

occurred within the IL-10 expression cassette megiod should not result in an increase in
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AadA synthesis, because thadA gene retained the short version of the promotet, b
undoubtedly caused a reduced transgene expresamrregombinant protein synthesis
(Figure 11). Therefore, a high selective pressganst high-level IL-10 accumulation is

definitely the most likely explanation for the réswbtained upon chloroplast expression of
IL-10.

If this is the case, it implies that even if themioter rearrangements could be prevented by
replacing the shorPrrn promoter upstream thaadA gene with the strong version in the
pRB95 vector, this would probably prevent the resgation of any transplastomic plants,
because high levels of toxic IL-10 would be lettmthe plant cells. Therefore, it becomes
clear that a prerequisite to increase IL-10 accatmn levels in the chloroplast would be to
understand the molecular basis of IL-10 interfeeemdth essential functions in this cell
compartment, in order to generate truncated vessanlL-10 or design fusion proteins
aimed at preventing the detrimental effects of (Lt@ the chloroplast. However, this is not
a trivial task, especially considering that IL-18shto be dimeric to retain its biological
activity, and even little changes in the amino agdjuence of the protein might severely
invalidate its conformation-dependent functionaléynd tackling this problem was beyond
the scope of this PhD work.

IV.2  Nuclear expression of IL-10 and subcellular targetig

The intracellular targeting of a recombinant pnoteften has a significant effect on its yield
and, in some cases, also on its biological propertn this work, targeting of both versions
of IL-10 to three different subcellular compartnmenrtthe ER, cytosol and apoplast — was
investigated in order to assess the impact on ipr@ecumulation, and with the aim of
exploiting the most promising strategy to generatable transgenic tobacco plants.
Preliminary studies of murine IL-10 transient e)gzien driven by a PVX-based system in
N. benthamiana (data not shown), had indicated that the ER wa$abyhe most suitable
compartment for miL-10 accumulation compared to ¢osol and the apoplast, where
IL-10 seemed to be extremely unstable (ER-retairesthed around 1Qug/g FLW;
cytosolic and apoplastic expression was nearly teotible as determined by immunoblot

analyses). A promising strategy to stabilize recowit proteins which are otherwise
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rapidly degraded in the cytosol or the apoplastioisassociate them with the plasma
membrane (Vitale and Pedrazzini, 2005). Thereforéhe attempt to increase the overall
IL-10 accumulation levels, new targeting construetsre generated to fuse the IL-10
sequence to membrane anchors that allow the recambproteins to be exposed to the
apoplast or cytosol while retaining them in the rbeane. To anchor IL-10 to the cytosolic
side of the ER membrane, the mammalian ER isofdroytmchromeb5 (cyth5), a protein
belonging to the type IV transmembrane polypeptidéso called tail-anchor (TA) proteins
(Borgese et al., 2003), was exploited. liSytloes not have an N-terminal signal but holds a
hydrophobic transmembrane domain (TDM), followedayew polar luminal residues at
the C-terminus, that allows spontaneous integratioio the cytosolic face of the
endoplasmic reticulum membrane post-translation@Arrigo et al., 1993). To anchor
IL-10 to the apoplastic side of the plasma membramgtead, IL-10 was fused to the
transmembrane domain of the human T cell recdptdnain, maintaining the native IL-10
signal peptide sequence to direct the recombinastejn into the secretion pathway. Both
mammalian transmembrane domains have already bemwmnsto be effective membrane
anchors in plant cells, and to increase stabilitthe fused recombinant proteins (Schillberg
et al., 2000; Barbante et al., 2008). For both neugnd viral IL-10 these constructs, and the

one for ER retention, were cloned into the pTRAKkiy vector for plant expression.

The three targeting strategies were evaluated dysignt expression in tobacco leaves
following agroinfiltration, since this provides aliable indication of performance much
more rapidly than the generation of stably trameft plants. Transient expression of the
construct, by either vacuum-infiltration of detadhleaves or by agroinjection on whole
plants, showed a detrimental effect of both musmmne viral I1L-10, that was clear in its
symptoms (dryness and necrosis of the infiltrateh)aand dependent on the recombinant
protein localization (apoplast and ER for the virapoplast and cytosol for the murine
IL-10, respectively), but varied in intensity argproducibility in between the experiments
(Figure 16). Nevertheless, reliable recombinantginoquantification and comparison of all
the constructs tested in parallel was possible pagithe infiltrated leaf material before
the onset of the cell death symptoms. Despite daiian of membrane anchors to stabilize
the recombinant proteins in the cytosol and thepksd, both versions of IL-10
accumulated to the highest levels in the ER, conifig the previous observation for miL-10
with the PVX-mediated expression, and in line withat has been observed for hIL-10

stably expressed in tobacco (Menassa et al.,, 2084)immunoblot evaluation of the
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recombinant viral IL-10 bearing the membrane anghdransiently expressed in
agroinfiltrated leaves was not possible, as the umctation levels of the
membrane-anchored versions of the viral interleuki&re too low to be visualized by
immunodetection on a western blot without prior tpho purification or concentration
(Figure 15). The absence of an immunoblot thatywahg the size of the products, would
ensure the authentic expression of the heterologootgins, could rise some concerns on
the real expression of the constructs, considetimgy extremely low IL-10 amounts
measured by ELISA. However, it has to be pointeitioat the ELISA setups that were used
for quantification are extremely sensitive (down-t® pg/ml for the viral and to ~50 pg/ml
for the murine IL-10, respectively) and highly siec(no cross-reactivity was observed
with protein extracts of wt tobacco plants) ensgrrinreliable determination of even very
low amounts of recombinant protein in the crudd kdracts. Additionally, considering
that the sandwich ELISA for both murine and vilalll0 were performed with two different
monoclonal antibodies for coating and capturingicWwhrecognize different epitopes on the
molecules, it is very unlikely that the accumulatidevels measured for the
membrane-anchored IL-10 are artefacts. MoreoveaJraady mentioned, the accumulation
levels measured, as well as the increased stabiiity-10 in the ER, are in line with the
results reported by Menassa and colleagues forhtgbly homologous human IL-10
(Menassa et al., 2001; Menassa et al., 2004), stiggethat the extremely low amounts of
IL-10 facing the cytosol and the apoplast are #muilts of the protein instability and/or
susceptibility to degradation, rather than the imgzhexpression of the targeting constructs.
Many other recombinant proteins have also accumdl&b the highest levels in the ER
when different targeting strategies were compafashfad and Fiedler, 1998; Twyman et
al., 2005; Petruccelli et al., 2006). The data ioleich in this work confirm the beneficial
environment within the ER, favoring correct protéiding and assembly, and high protein

stability.

Stable transgenic tobacco plants were thereforergesd with the constructs that yielded
the highest accumulation levels by targeting theomgbinant proteins to the endoplasmic
reticulum. In T, transgenic plants, the highest level of mIL-10wmcalation was 37.Qug/g
FLW (0.6% total soluble protein (TSP)) and the legthlevel of vIL-10 accumulation was
10.8 pg/g FLW (0.1% TSP). These yields fall into the @.09% TSP range typically
observed for pharmaceutical proteins produced giean transgenic plants (Twyman et al.,

2003) and are much higher than the 0.0055% TSHqusy reported for the ER-targeted
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hIL-10, which is very similar in structure to theurme and viral orthologs (Menassa et al.,
2001). The accumulation of murine IL-10 increasetween the §J and T, generations
(form 21.3 to 37.0pg/g FLW), indicating that recombinant protein yeldre partly
dependent on the transgene copy number and/or iyg@ifferently, for viL-10 an
improvement in protein accumulation levels betwgenT, and T, generations could not be
observed (8.9 and 108)/g FLW, respectively), most likely because expressf the viral
cytokine caused a phenotype, whose severity coecklavith the level of protein
accumulation, and the highest vIL-10 accumulatipgl@nts did not produce seeds.

In addition to the macroscopic phenotypic alterai@bserved, ultrastructural analysis of
transgenic leaves expressing high levels of viLfgé@ealed an increased number of
plastoglobules within the chloroplasts. Plastogleblare lipid bodies produced by plastids
which constitute a distinct structural and funcéibsub-compartment of thylakoids, and
contain both lipid binding proteins and enzymesolagd in lipid biosynthesis and
metabolism. Plastoglobule numbers increase in plsuibjected to environmental conditions
that increase oxidative stress on the photosyathapparatus. These include high
concentrations of C{(Sallas et al., 2003), drought (Munne-Bosch anegAd, 2001), high
saline concentration (Sam et al., 2003) and virfglation (Hernandez et al., 2004). In fact, it
has been shown that plastoglobules contain thenemzgcopherol cyclase, whose increased
activity during oxidative stress protects the thgid membranes and photosynthetic
proteins form oxidative damage caused by activatedyen species (Austin et al., 2006).
The increased number of plastoglobules within tileroplasts of transgenic tobacco leaves
accumulating high levels of viral IL-10, thereforapst likely represents a sign of cellular

stress associated with the expression of the eytakine.

Excluded that the phenotypic abnormalities obsefeedhe vIL-10 transgenic plants could
be the result of transgene position effects — ay there observed for many independent
transgenic lines — or somehow related to itheitro tissue culture conditions — as they
persisted also in the; Qeneration — they were most likely caused by ttpression of the
recombinant protein itself. Therefore, expressidrthe recombinant protein in BY2 cells
was also investigated, hoping that viral IL-10, vevar the cause of its harmfulness might
be, would not be detrimental to the plant cell hirs texpression system and could reach
higher yields. However, in tobacco cell suspensioltures, accumulation levels of murine

IL-10 were almost one order of magnitude highenttiese reached for the viral cytokine,
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despite no obvious phenotype of the transgenics ceMpressing vIL-10 (Figure 22).
Interestingly, inducible expression of the virarsgene driven by a tetracycline inducible
promoter, led to an increase in viL-10 accumulatewels of 3.5 fold compared to those
reached using a constitutive promoter in the saxpeession platform (Figure 26). These
results show that vIL-10 accumulation levels canrbproved upon usage of an inducible
transgene expression system, may possibly be furtbeeased with additional optimization
of the induction conditions, and indirectly confitimat, at least to some extent, vIL-10 is
harmful to plant cells above a certain thresholtewise, inducible expression of vIL-10
should also lead to higher accumulation levels ol plants, and generation of stable
transgenic tobacco lines exploiting a regulatorstesy that allows transgene expression at a

defined time point is a promising strategy thataam to be explored.

IV.3  Characterization of plant-derived IL-10

The expression of a recombinant protein contairangative signal peptide requires the
signal peptide to be correctly interpreted by tetelologous host cell, otherwise the protein
could be improperly cleaved or not cleaved at dkis is especially relevant for
pharmaceutical proteins, where imprecise cleavag&affect the biological activity of the
protein and might raise safety concerns (Stredifi2007). The mIL-10 signal peptide was
correctly processed in tobacco, as shown by sequgeribe N-terminal peptide of the
mature protein, which had the same QYSRE N-termimeviously reported for native
mIL-10 (Moore et al., 1993). There are at least thiterent N-terminal sequence reported
for viL-10: QCDNF and TDQCD. The former is claimedseveral publications (Zdanov et
al., 1997; Ding et al., 2000; Yoon et al., 2005y a& most likely based on the prediction
first reported by Moore and colleagues (Moore et H)90). The latter is predicted by the
latest version of the widely-used SignalP 3.0 Se(Bendtsen et al., 2004; Emanuelsson et
al., 2007), and is reported in at least one putitingSalek-Ardakani et al., 2002). Tandem
MS analysis of the N-terminal peptide of the pexfiviL-10 produced in tobacco showed
the N-terminal sequence to be TDQCD, in line witl prediction of the SignalP 3.0 Server
(Figure 30). To our knowledge, this is the firahdéi that the N-terminal amino acidic
sequence of mature viL-10 determined by bioinforen&bols, has been experimentally
confirmed following expression in a eukaryotic cell
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Although VvIL-10 is not glycosylated (Hsu et al.,909, both the native and recombinant
mIL-10 are heterogeneousdNrglycosylated at an acceptor site near the N-teumiiMoore

et al., 1990). This glycosylation has no knownusfice on mIL-10 activity (Moore et al.,
2001), but the presence of plant complex tyglycans on therapeutic glycoproteins
renders them potentially immunogenic and thus sassdety concerns, particularly in the
case of parenteral administration. Even so thenp@leimmunogenicity of plant glycans
may also be important for orally administered prateespecially in patients with severe
food allergies. The glycan modifications that ocouthe ER produce high-mannose-type
N-glycans that are conserved between mammals antspko the use of a KDEL signal for
ER retention not only increases protein yields, bisio prevents the addition of plant
complex type glycansN-glycan analysis (Figure 29) indicated that miL-i€ars only
ER-specific glycans in young plants, while in matptants, although carrying a SEKDEL
tag, is not efficiently retrieved to the ER, andnmdified by enzymes located in the
trans-Golgi network (Fitchette et al., 1994; Pagny et 2000). In addition, the presence of
terminal GIcNAc residues on the complex glycan cttrres would suggest that miL-10
escaping the ER is secreted by the plant cell abdfor example, directed to the vacuole
(Lerouge et al.,, 1998). The high efficiency of E&rieval has been documented for a
number of recombinant proteins produced in pla@sniord et al., 1997; Frigerio et al.,
2001; Sriraman et al., 2004), but there are alseeraé examples of KDEL-tagged
recombinant proteins containing complex type glgcandicating that the retrieval system
can be leaky and must be evaluated on a case-bybeass (Triguero et al., 2005; Floss et
al., 2008). As immunoblot analysis of the purifigabtein confirmed that the KDEL-tag is
still present (Figure 31) and IL-10 yields are haih enough to suggest saturation of the
KDEL retrieval machinery (Crofts et al., 1999), timest likely explanation for the presence
of complex typeN-glycans on miL-10 is that the tag is partially locked following
assembly of the IL-10 dimer, and is not completagessible to the KDEL receptor. As a
matter of fact, limited exposure of the KDEL seqeeetas previously been discussed as a
potential explanation for differences in retrievalfficiency for different recombinant
proteins (Sriraman et al., 2004).

Non-reducing SDS-PAGE followed by immunoblot anayand (for mIL-10) gel filtration
analysis confirmed that both vIL-10 and mIL-10 asbk into dimers in tobacco leaves.
Moreover, it appears that the dimerization of bpldnt-derived versions of IL-10 is more

efficient than that of their commercially producsmlinterparts (Figure 27). Since the higher
108



Discussion

dimer/monomer ratio is consistent regardless oftoked amount of protein loaded onto the
gel, the possibility that this is an artifact cadigy high protein concentration can be ruled
out. It is also unlikely that the presence of plglycans is responsible, since vIL-10 is not
glycosylated. The most probable explanation is tiafresence of the C-terminal SEKDEL
and Hig tags may enhance the stability of the dimers. H@mneo confirm this assumption,
it would be necessary to express non-tagged veysibrthe proteins and compare the
dimer/monomer ratios. Increased stability of pldetived IL-10 dimers was also observed
for hIL-10 by Menassa and colleagues (Menassa.ef@D1). Interestingly, hiL-10 is not
glycosylated and the C-terminal tags had been ekkdrom the plant-derived hIL-10 by
thrombin digestion, which should remove all addiibamino acids except a lysine and a
valine. This would suggest that as little as twdlitanal amino acids are sufficient to

increase the stability of the IL-10 dimer; howewbe authors did not comment on this.

The ability of both vIL-10 and mIL-10 to form dinseindicated that the recombinant
proteins were likely to retain their biological ady, a hypothesis that was tested by
exposing LPS-stimulated J774 mouse macrophagetodlifferent amounts of recombinant
IL-10 and assaying the effect on downstream commisnaf the signaling pathway. A clear
dose-dependent effect on STAT3 phosphorylationr d@featment with both variants of
IL-10 was observed, indicating that the plant-dediyproteins properly interacted with the
IL-10 receptor and initiated the signal transductiascade. Moreover, mlL-10 was able to
upregulate the expression of the intracellular tiegaregulator of cytokine responses,
SOCS3. Most importantly, given that IL-10 is bestown for its ability to inhibit
pro-inflammatory cytokine and chemokine expressionPS-stimulated macrophages, it
was demonstrated that both mIL-10 and vIL-10 aré &b inhibit the LPS-induced
production of TNE. Higher doses of the plant-derived proteins as payed to the
corresponding commercial IL-10 products were respliirAs put forward also in the
discussion of the increased stability of the plamtduced IL-10 dimers compared to the
commercial counterparts, it seems very unlikelyt fhlant glycans are responsible for the
higher doses of plant-derived IL-10 required taiethe same biological responsédiivitro
assays, because the viral variant of this cytoksneot glycosylated. Therefore, the most
plausible difference that could account for thiscaepancy is the presence of the KDEL and
Hiss tag sequences at the C-terminus of the plant-pestiproteins. As a matter of fact,
preliminary results from the laboratory showed thatrine IL-10 bearing the KDEL tag

(without the Hig tag), expressed iArabidopsis thaliana seeds, is able to induce STAT3
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phosphorylation and to inhibit LPS-induced TdNBecretion to the same extent of the
commercial mIL-10 inin vitro assays using the same J774 macrophage cell linadgsca
Morandini 2009, PhD thesis). This observation gifprsuggests that the presence of the
Hiss tag at the C-terminus of the protein is respoesibr the slightly lower biological
activity of the murine IL-10 purified from tobacdeaves. This could be due to little
modifications of the IL-10 dimer structure, posgilchused by repulsion between the two
charged histidine tails brought in proximity uparrhation of the dimer. To confirm this
assumption, however, the viral version of the cytekbearing only the KDEL tag should
also be generated and testedvitro for its biological activity. Additionally, structal
analyses of the IL-10 dimers with or without Higrteould also be performed to verify
eventual conformational modifications between tlifgeient variants. Nevertheless, it is
important to point out that this slightly lower lbgical activity of plant-derived IL-10
compared to the commercial counterparts will haweémpact on the planning of feeding
studies since the dose of IL-10 necessary to erharal tolerance needs to be determined

empirically by administering different amounts Hrisgenic plant material to the mice.

As the future goal is to deliver IL-10 expressedhw the plant tissue as a dietary
supplement to NOD mice, it was critical to detereniwhether plant-produced IL-10 was
resistant to gastrointestinal degradation, and kdrethe plant cellular matrix contributed to
any protection against enzymes and low-pH condstibn vitro studies with simulated

digestive solutions are widely used as models amah digestion to investigate the

controlled release of experimental pharmaceuti@tsherty et al., 1991), as well as the
digestibility of plant and animal proteins and foadiitives (Zikakis et al., 1977; Tilch and
Elias, 1984). The stability of murine and viral 10- produced in transgenic plants, either
embedded in the lyophilized tobacco tissue or mdiform the plant tissue, was compared
using simulated gastric fluid (SGF) to model stomaonditions, and simulated intestinal
fluid (SIF) for proximal small bowel conditions. Bovariants of the cytokine resulted more
resistant to gastric degradation when retainedimvitie leaf tissue in both simulated fluids,
indicating that the plant matrix indeed contributes protect the recombinant proteins
against proteolytic enzymes (Figure 36). Moreowerslightly increased resistance to
simulated gastrointestinal degradation was obserals for plant produced IL-10s

compared to the commercial counterparts, which,eoagain, may be a result of the
increased stability of the dimer produced in plaits SGF experiments, the increased

stability of IL-10 embedded in leaf tissue was egfy relevant in the case of the viral
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IL-10. Perhaps this is due to the fact that tranggplants expressing this cytokine, but not
the murine one, have thicker and harder leavesngrite other phenotypic abnormalities,
which render them more resistant to degradatiokefdogether, these results indicate that
murine and viral IL-10 are protected in plant tissiihis enhanced resistance to degradation
within the gut represents and advantage for transgsant delivery of IL-10 and supports
the concept of edible vaccines, as biologicallyevaht amounts of recombinant protein
could be directly delivered to the GALT using thealoadministration of minimally

processed plant material.

IV.4  Deleterious effects of heterologous IL-10 expressio

Leaving untouched the promising results achievetimthesis, it seems important to make
a conclusive remark and overview of the problensoeiated with the expression of these
recombinant proteins in plants. In fact, in ordersiucceed in establishing plants as a
competitive platform for production of high amount$ IL-10, it is a fundamental
prerequisite to overcome or avoid the detrimentédces caused by high accumulation
levels of the recombinant protein.

In this PhD work, IL-10 - be it murine or viral ak shown to be harmful, at least to some
extent, in all subcellular compartments investigatnd the amount of recombinant protein
sufficient to cause cell death seemed to depentie@protein localization (i.e. the different
accumulation levels, but same phenotype, obseryezh uransient expression of the
targeting constructs by agroinfiltration). Expressof IL-10 in the chloroplast was also not
tolerated by the plant. Unfortunately, as alreaéyntioned, it was not possible to find in the
available literature or in the existing protein atsises any evidence or indication of a

possible interaction of neither murine nor viral10 with any plant cell components.

The highly homologous human IL-10 has been expdesseauclear transformed tobacco
plants (Menassa et al., 2001; Menassa et al., 2284 et al., 2007). As a matter of fact, in
their works Menassa and colleagues report extredoslyaccumulation levels in all the

subcellular compartments investigated (ER, cytadadbroplast, mitochondrion; at the most
0.0055% TSP in the ER) and unusually low numbersasfsgenic plants regenerated and
analyzed for each construct (from 16 to 22). Inligkt of the results obtained in this PhD

work, these observations raise the doubt that highl10 expressing lines could not be
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regenerated from th@ vitro cultures or that high expressing shoots have besarded as
unhealthy during the experimental work, transfeyrionly the good looking — but low
expressing — ones into soil. However, the authers/gny regeneration problems or altered
phenotype encountered upon human IL-10 expressidobiacco (Rima Menassa, personal
communication), and are focusing their researcproming mistargeting of the recombinant
protein into the vacuole and its consequent degiad#herein (R. Menassat al,. PBVA

conference 2006, poster presentation).

Conversely, a research group at the Arkansas Stateersity that has also performed
nuclear stable transformation of tobacco with tleguence encoding human IL-10,
encountered major difficulties in regenerating sgemic plants, observed a stunted
phenotype with thick, curled leaves very similar tte one here reported for nuclear
expression of the viral IL-10, and extremely lowc@amulation levels that induced them to
abandon the project without further investigating tauses of such abnormalities (Maureen

Dolan, personal communication).

Intriguingly, Lothar Steidler and co-workers at th#niversity of Cork, Ireland, who
successfully expressed human IL-10Lerctococcus lactis (Schotte et al., 2000; Steidler et
al., 2000), refer that in all the other bacteripk@es they tested hIL-10 expression was
lethal (Bradbury, 2003).

The results on murine and viral IL-10 expressiagether with these information on the
human one, prompt to think that IL-10 harmfulnessndeed related to the protein itself,
and most probably to its quaternary structure, Wwhschighly conserved among the three
cytokine variants. Moreover, it seems clear thal@Lmust interfere with some molecule or

structure which is conserved among plant cellyrdplasts and bacteria.

To prove whether the protein itself was responsfblethe observed detrimental effects,
either the plant-derived or the commercial IL-10revenjected into tobacco leaves, but no
alterations or necrosis of the infiltrated arealddue detected (not shown). This could be
due to the inadequate amount of protein used,noplgireflect the fact that IL-10 is only
deleterious within the plant cell and could noteerthe plasma membrane upon injection
into the apoplast. This experiment, therefore, da#sallow clear conclusions. Attempts to
isolate a putative binding partner of IL-10 withthe plant cell, performingn vivo
cross-linking by formaldehyde infiltration of tragenic leaves and subsequently purifying
the his-tagged IL-10 by IMAC, were also not suctdsgot shown). Immunoprecipitation
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of the recombinant protein from stable transgemiagroinfiltrated leaf extracts is another

possibility that could be considered in the futirédentify possible interacting molecules.

Unraveling the molecular mechanisms underlyingséirdous adverse effects of IL-10 seems
to be the basic requirement to develop futureesias to achieve satisfactory accumulation

levels of IL-10 in various expression systems.
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\ CONCLUSIONS AND FUTURE PERSPECTIVES

Taken together, the results presented in this sheearly demonstrate that tobacco plants
can express the viral and murine IL-10 genes, amdectly process and assemble the

corresponding proteins into functional, biologigadictive dimers.

Further strategies could be employed to boost aatatran of miIL-10 avoiding its
detrimental effects, e.g. exploiting sequencestieraccumulation and sequestration in oll
or protein bodies, or through the co-expressioshi¢lding molecules (Patel et al., 2007). In
the case of vIL-10, as already mentioned, generatfostable transgenic plants with the
transgene under the control of inducible promotersld allow expression in a target tissue
only following a specific treatment, such as chehispraying, restricting recombinant
protein accumulation to a fine timeframe to limétdmental effects on plant growth and
perhaps leading to higher vIL-10 yields (StreadfjeP007). Nevertheless, it has to be
pointed out that the yields of both recombinantigirns in tobacco plants generated during
this work are already high enough to allow deliverynice of an immunologically relevant
dose of IL-10 in a reasonable amount of leaf makemwithout the need of extensive
purification. In fact, on the basis of comparaldeding experiments (Ma et al., 2004), 2-10
pug of IL-10 per day should be sufficient to eliamunomodulatory effects; this would
require the administration of a few milligrams gbphilized plant tissue, which could be
ingested by a mouse without substantially intenfgnwvith its dietary needs and should be
well tolerated by the animals (Menassa et al., 20B8dditionally, in simulated digestion
experiments, it was demonstrated that IL-10 isquoted in the plant tissue, as the plant
cellular matrix confers resistance to degradatiathiw the gut. This represents a great
advantage for transgenic plant delivery of IL-108d ainderlines the suitability of exploiting
tobacco as production platform for IL-10 aimed &l @dministration.

The use of tobacco as expression system for hetgo$ proteins aimed at oral
administration may raise concerns related to thoe tlaat it is not an edible plant. As a
matter of fact, the common practice for oral delywef recombinant antigens produced in
tobacco is their purification and administration ggstric intubation. Certainly, if the

proof-of-concept in the NOD mice will be demonséchiand oral delivery of IL-10 will be
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confirmed as a promising strategy to enhance otaldance to co-fed antigens, it will be
necessary to consider edible plants as expresgstenss for the production of this cytokine
in order to further proceed with the studies anénéually, with the clinical trials. However,
for our purposes, delivery of unprocessed tobaeabrhaterial to mice does not represent a

limitation.

Therefore, this work paves the way to performingdiag studies in animal models of
autoimmune diseases to comparatively evaluate ffieetigeness of the viral and murine
IL-10 as immunomodulators. In particular, it willaw to determine whether simultaneous
feeding of NOD mice with plant material containi@AD65 and IL-10 could reduce the

amount of auto-antigen necessary to prevent thet@ig1DM.
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VI SUMMARY

Interleukin-10 (IL-10) is a potent anti-inflammagocytokine, with therapeutic applications
in several autoimmune and inflammatory disea€¥al administration of this cytokine,
alone or in combination with disease-associatedaaniigens, could confer protection form

the onset of a specific autoimmune disease thrthgimduction of oral tolerance.

Transgenic plants are attractive systems for proolu®f therapeutic proteins because of
the ability to do large scale-up at low cost, dmel low maintenance requirements. They are
highly amenable to oral administration and coulddmee effective delivery systems without

extensive protein purification.

The ability of tobacco plants to produce high levet biologically-active viral and murine
IL-10 was investigated. To reach high accumulatievels of the transgenes, plastid
transformation of the IL-10 genes as well as défgrtargeting strategies of the nuclear
encoded recombinant proteins were investigatedorGplast transformation turned out not
to be a feasible approach for the recombinant mtmlu of IL-10, as unsatisfactory

accumulation levels were obtained upon expresditmoih transgenes.

For tobacco nuclear transformation, three diffesarticellular targeting strategies, directing
the recombinant protein into the endoplasmic raticu(ER), cytosol and apoplast, were
first assessed in transient expression experimanis,stable transgenic plants were then
generated with the constructs that yielded the dsglaccumulation levels by targeting the
recombinant proteins to the ER. The recombinantepre were purified from transgenic
leaf material and characterized in terms of thgiglycan composition, dimerization,
stability and biological activity inn vitro assays. Both molecules formed stable dimers,
were able to activate the IL-10 signaling pathwag to induce specific anti-inflammatory

responses in mouse J774 macrophage cells.

It was therefore demonstrated that tobacco plargsable to correctly process viral and
murine IL-10 into biologically active dimers, repemting a suitable platform for the
production for these cytokines. The accumulatiomele obtained are high enough to allow
delivery of an immunologically relevant dose of 1D-in a reasonable amount of leaf

material, without extensive purification. This syudaves the way to performing feeding
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studies in mouse models of autoimmune diseases, villa allow evaluation of the
immunomodulatory properties and effectiveness efwinal and murine IL-10 in inducing

oral tolerance.
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RIASSUNTO

L’interleuchina-10 (IL-10) e’ una citochina immuroggpressiva con potenziale applicazione
terapeutica in diverse malattie autoimmuni e infigatorie. La somministrazione orale di
guesta citochina, da sola o in combinazione coroaatigeni associati alla malattia,
potrebbe conferire protezione dall’insorgenza dicgjiche malattie autoimmuni attraverso

I'induzione di tolleranza orale.

Un valido sistema alternativo per la produzione pdoteine ricombinanti di interesse
farmaceutico é rappresentato dalle piante transigenidata la possibilita di estendere la
produzione su larga scala a bassi costi, e i mimgquisiti che richiedono per il loro
mantenimento. Le piante, inoltre, possono essesangs direttamente come alimento e
potrebbero diventare esse stesse veicoli per langusirazione delle proteine ricombinanti

eliminando la necessita di purificarle.

Ci si & proposti di valutare se le piante di tabassero in grado di produrre alti livelli di
IL-10 virale e murina biologicamente attiva. Petenere alti livelli di espressione dei
transgeni, sono state effettuate sia la trasforom@zidei plastidi, sia la trasformazione
nucleare, valutando diverse strategie di localimree delle proteine ricombinanti. La
trasformazione dei cloroplasti € risultato un appro non attuabile per la produzione di
IL-10 virale o murina ricombinante, in quanto i dlilf di accumulo sono risultati

decisamente insoddisfacenti per entrambi i trarisgen

Invece, per quanto riguarda la trasformazione ramelesono state valutate tre diverse
strategie di localizzazione sub-cellulare, pergdire la proteina ricombinante nel reticolo
endoplasmico (RE), nel citosol e nellapoplastopgtana in esperimenti di espressione
transiente e, successivamente, sono state gepéate transgeniche stabili con il costrutto
che aveva fornito i piu alti livelli di accumuloditizzando la proteina nel RE. Le proteine
ricombinanti sono state purificate da materiale lifvg transgenico e sono state
caratterizzate rispetto alla composizione dégiglicani, alla dimerizzazione, alla loro
stabilita e attivita biologica in saggn vitro. Entrambe le molecole prodotte in pianta
formano dimeri stabili, e sono in grado di attivémecascata di trasduzione del segnale di
IL-10 e di indurre risposte anti-infiammatorie sifiebe nella linea cellulare di macrofagi
murini J774.
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E’ stato dimostrato che le piante di tabacco songrado di processare correttamente
I'IL-10 virale e murina in dimeri biologicamentetiat, e che quindi rappresentano una
valida piattaforma per la produzione di queste ctitoe. Inoltre, i livelli di accumulo
ottenuti sono sufficientemente elevati da permetteli somministrare una dose
immunologicamente rilevante di IL-10 in una ragieole quantita di materiale fogliare,

senza richiedere laboriose purificazioni.

Questo lavoro apre la strada alla realizzaziorstudli di somministrazione orale in modelli
murini di malattie autoimmuni, che permetteranneftittuare una valutazione comparativa
delle proprieta immunomodulatorie nonché dell'eftim delle IL-10 virale e murina

nell'indurre tolleranza orale.

120



References

VI REFERENCES

Adam, Z. and Clarke, A.K. (2002) Cutting edge oliocbplast proteolysislrends Plant Sci,
7, 451-456.

Adang, M.J., Brody, M.S., Cardineau, G., EaganRéush, R.T., Shewmaker, C.K., Jones,
A., Oakes, J.V. and McBride, K.E. (1993) The ret¢artdion and expression of a
Bacillus thuringiensis crylllA gene in protoplastsd potato plant®lant Mol Biol,
21, 1131-1145.

Anandalakshmi, R., Pruss, G.J., Ge, X., MaratheMRllory, A.C., Smith, T.H. and Vance,
V.B. (1998) A viral suppressor of gene silencingolants.Proc Natl Acad Sci U S
A, 95, 13079-13084.

Asadullah, K., Friedrich, M., Hanneken, S., RohthaC., Audring, H., Vergopoulos, A.,
Ebeling, M., Docke, W.D., Volk, H.D. and Sterry, (2001) Effects of systemic
interleukin-10 therapy on psoriatic skin lesionstdlogic, immunohistologic, and
molecular biology findings] Invest Dermatol, 116, 721-727.

Asadullah, K., Sterry, W. and Volk, H.D. (2003) érieukin-10 therapy--review of a new
approachPharmacol Rev, 55, 241-269.

Austin, J.R., 2nd, Frost, E., Vidi, P.A., Kesslerand Staehelin, L.A. (2006) Plastoglobules
are lipoprotein subcompartments of the chloroptlaat are permanently coupled to
thylakoid membranes and contain biosynthetic enzyRiant Cell, 18, 1693-1703.

Ausubel, F., Brent, R. and Kingston, R. (1994).&¥ijlinterscience, New York.

Ausubel, F., Brent, R. and Kingston, R. (199R)rrent Protocols in Molecular Cloning.
Wiley, Interscience, New York.

Avesani, L., Falorni, A., Tornielli, G.B., Marusi€,., Porceddu, A., Polverari, A., Faleri, C.,
Calcinaro, F. and Pezzotti, M. (2003) Improved lanpa expression of the human
islet autoantigen glutamic acid decarboxylase (GBD&ransgenic Res, 12, 203-
212.

Balasa, B., La Cava, A., Van Gunst, K., Mocnik, Balakrishna, D., Nguyen, N., Tucker,
L. and Sarvetnick, N. (2000) A mechanism for ILib@diated diabetes in the
nonobese diabetic (NOD) mouse: ICAM-1 deficienoyckk accelerated diabetds.
Immunol, 165, 7330-7337.

Barbante, A., lrons, S., Hawes, C., Frigerio, Lifak, A. and Pedrazzini, E. (2008)
Anchorage to the cytosolic face of the endoplasretcculum membrane: a new
strategy to stabilize a cytosolic recombinant attign plantsPlant Biotechnol J,
DOI: 10.1111/j.1467-7652.2008.00342.x.

Bartlett, J.G., Alves, S.C., Smedley, M., Snap®y.Jand Harwood, W.A. (2008) High-
throughput Agrobacterium-mediated barley transfdiomaPlant Methods, 4, 22.

Battaglia, M. and Roncarolo, M.G. (2004) The rotecytokines (and not only) in inducing
and expanding T regulatory type 1 celisansplantation, 77, S16-18.

Becker, D. (1990) Binary vectors which allow theleange of plant selectable markers and
reporter gene\ucleic Acids Res, 18, 203.

Bendtsen, J.D., Nielsen, H., von Heijne, G. andnBky S. (2004) Improved prediction of
signal peptides: SignalP 3.DMoal Biol, 340, 783-795.

Berlato, C., Cassatella, M.A., Kinjyo, I., Gatto,, Yoshimura, A. and Bazzoni, F. (2002)
Involvement of suppressor of cytokine signalings3aamediator of the inhibitory

121



References

effects of IL-10 on lipopolysaccharide-induced nmgtrage activationJ Immunol,
168 6404-6411.

Birch-Machin, 1., Newell, C.A., Hibberd, J.M. andr&y, J.C. (2004) Accumulation of
rotavirus VP6 protein in chloroplasts of transpdasic tobacco is limited by protein
stability. Plant Biotechnol J, 2, 261-270.

Bock, R. (2001) Transgenic plastids in basic redeand plant biotechnology.Mal Bial,
312 425-438.

Bock, R. (2007) Plastid biotechnology: prospects fierbicide and insect resistance,
metabolic engineering and molecular farmi@grr Opin Biotechnol, 18, 100-106.

Boehm, R. (2007) Bioproduction of therapeutic piregen the 21st century and the role of
plants and plant cells as production platforf® N Y Acad Sci, 1102 121-134.

Borgese, N., Colombo, S. and Pedrazzini, E. (2008 tale of tail-anchored proteins:
coming from the cytosol and looking for a membrah@ell Biol, 161, 1013-1019.

Bradbury, J. (2003) Designing bacteria and whitbksc® deliver drugs to the gufhe
Lancet, 362, 964-965.

Bradford, M.M. (1976) A rapid and sensitive methimd the quantitation of microgram
quantities of protein utilizing the principle ofgtein-dye bindingAnal Biochem, 72,
248-254.

Brennan, F.R., Jones, T.D., Gilleland, L.B., Be}iab., Xu, F., North, P.C., Thompson, A.,
Staczek, J., Lin, T., Johnson, J.E., Hamilton, WaBd Gilleland, H.E., Jr. (1999)
Pseudomonas aeruginosa outer-membrane protein Fopepi are highly
immunogenic in mice when expressed on a plant vivlisrobiology, 145 ( Pt 1)
211-220.

Breyne, P., van Montagu, M., Depicker, A. and Gleayss. (1992) Characterization of a
plant scaffold attachment region in a DNA fragmémat normalizes transgene
expression in tobacc®lant Cell, 4, 463-471.

Butaye, K.M., Goderis, 1.J., Wouters, P.F., Pueb).,JDelaure, S.L., Broekaert, W.F.,
Depicker, A., Cammue, B.P. and De Bolle, M.F. (208table high-level transgene
expression in Arabidopsis thaliana using gene aitgn mutants and matrix
attachment region®lant J, 39, 440-449.

Cassatella, M.A., Gasperini, S., Bovolenta, C.,z€ui, F., Vollebregt, M., Scapini, P.,
Marchi, M., Suzuki, R., Suzuki, A. and Yoshimura, (A999) Interleukin-10 (IL-10)
selectively enhances CIS3/SOCS3 mRNA expressionhuman neutrophils:
evidence for an IL-10-induced pathway that is iretefent of STAT protein
activation.Blood, 94, 2880-2889.

Christensen, A.H. and Quail, P.H. (1996) Ubiqutomoter-based vectors for high-level
expression of selectable and/or screenable markeesgin monocotyledonous
plants.Transgenic Res, 5, 213-218.

Christou, P. (1997) Rice transformation: bombardmliant Mol Biol, 35, 197-203.

Commandeur, U., Twyman, R.M. and Fischer, R. (200B¢ biosafety of molecular
farming in plantsAgBiotechNet, 30, 109-112.

Conrad, U. and Fiedler, U. (1998) Compartment-gmeeiccumulation of recombinant
immunoglobulins in plant cells: an essential tool fantibody production and
immunomodulation of physiological functions and hmagen activity.Plant Mol
Biol, 38, 101-109.

Cramer, C.L., Boothe, J.G. and Oishi, K.K. (1999gnrisgenic plants for therapeutic
proteins: linking upstream and downstream strage@err Top Microbiol Immunol,
240, 95-118.

122



References

Crofts, A.J., Leborgne-Castel, N., Hillmer, S., Raon, D.G., Phillipson, B., Carlsson,
L.E., Ashford, D.A. and Denecke, J. (1999) Satoratf the endoplasmic reticulum
retention machinery reveals anterograde bulk fle\ant Cell, 11, 2233-2248.

D'Arrigo, A., Manera, E., Longhi, R. and Borgese, (1993) The specific subcellular
localization of two isoforms of cytochrome b5 susigenovel targeting pathwayd.
Biol Chem, 268 2802-2808.

Daniell, H. (2006) Production of biopharmaceuticalsd vaccines in plants via the
chloroplast genomeiotechnol J, 1, 1071-1079.

Daniell, H., Lee, S.B., Panchal, T. and Wiebe, R2D01) Expression of the native cholera
toxin B subunit gene and assembly as function@oatiers in transgenic tobacco
chloroplastsJ Mol Biol, 311, 1001-1009.

Davey, M.R., Rech, E.L. and Mulligan, B.J. (1989)dat DNA transfer to plant cell®lant
Mol Biol, 13, 273-285.

David, K.M. and Perrot-Rechenmann, C. (2001) Charemation of a tobacco Bright
Yellow 2 cell line expressing the tetracycline egmsor at a high level for strict
regulation of transgene expressitant Physiol, 125 1548-1553.

De Cosa, B., Moar, W., Lee, S.B., Miller, M. andribal, H. (2001) Overexpression of the
Bt cry2Aa2 operon in chloroplasts leads to formatad insecticidal crystaldNat
Biotechnol, 19, 71-74.

de Waal Malefyt, R., Haanen, J., Spits, H., RorlcarM.G., te Velde, A., Figdor, C.,
Johnson, K., Kastelein, R., Yssel, H. and de V&g, (1991) Interleukin 10 (IL-10)
and viral IL-10 strongly reduce antigen-specificnfan T cell proliferation by
diminishing the antigen-presenting capacity of nuytes via downregulation of
class Il major histocompatibility complex expressidExp Med, 174, 915-924.

Deblaere, R., Bytebier, B., De Greve, H., Debodtk,Schell, J., Van Montagu, M. and
Leemans, J. (1985) Efficient octopine Ti plasmidihced vectors for
Agrobacterium-mediated gene transfer to plaNigleic Acids Res, 13, 4777-4788.

Ding, Y., Qin, L., Kotenko, S.V., Pestka, S. anadBberg, J.S. (2000) A single amino acid
determines the immunostimulatory activity of inéerkin 10.J Exp Med, 191, 213-
224,

Doherty, A.M., Kaltenbronn, J.S., Hudspeth, J.PepiRe, J.T., Roark, W.H., Sircar, I.,
Tinney, F.J., Connolly, C.J., Hodges, J.C., TayMtD. and et al. (1991) New
inhibitors of human renin that contain novel repi@ents at the P2 sitd. Med
Chem, 34, 1258-1271.

Emanuelsson, O., Brunak, S., von Heijne, G. andshie H. (2007) Locating proteins in
the cell using TargetP, SignalP and related td¢ds Protoc, 2, 953-971.

Fairbanks, G., Steck, T.L. and Wallach, D.F. (19ElBctrophoretic analysis of the major
polypeptides of the human erythrocyte membr&nechemistry, 10, 2606-2617.

Finer, JJ., Finer, K.R. and Ponappa, T. (1999)ti¢kar bombardment mediated
transformationCurr Top Microbiol Immunol, 240, 59-80.

Fiorentino, D.F., Zlotnik, A., Mosmann, T.R., HowlaM. and O'Garra, A. (1991) IL-10
inhibits cytokine production by activated macropésg Immunol, 147, 3815-3822.

Fischer, R. and Emans, N. (2000) Molecular farmiofjy pharmaceutical proteins.
Transgenic Res, 9, 279-299.

Fischer, R., Schumann, D., Zimmermann, S., DrosshtdSack, M. and Schillberg, S.
(1999) Expression and characterization of bispec#ingle-chain Fv fragments
produced in transgenic planiur J Biochem, 262, 810-816.

Fitchen, J., Beachy, R.N. and Hein, M.B. (1995nPlarus expressing hybrid coat protein
with added murine epitope elicits autoantibody oese.Vaccine, 13, 1051-1057.

123



References

Fitchette, A., Gomord, V., A, C. and Faye, L. (1p@istribution of xylosylation and
fucosylation in the plant Golgi-apparat&ant J, 5, 673-682.

Floss, D.M., Sack, M., Stadlmann, J., RademacherSdheller, J., Stoger, E., Fischer, R.
and Conrad, U. (2008) Biochemical and functionahrabterization of anti-HIV
antibody-ELP fusion proteins from transgenic plaRtant Biotechnol J, 6, 379-391.

Fraley, R.T., Rogers, S.G., Horsch, R.B., Sande,, Flick, J.S., Adams, S.P., Bittner,
M.L., Brand, L.A., Fink, C.L., Fry, J.S., Gallupgs.R., Goldberg, S.B., Hoffmann,
N.L. and Woo, S.C. (1983) Expression of bacteraas in plant celldroc Natl
Acad i U SA, 80, 4803-4807.

Franken, E., Teuschel, U. and Hain, R. (1997) Réxoamt proteins from transgenic plants.
Curr Opin Biotechnal, 8, 411-416.

Frigerio, L., Pastres, A., Prada, A. and Vitale,(2001) Influence of KDEL on the fate of
trimeric or assembly-defective phaseolin: selecinse of an alternative route to
vacuolesPlant Cell, 13, 1109-1126.

Frutos, R., Denise, H., Vivares, C., Neuhaus, Male, S., Pedrazzini, E., Ma, J., Dix, P.,
Gray, J., Pezzotti, M., Conrad, U. and Robinson(2D08) Pharmaceutical proteins
in plants. A strategic genetic engineering apprdacthe production of tuberculosis
antigensAnn N Y Acad i, 1149 275-280.

Garside, P., Mowat, A.M. and Khoruts, A. (1999) Qaderance in diseas&ut, 44, 137-
142.

Gasparis, S., Bregier, C., Orczyk, W. and NadolSkezyk, A. (2008) Agrobacterium-
mediated transformation of oat (Avena sativa Lljiwars via immature embryo and
leaf explantsPlant Cell Rep, 27, 1721-1729.

Gatz, C., Frohberg, C. and Wendenburg, R. (1992)d&nt repression and homogeneous
de-repression by tetracycline of a modified CaM\b3Fomoter in intact transgenic
tobacco plantsPlant J, 2, 397-404.

Gatz, C. and Quail, P.H. (1988) Tnl0-encoded tptessor can regulate an operator-
containing plant promoteProc Natl Acad Sci U SA, 85, 1394-1397.

Gelvin, S.B. (2003) Agrobacterium-mediated plaainsformation: the biology behind the
"gene-jockeying" toolMicrobiol Mol Biol Rev, 67, 16-37.

Giddings, G., Allison, G., Brooks, D. and Carter, (B000) Transgenic plants as factories
for biopharmaceutical#\at Biotechnol, 18, 1151-1155.

Giritch, A., Marillonnet, S., Engler, C., van Eldiks., Botterman, J., Klimyuk, V. and
Gleba, Y. (2006) Rapid high-yield expression of-gite IgG antibodies in plants
coinfected with noncompeting viral vecto®.oc Natl Acad Sci U SA, 103 14701-
14706.

Gleba, Y., Klimyuk, V. and Marillonnet, S. (2007)irgl vectors for the expression of
proteins in plantsCurr Opin Biotechnol, 18, 134-141.

Glenz, K., Bouchon, B., Stehle, T., Wallich, R.m®nh, M.M. and Warzecha, H. (2006)
Production of a recombinant bacterial lipoproteinhigher plant chloroplast®at
Biotechnol, 24, 76-77.

Gomord, V., Denmat, L.A., Fitchette-Laine, A.C.ti8aJeunemaitre, B., Hawes, C. and
Faye, L. (1997) The C-terminal HDEL sequence isfigeht for retention of
secretory proteins in the endoplasmic reticulum )(HRit promotes vacuolar
targeting of proteins that escape the BRnt J, 11, 313-325.

Groux, H., Bigler, M., de Vries, J.E. and RoncarddG. (1996) Interleukin-10 induces a
long-term antigen-specific anergic state in hum@4€ T cells.J Exp Med, 184,
19-29.

124



References

Gurel, S., Gurel, E., Kaur, R., Wong, J., Meng, Tan, H.Q. and Lemaux, P.G. (2009)
Efficient, reproducible Agrobacterium-mediated sfmmation of sorghum using
heat treatment of immature embryBtant Cell Rep, 28, 429-444.

Hanninen, A. (2000) Prevention of autoimmune typdidbetes via mucosal tolerance: is
mucosal autoantigen administration as safe andtaféeas it should be@cand J
Immunol, 52, 217-225.

Harwood, W.A., Bartlett, J.G., Alves, S.C., Perly,, Smedley, M.A., Leyland, N. and
Snape, J.W. (2009) Barley transformation using Agobterium-mediated
techniquesMethods Mol Biol, 478 137-147.

Hellwig, S., Drossard, J., Twyman, R.M. and Fischer(2004) Plant cell cultures for the
production of recombinant proteirisat Biotechnol, 22, 1415-1422.

Hennig, A., Bonfig, K., Roitsch, T. and Warzecha,(BD07) Expression of the recombinant
bacterial outer surface protein A in tobacco chitasts leads to thylakoid
localization and loss of photosynthesigbs J, 274, 5749-5758.

Hernandez, J., Rubio, M., Olmos, E., Ros-Barcelo,aAd Martinez-Gomez, P. (2004)
Oxidative stress induced by long-term plum pox wirafection in peachRfunus
persica). Physiol. Plant., 122 486-495.

Hiei, Y. and Komari, T. (2008) Agrobacterium-meeiattransformation of rice using
immature embryos or calli induced from mature sé&&d Protoc, 3, 824-834.

Holmes, D.S. and Quigley, M. (1981) A rapid boilimgethod for the preparation of
bacterial plasmidsAnal Biochem, 114, 193-197.

Horsch, R.B., Rogers, S.G. and Fraley, R.T. (198%)nsgenic plantCold Soring Harb
Symp Quant Biol, 50, 433-437.

Howe, A., Sato, S., Dweikat, I., Fromm, M. and Cése, T. (2006) Rapid and
reproducible Agrobacterium-mediated transformatdrsorghum.Plant Cell Rep,
25, 784-791.

Hsu, D.H., de Waal Malefyt, R., Fiorentino, D.Farig, M.N., Vieira, P., de Vries, J., Spits,
H., Mosmann, T.R. and Moore, K.W. (1990) Expressibnnterleukin-10 activity
by Epstein-Barr virus protein BCRF3cience, 250, 830-832.

Ito, S., Ansari, P., Sakatsume, M., DickensheetsMdzquez, N., Donnelly, R.P., Larner,
A.C. and Finbloom, D.S. (1999) Interleukin-10 inksbexpression of both interferon
alpha- and interferon gamma- induced genes by s8ppry tyrosine
phosphorylation of STAT1Blood, 93, 1456-1463.

Jach, G., Binot, E., Frings, S., Luxa, K. and S¢llel(2001) Use of red fluorescent protein
from Discosoma sp. (dsRED) as a reporter for ptgrte expressiorRlant J, 28,
483-491.

Jefferson, R.A., Kavanagh, T.A. and Bevan, M.W.8@9GUS fusions: beta-glucuronidase
as a sensitive and versatile gene fusion markéigher plantsEmbo J, 6, 3901-
3907.

Kanamoto, H., Yamashita, A., Asao, H., Okumura,Tékase, H., Hattori, M., Yokota, A.
and Tomizawa, K. (2006) Efficient and stable transfation of Lactuca sativa L.
cv. Cisco (lettuce) plastid$ransgenic Res, 15, 205-217.

Kapila, J., De Rycke, R., Van Montagu, M. and ArgenG. (1997) An Agrobacterium-
mediated transient gene expression system fortilgagesPlant Science, 122 101-
108.

Kay, R., Chan, A., Daly, M. and McPherson, J. ()9Biplication of CaMV 35S Promoter
Sequences Creates a Strong Enhancer for Plant Geeresge, 236, 1299-1302.

Kidambi, S. and Patel, S.B. (2008) Diabetes mallittonsiderations for dentistry. Am
Dent Assoc, 139 Supp| 8S-18S.

125



References

Kim, T.G., Kim, M.Y., Kim, B.G., Kang, T.J., Kim, X5., Jang, Y.S., Arntzen, C.J. and
Yang, M.S. (2007) Synthesis and assembly of Eschieri coli heat-labile
enterotoxin B subunit in transgenic lettuce (Laatsativa).Protein Expr Purif, 51,
22-27.

Kimball, A.B., Kawamura, T., Tejura, K., Boss, EGlancox, A.R., Vogel, J.C., Steinberg,
S.M., Turner, M.L. and Blauvelt, A. (2002) Clinicaihd immunologic assessment of
patients with psoriasis in a randomized, doublaehlplacebo-controlled trial using
recombinant human interleukin 1&.ch Dermatol, 138 1341-1346.

Kolarich, D. and Altmann, F. (2000) N-glycan an@ysby matrix-assisted laser
desorption/ionization mass spectrometry of elettooetically separated
nonmammalian proteins: application to peanut adlerdra h 1 and olive pollen
allergen Ole e 1Anal Biochem, 285, 64-75.

Kolarich, D., Altmann, F. and Sunderasan, E. (20B@)ctural analysis of the glycoprotein
allergen Hev b 4 from natural rubber latex by msssctrometryBiochim Biophys
Acta, 176Q 715-720.

Koncz, C. and Schell, J. (1986) The promoter of OMA gene 5 controls the tissue-
specific expression of chimeric genes carried byosel type of Agrobacterium
binary vectorMol Gen Genet, 204, 383-396.

Kong, Q., Richter, L., Yang, Y.F., Arntzen, C.J.a8bn, H.S. and Thanavala, Y. (2001)
Oral immunization with hepatitis B surface antigexpressed in transgenic plants.
Proc Natl Acad Sci U SA, 98, 11539-11544.

Kumar, S., Dhingra, A. and Daniell, H. (2004) Pldsixpressed betaine aldehyde
dehydrogenase gene in carrot cultured cells, reotd,leaves confers enhanced salt
tolerancePlant Physiol, 136, 2843-2854.

Kuroda, H. and Maliga, P. (2001) Complementarityh&f 16S rRNA penultimate stem with
sequences downstream of the AUG destabilizes thetiglmRNASs.Nucleic Acids
Res, 29, 970-975.

Laemmli, U.K. (1970) Cleavage of structural protenturing the assembly of the head of
bacteriophage TNature, 227, 680-685.

Lal, P., Ramachandran, V.G., Goyal, R. and ShaRa2007) Edible vaccines: current
status and futuréndian J Med Micraobiol, 25, 93-102.

Larche, M. and Wraith, D.C. (2005) Peptide-basestapeutic vaccines for allergic and
autoimmune diseaseNat Med, 11, S69-76.

Lelivelt, C.L., McCabe, M.S., Newell, C.A., Desndd,B., van Dun, K.M., Birch-Machin,
l., Gray, J.C., Mills, K.H. and Nugent, J.M. (200Sbable plastid transformation in
lettuce (Lactuca sativa L.Plant Mol Biol, 58, 763-774.

Lerouge, P., Cabanes-Macheteau, M., Rayon, C.hé&itzLaine, A.C., Gomord, V. and
Faye, L. (1998) N-glycoprotein biosynthesis in péarrecent developments and
future trendsPlant Mol Biol, 38, 31-48.

Lienard, D., Sourrouille, C., Gomord, V. and Faye,(2007) Pharming and transgenic
plants.Biotechnol Annu Rev, 13, 115-147.

Lindbo, J.A. (2007) TRBO: a high-efficiency tobacamosaic virus RNA-based
overexpression vectoPlant Physiol, 145 1232-1240.

Lou, X.M., Yao, Q.H., Zhang, Z., Peng, R.H., Xion§,S. and Wang, H.K. (2007)
Expression of the human hepatitis B virus largdasar antigen gene in transgenic
tomato plantsClin Vaccine Immunol, 14, 464-469.

Lucas, A. and McFadden, G. (2004) Secreted immuidohatory viral proteins as novel
biotherapeutics] Immunol, 173 4765-4774.

126



References

Ma, J.K., Barros, E., Bock, R., Christou, P., Ddk)., Dix, P.J., Fischer, R., Irwin, J.,
Mahoney, R., Pezzotti, M., Schillberg, S., Sparr®y, Stoger, E. and Twyman,
R.M. (2005) Molecular farming for new drugs and aiaes. Current perspectives on
the production of pharmaceuticals in transgeniotgl&MBO Rep, 6, 593-599.

Ma, J.K., Drake, P.M. and Christou, P. (2003) Thedpction of recombinant
pharmaceutical proteins in planiéat Rev Genet, 4, 794-805.

Ma, J.K., Hiatt, A., Hein, M., Vine, N.D., Wang, ,FStabila, P., van Dolleweerd, C.,
Mostov, K. and Lehner, T. (1995) Generation anctrady of secretory antibodies
in plants.Science, 268 716-719.

Ma, S., Huang, Y., Yin, Z., Menassa, R., BrandIg, and Jevnikar, A.M. (2004) Induction
of oral tolerance to prevent diabetes with trangg@hants requires glutamic acid
decarboxylase (GAD) and IL-#roc Natl Acad Sci U SA, 101, 5680-5685.

Marillonnet, S., Giritch, A., Gils, M., Kandzia, RKlimyuk, V. and Gleba, Y. (2004) In
planta engineering of viral RNA replicons: efficieassembly by recombination of
DNA modules delivered by Agrobacteriufroc Natl Acad Sci U S A, 101, 6852-
6857.

Mason, H.S., Ball, J.M., Shi, J.J., Jiang, X., Bst®.K. and Arntzen, C.J. (1996)
Expression of Norwalk virus capsid protein in trgesic tobacco and potato and its
oral immunogenicity in miceProc Natl Acad Sci U SA, 93, 5335-5340.

Mason, H.S., Haq, T.A., Clements, J.D. and Arntzed,. (1998) Edible vaccine protects
mice against Escherichia coli heat-labile enterotqx T): potatoes expressing a
synthetic LT-B geneVaccine, 16, 1336-1343.

Mason, H.S., Lam, D.M. and Arntzen, C.J. (1992) iéspion of hepatitis B surface antigen
in transgenic plant®roc Natl Acad Sci U SA, 89, 11745-11749.

Mayer, L. and Shao, L. (2004) Therapeutic potermdiadral toleranceNat Rev Immunol, 4,
407-419.

McBride, K.E., Svab, Z., Schaaf, D.J., Hogan, PS#alker, D.M. and Maliga, P. (1995)
Amplification of a chimeric Bacillus gene in chiglasts leads to an extraordinary
level of an insecticidal protein in tobac@&otechnology (N'Y), 13, 362-365.

Menassa, R., Du, C., Yin, Z.Q., Ma, S., PoussierBRandle, J. and Jevnikar, A.M. (2007)
Therapeutic effectiveness of orally administereahsgenic low-alkaloid tobacco
expressing human interleukin-10 in a mouse modebbfis. Plant Biotechnol J, 5,
50-59.

Menassa, R., Kennette, W., Nguyen, V., RymersonJ&:nikar, A. and Brandle, J. (2004)
Subcellular targeting of human interleukin-10 iangk.J Biotechnol, 108 179-183.

Menassa, R., Nguyen, V., Jevnikar, A. and Brandll§2001) A self-contained system for
the field production of plant recombinant interleut0. Molecular Breeding, 8,
177-185.

Meyers, A., Chakauya, E., Shephard, E., Tanzer, Mhaclean, J., Lynch, A., Williamson,
A.L. and Rybicki, E.P. (2008) Expression of HIV-fitgens in plants as potential
subunit vaccinedBMC Biotechnal, 8, 53.

Mitoma, J. and Ito, A. (1992) The carboxy-termid@l amino acid residues of cytochrome
b5 are necessary for its targeting to the endoptasaticulum.Embo J, 11, 4197-
4203.

Moore, K.W., de Waal Malefyt, R., Coffman, R.L. a@dGarra, A. (2001) Interleukin-10
and the interleukin-10 recept@dmnnu Rev Immunol, 19, 683-765.

Moore, K.W., O'Garra, A., De Waal Malefyt, R., fi@i P. and Mosmann, T.R. (1993)
Interleukin-10.Annu Rev Immunoal, 11, 165-190.

127



References

Moore, K.W., Vieira, P., Fiorentino, D.F., Trounst M.L., Khan, T.A. and Mosmann,
T.R. (1990) Homology of cytokine synthesis inhibjtdactor (IL-10) to the Epstein-
Barr virus gene BCRFEcience, 248 1230-1234.

Mosmann, T.R., Schumacher, J.H., Fiorentino, OLEverah, J., Moore, K.W. and Bond,
M.W. (1990) Isolation of monoclonal antibodies gfiedor IL-4, IL-5, IL-6, and a
new Th2-specific cytokine (IL-10), cytokine syntiemhibitory factor, by using a
solid phase radioimmunoadsorbent asddynmunol, 145 2938-2945.

Munne-Bosch, S. and Alegre, L. (2001) Subcellulampartmentation of the diterpene
carnosic acid and its derivatives in the leavesémaryPlant Physiol, 125 1094-
1102.

Nochi, T., Takagi, H., Yuki, Y., Yang, L., Masumurd., Mejima, M., Nakanishi, U.,
Matsumura, A., Uozumi, A., Hiroi, T., Morita, S.,amaka, K., Takaiwa, F. and
Kiyono, H. (2007) Rice-based mucosal vaccine a®hag strategy for cold-chain-
and needle-free vaccinatioPr.oc Natl Acad Sci U SA, 104, 10986-10991.

Oey, M., Lohse, M., Kreikemeyer, B. and Bock, ROG2) Exhaustion of the chloroplast
protein synthesis capacity by massive expressionaohighly stable protein
antibiotic.Plant J, 57, 436-445.

Pagny, S., Cabanes-Macheteau, M., Gillikin, J.Wepdrgne-Castel, N., Lerouge, P.,
Boston, R.S., Faye, L. and Gomord, V. (2000) Proteicycling from the Golgi
apparatus to the endoplasmic reticulum in plantd @& minor contribution to
calreticulin retentionPlant Cell, 12, 739-756.

Patel, J., Zhu, H., Menassa, R., Gyenis, L., Righnda and Brandle, J. (2007) Elastin-like
polypeptide fusions enhance the accumulation obrmdxnant proteins in tobacco
leaves.Transgenic Res, 16, 239-249.

Petruccelli, S., Otegui, M.S., Lareu, F., Tran Di@h, Fitchette, A.C., Circosta, A., Rumbo,
M., Bardor, M., Carcamo, R., Gomord, V. and Beadhy. (2006) A KDEL-tagged
monoclonal antibody is efficiently retained in teedoplasmic reticulum in leaves,
but is both partially secreted and sorted to pnogtorage vacuoles in see@®ant
Biotechnol J, 4, 511-527.

Pogue, G.P., Lindbo, J.A., Garger, S.J. and FitzioeuW.P. (2002) Making an ally from
an enemy: plant virology and the new agricultémanu Rev Phytopathol, 40, 45-74.

Rigano, M.M., Sala, F., Arntzen, C.J. and WalmslayM. (2003) Targeting of plant-
derived vaccine antigens to immunoresponsive mlisites.Vaccine, 21, 809-811.

Rigano, M.M. and Walmsley, A.M. (2005) Expressigstems and developments in plant-
made vaccinesmmunol Cell Biol, 83, 271-277.

Risacher, T., Craze, M., Bowden, S., Paul, W. amdsBy, T. (2009) Highly efficient
Agrobacterium-mediated transformation of wheatimiglanta inoculationMethods
Mol Biol, 478 115-124.

Rogalski, M., Ruf, S. and Bock, R. (2006) Tobacdaspd ribosomal protein S18 is
essential for cell survivaNucleic Acids Res, 34, 4537-4545.

Ruelland, E. and Miginiac-Maslow, M. (1999) Regidatof chloroplast enzyme activities
by thioredoxins: activation or relief from inhitwti? Trends Plant ci, 4, 136-141.

Ruf, S., Biehler, K. and Bock, R. (2000) A smallabplast-encoded protein as a novel
architectural component of the light-harvestingeant.J Cell Biol, 149, 369-378.

Ruf, S., Hermann, M., Berger, I.J., Carrer, H. aBdck, R. (2001) Stable genetic
transformation of tomato plastids and expressiom dbreign protein in fruitNat
Biotechnol, 19, 870-875.

Ruf, S., Karcher, D. and Bock, R. (2007) Deterngnthe transgene containment level
provided by chloroplast transformatideroc Natl Acad Sci U SA, 104, 6998-7002.

128



References

Sainsbury, F. and Lomonossoff, G.P. (2008) Extrgntagh-level and rapid transient
protein production in plants without the use ofalireplication.Plant Physiol, 148,
1212-1218.

Salek-Ardakani, S., Stuart, A.D., Arrand, J.E., byp S., Arrand, J.R. and Mackett, M.
(2002) High level expression and purification o€ tEpstein-Barr virus encoded
cytokine viral interleukin 10: efficient removal ehdotoxin Cytokine, 17, 1-13.

Sallas, L., Luomala, E.M., Ultriainen, J., Kainuan, P. and Holopainen, J.K. (2003)
Contrasting effects of elevated carbon dioxide eotration and temperature on
Rubisco activity, chlorophyll fluorescence, needikrastructure and secondary
metabolites in conifer seedlingk.ee Physiol, 23, 97-108.

Sam, O., Ramirez, C., Coronado, M., Testillanoafd Risueno, M. (2003) Changes in
tomato leaves induced by NaCl stress: leaf orgénizand cell ultrastructurdiol
Plant, 47, 361-366.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (199®jecular Cloning - A Laboratory
Manual.

Sambrook, J. and Russel, D. (20819lecular Cloning - A Laboratory Manual.

Santi, L., Batchelor, L., Huang, Z., Hjelm, B., Baurne, J., Arntzen, C.J., Chen, Q. and
Mason, H.S. (2008) An efficient plant viral express system generating orally
immunogenic Norwalk virus-like particle8accine, 26, 1846-1854.

Schagger, H. and von Jagow, G. (1987) Tricine-sudiodecyl! sulfate-polyacrylamide gel
electrophoresis for the separation of proteinshanange from 1 to 100 kDAnal
Biochem, 166, 368-379.

Schillberg, S., Zimmermann, S., Findlay, K. andchey, R. (2000) Plasma membrane
display of anti-viral single chain Fv fragments fars resistance to tobacco mosaic
virus. Molecular Breeding, 6, 317-326.

Schillberg, S., Zimmermann, S., Voss, A. and FiscRe (1999) Apoplastic and cytosolic
expression of full-size antibodies and antibodygmants inNicotiana tabacum.
Transgenic Res, 8, 255-263.

Schotte, L., Steidler, L., Vandekerckhove, J. andmBut, E. (2000) Secretion of
biologically active murine interleukin-10 by Lactmxus lactis.Enzyme Microb
Technol, 27, 761-765.

Schouten, A., Roosien, J., van Engelen, F.A., degJd&.A., Borst-Vrenssen, A.\W.,
Zilverentant, J.F., Bosch, D., Stiekema, W.J., GarsnF.J., Schots, A. and Bakker,
J. (1996) The C-terminal KDEL sequence increasesipression level of a single-
chain antibody designed to be targeted to botltyhesol and the secretory pathway
in transgenic tobacc®lant Mol Biol, 30, 781-793.

Schuster, D.P. and Duvuuri, V. (2002) Diabetes itosliClin Podiatr Med Surg, 19, 79-
107.

Seki, M., lida, A. and Morikawa, H. (1999) Trandi@xpression of the beta-glucuronidase
gene in tissues of Arabidopsis thaliana by bombardrmmediated transformation.
Mol Biotechnol, 11, 251-255.

Sheludko, Y.V. (2008) Agrobacterium-mediated transiexpression as an approach to
production of recombinant proteins in plarRscent Pat Biotechnol, 2, 198-208.
Shevchenko, A., Wilm, M., Vorm, O. and Mann, M. 969 Mass spectrometric sequencing

of proteins silver-stained polyacrylamide géieal Chem, 68, 850-858.

Smith, N., Kilpatrick, J. and Whitelam, G. (2001ug&rfluous transgene integration in
plants.Crit Rev Plant Sci, 20, 215-249.

Sorrentino, A., Schillberg, S., Fischer, R., PoRa,and Mariniello, L. (2008) Molecular
farming of human tissue transglutaminase in tobgtants. Amino Acids.

129



References

Sprang, S. and Bazan, J. (1993) Cytokine structara@nomy and mechanisms of receptor
engagementCurr Opin Struct Biol, 3, 815-827.

Sripriya, R., Raghupathy, V. and Veluthambi, K. 8P Generation of selectable marker-
free sheath blight resistant transgenic rice plagtefficient co-transformation of a
cointegrate vector T-DNA and a binary vector T-DNA one Agrobacterium
tumefaciens strairRlant Cell Rep, 27, 1635-1644.

Sriraman, R., Bardor, M., Sack, M., Vaquero, Cye&d.., Fischer, R., Finnern, R. and
Lerouge, P. (2004) Recombinant anti-hCG antibodéained in the endoplasmic
reticulum of transformed plants lack core-xylosed anore-alpha(1,3)-fucose
residuesPlant Biotechnol J, 2, 279-287.

Staub, J.M., Garcia, B., Graves, J., HajdukiewitZ.., Hunter, P., Nehra, N., Paradkar, V.,
Schlittler, M., Carroll, J.A., Spatola, L., Ward,,[Xe, G. and Russell, D.A. (2000)
High-yield production of a human therapeutic pnotei tobacco chloroplastiat
Biotechnol, 18, 333-338.

Steidler, L., Hans, W., Schotte, L., Neirynck, Shermeier, F., Falk, W., Fiers, W. and
Remaut, E. (2000) Treatment of murine colitis byctbaoccus lactis secreting
interleukin-10.Science, 289, 1352-1355.

Stevens, L., Stoopen, G., Elbers, I., Molthoff,Blakker, H., Lommen, A., Bosch, D. and
Jordi, W. (2000) Effect of climate conditions andm developmental stage on the
stability of antibodies expressed in transgeni@ata.Plant Physiol, 124, 173-182.

Stoger, E., Sack, M., Perrin, Y., Vaquero, C., &srE., Twyman, R.M., Christou, P. and
Fischer, R. (2002) Practical considerations forrptaaeutical antibody production
in different crop systems/ol Breeding, 9, 149-158.

Stoger, E., Vaquero, C., Torres, E., Sack, M., bliebn, L., Drossard, J., Williams, S.,
Keen, D., Perrin, Y., Christou, P. and Fischer,(B000) Cereal crops as viable
production and storage systems for pharmaceutatat antibodiesPlant Mol Biol,
42, 583-590.

Streatfield, S.J. (2006) Mucosal immunization usiagpmbinant plant-based oral vaccines.
Methods, 38, 150-157.

Streatfield, S.J. (2007) Approaches to achieve-hlegkl heterologous protein production in
plants.Plant Biotechnol J, 5, 2-15.

Sun, J.B., Rask, C., Olsson, T., Holmgren, J. amdriinsky, C. (1996) Treatment of
experimental autoimmune encephalomyelitis by fegdmyelin basic protein
conjugated to cholera toxin B suburitoc Natl Acad Sci U SA, 93, 7196-7201.

Svab, Z. and Maliga, P. (1991) Mutation proximalth® tRNA binding region of the
Nicotiana plastid 16S rRNA confers resistance tecipomycin.Mol Gen Genet,
228 316-3109.

Tacket, C.O. (2005) Plant-derived vaccines agailietrheal disease¥accine, 23, 1866-
1869.

Tacket, C.0., Mason, H.S., Losonsky, G., Estes, .MUgvine, M.M. and Arntzen, C.J.
(2000) Human immune responses to a novel norwaikswaccine delivered in
transgenic potatoed.Infect Dis, 182 302-305.

Taylor, N.J. and Fauquet, C.M. (2002) Micropartistenbardment as a tool in plant science
and agricultural biotechnologipNA Cell Biol, 21, 963-977.

Tilch, C. and Elias, P.S. (1984) Investigation loé tmutagenicity of ethylphenylglycidate.
Mutat Res, 138, 1-8.

To, K.Y., Cheng, M.C., Chen, L.F. and Chen, S.®9() Introduction and expression of
foreign DNA in isolated spinach chloroplasts bycéieporation.Plant J, 10, 737-
743.

130



References

Torres, E., Vaquero, C., Nicholson, L., Sack, Moder, E., Drossard, J., Christou, P.,
Fischer, R. and Perrin, Y. (1999) Rice cell cult&® an alternative production
system for functional diagnostic and therapeutiibadies.Transgenic Res, 8, 441-
449.

Tregoning, J.S., Clare, S., Bowe, F., Edwards Fairweather, N., Qazi, O., Nixon, P.J.,
Maliga, P., Dougan, G. and Hussell, T. (2005) Riide against tetanus toxin using
a plant-based vaccinBur J Immunol, 35, 1320-1326.

Triguero, A., Cabrera, G., Cremata, J.A., Yuen,.CWheeler, J. and Ramirez, N.I. (2005)
Plant-derived mouse IgG monoclonal antibody fused KDEL endoplasmic
reticulum-retention signal is N-glycosylated homogeusly throughout the plant
with mostly high-mannose-type N-glycamant Biotechnol J, 3, 449-457.

Twyman, R.M., Schillberg, S. and Fischer, R. (200bjansgenic plants in the
biopharmaceutical markeExpert Opin Emerg Drugs, 10, 185-218.

Twyman, R.M., Stoger, E., Schillberg, S., Christ®u,and Fischer, R. (2003) Molecular
farming in plants: host systems and expressionntdolyy. Trends Biotechnol, 21,
570-578.

Van Droogenbroeck, B., Cao, J., Stadlmann, J., &im F., Colanesi, S., Hillmer, S.,
Robinson, D.G., Van Lerberge, E., Terryn, N., Varorithgu, M., Liang, M.,
Depicker, A. and De Jaeger, G. (2007) Aberrantlioaton and underglycosylation
of highly accumulating single-chain Fv-Fc antibadie transgenic Arabidopsis
seedsProc Natl Acad Sci U SA, 104, 1430-1435.

Vaquero, C., Sack, M., Chandler, J., Drossardschuster, F., Monecke, M., Schillberg, S.
and Fischer, R. (1999) Transient expression of motespecific single-chain
fragment and a chimeric antibody in tobacco leakesc Natl Acad Sci U SA, 96,
11128-11133.

Vega, J.M., Yu, W., Kennon, A.R., Chen, X. and Zia#d.J. (2008) Improvement of
Agrobacterium-mediated transformation in Hi-ll mai@ZZea mays) using standard
binary vectorsPlant Cell Rep, 27, 297-305.

Vieira, P., de Waal-Malefyt, R., Dang, M.N., JohnsK.E., Kastelein, R., Fiorentino, D.F.,
deVries, J.E., Roncarolo, M.G., Mosmann, T.R. amabM, K.W. (1991) Isolation
and expression of human cytokine synthesis inhipittactor cDNA clones:
homology to Epstein-Barr virus open reading fran@RB 1. Proc Natl Acad Sci U S
A, 88, 1172-1176.

Villani, M.E., Morgun, B., Brunetti, P., Marusic,.CLombardi, R., Pisoni, |., Bacci, C.,
Desiderio, A., Benvenuto, E. and Donini, M. (206@ant pharming of a full-sized,
tumour-targeting antibody using different expressstrategiesPlant Biotechnol J,

7, 59-72.

Vitale, A. and Pedrazzini, E. (2005) Recombinanarptaceuticals from plants: the plant
endomembrane system as bioreadtwi. Interv, 5, 216-225.

Wakkach, A., Cottrez, F. and Groux, H. (2000) Caterleukin-10 be used as a true
immunoregulatory cytokineRur Cytokine Netw, 11, 153-160.

Walmsley, A.M., Alvarez, M.L., Jin, Y., Kirk, D.D.L.ee, S.M., Pinkhasov, J., Rigano,
M.M., Arntzen, C.J. and Mason, H.S. (2003) Expmssof the B subunit of
Escherichia coli heat-labile enterotoxin as a fuspotein in transgenic tomato.
Plant Cell Rep, 21, 1020-1026.

Walsh, S.R. and Shear, N.H. (2004) Psoriasis amahé¢hv biologic agents: interrupting a T-
AP danceCmaj, 170, 1933-1941.

Walter, M.R. and Nagabhushan, T.L. (1995) Crystalcsure of interleukin 10 reveals an
interferon gamma-like foldBiochemistry, 34, 12118-12125.

131



References

Wang, D.J., Brandsma, M., Yin, Z., Wang, A., JeanjkA.M. and Ma, S. (2008a) A novel
platform for biologically active recombinant humiaterleukin-13 productiorPlant
Biotechnol J, 6, 504-515.

Wang, X., Brandsma, M., Tremblay, R., Maxwell, Deynikar, A.M., Huner, N. and Ma, S.
(2008b) A novel expression platform for the productof diabetes-associated
autoantigen human glutamic acid decarboxylase (h&ABMC Biotechnol, 8, 87.

Wogensen, L., Lee, M.S. and Sarvetnick, N. (199d&ction of interleukin 10 by islet
cells accelerates immune-mediated destruction td bells in nonobese diabetic
mice.J Exp Med, 179, 1379-1384.

Wolfraim, L.A. (2006) Treating autoimmune diseagbsough restoration of antigen-
specific immune tolerancérch Immunol Ther Exp (Warsz), 54, 1-13.

Wu, H., Doherty, A. and Jones, H.D. (2009) Agrokacam-mediated transformation of
bread and durum wheat using freshly isolated immeagmbryosMethods Mol Biol,
478 93-103.

Wurbs, D., Ruf, S. and Bock, R. (2007) Containedafelic engineering in tomatoes by
expression of carotenoid biosynthesis genes frampthstid genomeRlant J, 49,
276-288.

Yoon, S.I., Jones, B.C., Logsdon, N.J. and WalMeR. (2005) Same structure, different
function crystal structure of the Epstein-Barr sirilL-10 bound to the soluble IL-
10R1 chainSructure, 13, 551-564.

Yusibov, V., Hooper, D.C., Spitsin, S.V., Fleysh, Kean, R.B., Mikheeva, T., Deka, D.,
Karasev, A., Cox, S., Randall, J. and Koprowski(2002) Expression in plants and
immunogenicity of plant virus-based experimentdbiea vaccine.Vaccine, 20,
3155-3164.

Yusibov, V., Rabindran, S., Commandeur, U., TwynmRmJ. and Fischer, R. (2006) The
potential of plant virus vectors for vaccine protilme. DrugsR D, 7, 203-217.

Zdanov, A., Schalk-Hihi, C., Gustchina, A., TsaiMyj, Weatherbee, J. and Wlodawer, A.
(1995) Crystal structure of interleukin-10 reve#tte functional dimer with an
unexpected topological similarity to interferon gam Structure, 3, 591-601.

Zdanov, A., Schalk-Hihi, C., Menon, S., Moore, K.\4hd Wlodawer, A. (1997) Crystal
structure of Epstein-Barr virus protein BCRF1, anlotog of cellular interleukin-10.
J Mol Biol, 268 460-467.

Zhao, J., Onduka, T., Kinoshita, J.Y., Honsho, Kinoshita, T., Shimazaki, K. and Ito, A.
(2003) Dual subcellular distribution of cytochrom® in plant, cauliflower, cells]
Biochem (Tokyo), 133 115-121.

Zhou, F., Badillo-Corona, J.A., Karcher, D., GomezaRabade, N., Piepenburg, K.,
Borchers, A.M., Maloney, A.P., Kavanagh, T.A., GrayC. and Bock, R. (2008)
High-level expression of human immunodeficiencyusiantigens from the tobacco
and tomato plastid genomé3ant Biotechnol J, 6, 897-913.

Zhou, F., Karcher, D. and Bock, R. (2007) Identifion of a plastid intercistronic
expression element (IEE) facilitating the expressiof stable translatable
monocistronic MRNAs from operori8lant J, 52, 961-972.

Zikakis, J.P., Rzucidlo, S.J. and Biasotto, N.Q7(d) Persistence of bovine milk xanthine
oxidase activity after gastric digestion in vivadan vitro. J Dairy Sci, 60, 533-541.

132



