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SUMMARY: 31 

Here, we present a protocol to produce an oral vaccine candidate against Type 1 diabetes in an 32 

edible plant. 33 

 34 

ABSTRACT: 35 

Plant molecular farming is the use of plants to produce molecules of interest. In this perspective, 36 

plants may be used both as bioreactors for the production and subsequent purification of the 37 

final product and for the direct oral delivery of heterologous proteins when using edible plant 38 

species. In this work, we present the development of a candidate oral vaccine against Type 1 39 

Diabetes (T1D) in edible plant systems using deconstructed plant virus-based recombinant DNA 40 

technology, delivered with vacuum infiltration. Our results show that a red beet is a suitable host 41 

for the transient expression of a human derived autoantigen associated to T1D, considered to be 42 

a promising candidate as a T1D vaccine. Leaves producing the autoantigen were thoroughly 43 

characterized for their resistance to gastric digestion, for the presence of residual bacterial 44 
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charge and for their secondary metabolic profile, giving an overview of the process production 45 

for the potential use of plants for direct oral delivery of a heterologous protein. Our analysis 46 

showed almost complete degradation of the freeze-dried candidate oral vaccine following a 47 

simulated gastric digestion, suggesting that an encapsulation strategy in the manufacture of the 48 

plant-derived GAD vaccine is required. 49 

 50 

INTRODUCTION: 51 

Since the plant molecular biology revolution in 1980s, plant-based systems for the production of 52 

biopharmaceuticals can be considered as an alternative to traditional systems based on microbial 53 

and mammalian cells1. Plants display several advantages over traditional platforms, with 54 

scalability, cost-effectiveness and safety being the most relevant2. The recombinant product can 55 

be purified from transformed plant tissue and then administered, either parenterally or orally 56 

and, moreover, transformed edible plant can be used directly for oral delivery. The oral route 57 

simultaneously promotes mucosal and systemic immunity, and it eliminates the need for needles 58 

and specialized medical personnel. Furthermore, oral delivery eliminates the complex 59 

downstream processing, which normally accounts for 80% of the total manufacturing cost of a 60 

recombinant protein3. All those advantages can be translated into savings in production, supplies 61 

and labor reducing the costs of each dose, making the drug affordable to most of the global 62 

population.  63 

 64 

Several strategies, both for stable transformation and transient expression, were developed for 65 

the production of recombinant proteins in plants. Among them, a high-yield deconstructed plant 66 

virus-based expression system (e.g., magnICON) provides superior performance leading high 67 

yields of recombinant proteins over relatively short timescales4. Many examples of transient 68 

expression using the plant virus-based expression system in Nicotiana benthamiana plants are 69 

reported, being the gold standard production host. However, this model plant is not regarded as 70 

an edible species due to the alkaloids and other toxic metabolites that are accumulated in its 71 

leaves. 72 

 73 

In this work, we describe the comparison between two edible plant systems, red beet (Beta 74 

vulgaris cv Moulin Rouge) and spinach (Spinacea oleracea cv Industria), for the expression of two 75 

candidate forms of the 65 kDa isoform of glutamic acid decarboxylase (GAD65), carried out by 76 

the plant virus-based vectors5. GAD65 is a major autoantigen associated to Type 1 Diabetes (T1D) 77 

and it is currently under investigation in human clinical trials to prevent or delay T1D by inducing 78 

tolerance6. The production of GAD65 in plants has been extensively studied in model plant 79 

species as Nicotiana tabacum and N. benthamiana4-7. Here, we describe the use of edible plant 80 

species for the production of the molecule in tissues that can be meant for a direct oral delivery. 81 

From a technical point of view, we studied and selected the system for plant agroinfiltration and 82 

the edible plant platform for GAD65 production by evaluating different parameters: the 83 

recombinant protein expression levels, the residual microbial charge in plant tissue meant for 84 

oral delivery, the resistance of GAD65 to the gastric digestion, and the bioequivalence of the 85 

transformed plants with the wild type. 86 

 87 

PROTOCOL: 88 



 89 

1. Red beet and spinach cultivation 90 

 91 

1.1 Grow red beet (B. vulgaris cv Moulin Rouge) and spinach (S. oleracea cv Industria) plants in a 92 

growth chamber, using 150 µE of light intensity, 65% relative humidity, 12 h light/dark cycle at 93 

23/21 °C, respectively. 94 

 95 

1.2 After seed germination, fertilize the plants twice a week with a 1 g/L solution of a 96 

commercially available fertilizer (Table of Materials). For agroinfiltration use five-week-old 97 

spinach and six-week-old red beet plants. 98 

 99 

2. Transient expression through the deconstructed plant virus-based technology  100 

 101 

2.1 Construction of plant expression vectors 102 

 103 

2.1.1 Introduce the vectors - the 5’ module (pICH20111), the 3’ modules (pICH31070.GAD65mut, 104 

pICH31070.∆87G65mut and pICH7410.eGFP), prepared as previously described1-2,7, and the 105 

integrase module (pICH14011) - in Agrobacterium tumefaciens GV3101 strain using standard 106 

techniques. Grow on LB medium containing 50 μg/mL rifampicin and appropriate vector-specific 107 

antibiotics (50 μg/mL carbenicillin for pICH20111, pICH14011 and pICH7410.eGFP, 50 μg/mL 108 

kanamycin for pICH31070) for 2 days at 28 °C. 109 

 110 

2.1.2 Screen the colonies by colony PCR using the following specific primers for each vector: 5’-111 

ATCTAAGCTAGGGTACCTCG-3’ and 5’-ACACCGTAAGTCTATCTCTTC-3’ for both the 3’ modules 112 

pICH31070.GAD65mut and pICH31070.∆87G65mut, with an annealing temperature of 55 °C and 113 

an elongation time of 110 s, 5’-TGAAGTTCATCTGCACCAC-3’ and 5’-ACACCGTAAGTCTATCTCTTC-114 

3’ for the third 3’ module pICH7410.eGFP, with an annealing temperature of 53 °C and an 115 

elongation time of 30 s, 5’-AATGTCGATAGTCTCGTACG-3’ and 5’-TCCACCTTTAACGAAGTCTG-3’ 116 

for the 5’ module, with an annealing temperature of 53 °C and an elongation time of 20 s and 5’-117 

GGCAACCGTTATGCGAATCC-3’ and 5’-GATGCGTTCCGCAACGAACT-3’ for the integrase module 118 

with an annealing temperature of 57 °C and an elongation time of 45 s.  119 

 120 

2.1.3 Carry out the PCR reaction in a total volume of 20 μL using the following specific reaction 121 

cycle: 5 min initial denaturation at 95 °C, 35 cycles of 30 s at 95 °C, 30 s at the annealing 122 

temperature and the elongation step at 72 °C (annealing temperature and elongation time are 123 

specific for each primer couple) and a final elongation step of 7 min at 72 °C. 124 

 125 

2.2 Syringe agroinfiltration 126 

 127 

2.2.1 Inoculate the three A. tumefaciens transformants in 50 mL of LB medium containing 50 128 

μg/mL rifampicin and the following appropriate vector-specific antibiotics: 50 μg/mL carbenicillin 129 

for A. tumefaciens transformed with pICH20111, pICH14011 or pICH7410.eGFP, or 50 μg/mL 130 

kanamycin for A. tumefaciens transformed with pICH31070. Grow by shaking overnight at 28 °C.  131 

 132 



2.2.2 Pellet overnight bacterial cultures by centrifugation at 4,500 x g for 20 min and resuspend 133 

them in 100 mL (or two volumes of the initial bacterial culture) of infiltration buffer containing 134 

10 mM 4-morpholineethanesulfonic acid (MES; pH 5.5) and 10 mM MgSO4, without considering 135 

the OD600. Incubate the suspensions at room temperature (RT) for 3 h. 136 

 137 

2.2.3 Mix equal volumes of bacterial suspensions containing one of the three modules, 138 

GAD65mut, ∆87GAD65mut or eGFP 3’ module, with 5’ module and integrase module. Use the 139 

suspension mix for syringe infiltration of red beet and spinach leaves.  140 

 141 

2.2.4 Place 5 mL of the suspension in a syringe without the needle. Press the tip of the syringe 142 

against the underside of the leaf for both spinach and red beet plants, and meanwhile apply a 143 

gentle counterpressure to the other side of the leaf.  144 

 145 

2.2.5 Infiltrate the first three completely expanded leaves starting from the apex for each plant. 146 

Label the agroinfiltrated leaves with a paper tag on the leaf stem. Return the plants in a growth 147 

chamber under standard conditions. 148 

 149 

NOTE: For health and safety reasons, wear eye protection and gloves during infiltration process. 150 

 151 

2.2.6 Collect agroinfiltrated leaves from 4 to 14 days post infection (dpi) and freeze them in liquid 152 

nitrogen. Store plant tissue at -80 °C.  153 

 154 

2.3 Vacuum agroinfiltration 155 

 156 

2.3.1 Grow separately the three A. tumefaciens transformants in 50 mL of LB medium containing 157 

50 μg/mL rifampicin and appropriate vector-specific antibiotic by shaking overnight at 28 °C.   158 

 159 

2.3.2 Pellet overnight bacterial cultures by centrifugation at 4,500 x g for 20 min. Resuspend the 160 

pellet in 1 L of infiltration buffer to an OD600 of 0.35 and incubate the suspensions at RT for 3 h. 161 

 162 

2.3.3 Add 0.01% v/v of the detergent (polysorbate 20) to each suspension. Mix equal volumes of 163 

bacterial suspensions containing one of the three modules, GAD65mut, ∆87GAD65mut or eGFP 164 

3’ module, with 5’ module and integrase module. 165 

 166 

2.3.4 Insert one plant (six-week-old red beet plant, see section 1) in the holder. Invert the holder 167 

and place on top of a beaker containing the infiltration bath (2 L) to submerge the leaves in the 168 

infiltration suspension.  169 

 170 

NOTE: Ensure that all the leaves are completely dipped in the bacterial suspension. Raise the level 171 

with the addition of extra infiltration suspension if required. 172 

 173 

2.3.5 Transfer the infiltration bath with the submerged plant to the infiltration chamber and close 174 

it. Turn on the vacuum pump and open the vacuum intake valve on the infiltration chamber.  175 

 176 



2.3.6 Once the pressure in the infiltration chamber has reduced to 90 mbar, keep the vacuum for 177 

3 min. Release the vacuum for 45 s. Once the infiltration chamber has returned to atmospheric 178 

pressure, open the chamber and remove the infiltrated plant from the bacterial bath. 179 

 180 

2.3.7 Return the plants in a growth chamber under standard conditions. 181 

 182 

2.3.8 Collect agroinfiltrated leaves at the maximum expression dpi, depending on the 183 

recombinant protein, and freeze them in liquid nitrogen. Store plant tissue at -80 °C.  184 

 185 

3. Recombinant protein expression analysis 186 

 187 

3.1 Total soluble protein (TSP) extraction 188 

 189 

3.1.1 Grind the syringe or vacuum infiltrated red beet and spinach leaves, collected in steps 2.2.6 190 

and 2.3.8, to fine powder in liquid nitrogen using mortar and pestle. Transfer the powder into 15 191 

mL plastic tubes and store the material at -80 °C. 192 

 193 

3.1.2 Add 900 µL of extraction buffer (50 mM sodium phosphate pH 8.0, 20 mM sodium 194 

metabisulphite) to 300 mg of leaf powder. 195 

 196 

NOTE: The selected ratio between plant tissue weight (mg) to buffer volume (µL) is 1:3. 197 

 198 

3.1.3 Homogenize the mixture by vortexing for 1 min, then centrifuge at 30,000 x g for 40 min at 199 

4 °C. 200 

 201 

3.1.4 Collect the supernatant in a clean tube and store it at -80 °C. 202 

 203 

3.2 Plant eGFP visualization and quantification 204 

 205 

3.2.1 Load 100 µL of each TSP extract obtained from eGFP expressing leaves, in three technical 206 

replicates, on a 96-well plate. 207 

 208 

3.2.2 Put the 96-well plate in a fluorescence reader and start the measurement. Use the 485/535 209 

nm filter set required for eGFP fluorescence detection. 210 

 211 

3.2.3 For the absolute quantification, in the same plate prepare a calibration curve loading 212 

different quantities (62.5, 125, 500, 750 and 1,000 ng) of a purified eGFP. 213 

 214 

3.3 Bicinchoninic acid (BCA) assay for TSP quantification 215 

 216 

3.3.1 Mix 50 parts of Reagent A (Table of Materials) with 1 part of Reagent B (Table of Materials). 217 

Prepare sufficient volume of fresh BCA working solution for the samples to be assayed and the 218 

calibration standards.  219 



NOTE: The volume of BCA working solution required for each sample is 1.9 mL. For the standard 220 

procedure with 9 standards (including a blank), 17.1 mL of BCA working solution is required. 221 

 222 

3.3.2 Pipette 0.1 mL of each standard (including a blank), and TSP extracts into a labelled tube. 223 

 224 

NOTE: As calibration standards, prepare a fresh set of bovine serum albumin (BSA) standards in 225 

the 10-1,000 μg/mL range, preferably using the same diluent as samples, such as water. The blank 226 

consists of 0.1 mL of the diluent used for calibration standard and sample preparation. 227 

 228 

3.3.3 Add 1.9 mL of BCA working solution and mix thoroughly. Cover the tubes and incubate at 229 

37 °C for 30 min. 230 

 231 

3.3.4 Cool the tubes to RT. Measure the absorbance at 562 nm of all the samples within 10 min. 232 

 233 

NOTE: Even at RT, the color development continues. No significant error will be introduced if the 234 

absorbance measurements of all tubes are done within 10 min. 235 

 236 

3.3.5 Subtract the 562 nm absorbance value of the blank from the readings of the standards and 237 

the TSP extracts.  238 

 239 

3.3.6 Plot the blank-corrected 562 nm reading for each standard on its concentration. Determine 240 

the protein concentration of each TSP extract. 241 

 242 

3.4 Perform Coomassie gel staining as previously described in Gecchele et al.8. 243 

 244 

3.5 Western blot analysis 245 

 246 

3.5.1 Perform the western blot analysis as previously described in Gecchele et al.8. 247 

 248 

3.5.2 After the electrophoretic separation of proteins, transfer them onto a nitrocellulose 249 

membrane using standard techniques. Prepare the blocking solution by mixing 4% milk in 250 

phosphate-buffered saline (PBS) pH 7.4. Block the membrane with 10 mL of the blocking solution 251 

at RT for 1 h. 252 

 253 

3.5.3 Prepare the rabbit primary antibody at 1:10,000 for the anti-GAD65/67 and anti-LHCB2, and 254 

at 1:20,000 for the anti-eGFP in 5 mL of blocking solution with 0.1% detergent. Incubate the 255 

membrane with the prepared primary antibody solutions overnight at 4 °C or for 4 h at RT with 256 

constant agitation. 257 

 258 

3.5.4 Discard the primary antibody and wash the membrane 3 times for 5 min each with blocking 259 

solution containing 0.1% detergent.  260 

 261 



3.5.5. Prepare the horseradish peroxidase (HRP)-conjugate anti-rabbit antibody at 1:10,000 in 262 

blocking solution with 0.1% detergent. Incubate the membrane for 1.5 h at RT with constant 263 

agitation. 264 

 265 

3.5.6 Discard the secondary antibody and wash the membrane 5 times for 5 min each with PBS-266 

T (PBS supplemented with 0.1% detergent).   267 

 268 

3.5.7 Incubate the membrane with a commercially available luminol solution following the 269 

manufacturer’s instructions. Detect the signal using a chemiluminescence imaging system. 270 

 271 

4. Plant material processing 272 

 273 

4.1 Harvest the vacuum agroinfiltrated ∆87GAD65mut-expressing red beet leaves at the 274 

expression peak (11 dpi) and freeze them in liquid nitrogen. 275 

 276 

4.2 Lyophilize the frozen leaves for 72 h at -50 °C and 0.04 mbar. Store them at -80 °C. 277 

 278 

4.3 Grind the leaves to fine powder and store it at RT in a sealed container with silica gel to 279 

exclude the moisture.  280 

 281 

5. Gastric digestion simulation and cell integrity analysis 282 

 283 

5.1 Gastric digestion simulation 284 

 285 

5.1.1 Weigh 100 mg of grinded freeze-dried red beet leaves and resuspend it in 6 mL of PBS (pH 286 

7.4). 287 

 288 

5.1.2 Adjust the sample pH to 2 with 6 M HCl. 289 

 290 

5.1.3 Add 4 mg/mL pepsin from porcine gastric mucosa in 10 mM HCl to obtain a final pepsin 291 

concentration of 1 mg/mL or a ratio of 1:20 to total soluble proteins. Shake the sample at 37 °C 292 

for 120 min. 293 

 294 

5.1.4 Adjust the samples to pH 8 with 1 M NaOH to inactivate the pepsin. 295 

 296 

5.1.5 Centrifuge 750 µL aliquots of each sample at 20,000 x g for 20 min at 4 °C. Collect separately 297 

the supernatant and resuspend the pellet in one supernatant volume of loading buffer (1.5 M 298 

Tris HCl, pH 6.8, 3% SDS, 15% glycerol, and 4% 2-mercaptoethanol). 299 

 300 

NOTE: For health and safety reasons, wear gloves and work under fume hood for sample 301 

preparation. 302 

 303 

5.1.6 Analyze both the supernatant and the resuspended pellet by western blot analysis8. 304 

 305 



5.2 Cell integrity analysis 306 

 307 

5.2.1 Prepare two samples of 100 mg of grinded freeze-dried red beet leaves and resuspend both 308 

in 6 mL of PBS (pH 7.4). 309 

 310 

5.2.2 Adjust the pH of only one sample to 2 with 6 M HCl. Shake both samples at 37 °C for 120 311 

min. 312 

 313 

5.2.3 Centrifuge 750 µL aliquots of each sample at 20,000 x g for 20 min at 4 °C. Collect separately 314 

the supernatant and resuspend the pellet in one supernatant volume of loading buffer. 315 

 316 

5.2.4 Analyze both the supernatant and the resuspended pellet by western blot analysis. 317 

 318 

6. Bioburden assay 319 

 320 

6.1 Weigh 100 mg of freeze-dried red beet leaves. Resuspend the powder in 8 mL of sterile PBS 321 

(pH 7.4) and vortex for 1 min. 322 

 323 

6.2 Prepare the LB medium without antibiotics or containing (i) 50 µg/mL rifampicin, (ii) 50 µg/mL 324 

each of rifampicin and carbenicillin, (iii) 50 µg/mL each of rifampicin and kanamycin, or (iv) 50 325 

µg/mL each of rifampicin, carbenicillin, and kanamycin. 326 

 327 

6.3 Plate 1 mL of each freeze-dried leaf homogenate in one of the 5 selective LB media. 328 

 329 

6.4 Incubate all the plates for 3 days at 28 °C. 330 

 331 

6.5 Count the Agrobacterium colonies grown on each plate. 332 

 333 

6.6 Calculate and define the residual bacterial charge as the number of colony forming units (CFU) 334 

per mL of the freeze-dried leaf homogenate (CFU/mL). 335 

 336 

7. Metabolite extraction 337 

 338 

7.1 Primary metabolite extraction  339 

 340 

7.1.1 Weigh 30 mg of -80 °C stored, vacuum agroinfiltrated ∆87GAD65mut-expressing red beet 341 

leaf powder in a 2 mL plastic tube. 342 

 343 

7.1.2 Add 750 µL of cold 70/30 (v/v) methanol/chloroform and vortex for 30 s. Incubate at -20 °C 344 

for 2 h. 345 

 346 

NOTE: All the solvents and additives must be LC-MS grade. 347 

 348 



7.1.3 Add 600 µL of cold water and centrifuge at 17,900 x g at 4 °C for 10 min. Collect and transfer 349 

the upper hydroalcoholic phase into a new 2 mL tube. Discard the lower chloroformic phase and 350 

the interphase. 351 

 352 

7.1.4 Put the samples into a vacuum concentrator for 3 h to evaporate the solvents. 353 

 354 

7.1.5 Dissolve the pellet obtained from step 7.1.4 in 300 µL of 50/50 (v/v) acetonitrile/water and 355 

sonicate the samples for 3 min. 356 

 357 

7.1.6 Pass the solutions through 0.2 μm membrane filters and put them into a transparent fixed 358 

300 µL insert glass tubes. 359 

 360 

7.2 Secondary metabolite extraction 361 

 362 

7.2.1 Weigh 300 mg of -80 °C stored, vacuum agroinfiltrated ∆87GAD65mut-expressing red beet 363 

leaf powder in a 15 mL plastic tube.  364 

 365 

7.2.2 Add 3 mL of methanol, vortex for 30 s, and sonicate at 40 kHz for 15 min. 366 

 367 

NOTE: All the solvents and additives must be LC-MS grade. 368 

 369 

7.2.3 Centrifuge the samples at 4,500 x g at 4 °C for 10 min and transfer the supernatants into 370 

new 15 mL tubes. 371 

 372 

7.2.4 Dilute 100 µL of extract 1:3 (v/v) with water and pass the solution through a 0.2 μm 373 

membrane filter. 374 

 375 

7.2.5 Put the solution into a transparent fixed 300 µL insert glass tube. 376 

 377 

7.3 Polar lipid extraction 378 

 379 

7.3.1 Weigh 200 mg of -80 °C stored, vacuum agroinfiltrated ∆87GAD65mut-expressing red beet 380 

leaf powder in a 15 mL plastic tube. 381 

 382 

7.3.2 Add 200 µL of water and then 2 mL of methanol, and then keep on ice for 1 h. 383 

 384 

NOTE: All the solvents and additives must be LC-MS grade. 385 

 386 

7.3.3 Vortex for 30 s and sonicate at 40 kHz for 15 min. 387 

 388 

7.3.4 Centrifuge the samples at 4,500 x g at 4 °C for 25 min. Collect and transfer the chloroform 389 

phase into 2 mL tubes. Discard the upper hydroalcoholic phase and the interphase. 390 

 391 

7.3.5 Put the samples into a vacuum concentrator for 3 h to evaporate the solvent. 392 



 393 

7.3.6 Dissolve the pellet obtained from step 7.3.5 with 600 µL of methanol. 394 

 395 

7.3.7 Dilute 100 µL of extract 1:5 (v/v) with methanol and pass the solution through a 0.2-μm 396 

membrane filter. 397 

 398 

7.3.8 Put the solution into a transparent fixed 300 µL insert glass tube. 399 

 400 

8. Liquid chromatography mass spectrometry analysis and data processing 401 

 402 

8.1 Set up the LC-MS system as recommended by the supplier.  403 

 404 

NOTE: The LC section consists of an autosampler coupled with HPLC equipped with a C18 guard 405 

column (75 x 2.1 mm, particle size 5 µm) in front of a C18 column (150 x 2.1 mm, particle size 3 406 

µm) for the analysis of secondary metabolites and polar lipids, whereas with a HILIC guard column 407 

(7.5 x 2.1 mm, 3 µm) in front of an HILIC column (150 x 2.1 mm, particle size 2.7 µm). The MS is 408 

an ion trap mass spectrometer provided with either an electrospray ionization (ESI) or an 409 

atmospheric pressure chemical ionisation (APCI) sources.  410 

 411 

8.2 Prepare the appropriate solvents for the HPLC gradients. For primary metabolite analysis, use 412 

20 mM ammonium formate as solvent A; 95% acetonitrile, 5% water plus 10 mM ammonium 413 

formate as solvent B. For secondary metabolite analysis, use water plus 0.05% formic acid (A) 414 

and acetonitrile plus 0.05% formic acid (B). For polar lipid analysis, use water plus 0.05% formic 415 

acid (A) and 100% acetonitrile (B).  416 

 417 

NOTE: The solvents and additives must be LC-MS grade. 418 

 419 

8.3 Use the gradients reported in Table 1 for metabolite elution. Set the flow rate at 0.2 mL/min. 420 

Inject 10 µL of each sample for both secondary metabolites and polar lipids, whereas inject 5 µL 421 

for primary metabolites. 422 

 423 

8.4 Prepare a quality control (QC) sample by mixing equal portions of different samples to have 424 

a representative mixture of each experimental condition. Analyse the QC sample during the 425 

experiment to monitor instrument efficiency. Specifically, insert a QC sample analysis after each 426 

10 sample-batch. 427 

  428 

8.5 Randomize the samples to avoid instrument-driven effects. 429 

 430 

8.6 After 9 analyses, insert a column cleaning method and a blank analysis immediately after.  431 

 432 

NOTE: Perform a slow gradient between the two solvents with an isocratic elution at high 433 

percentage of the strongest solvent. The blank consists of an injection of a pure methanol: water 434 

(50/50, v/v) to improve retention time reproducibility in the following analysis. 435 

 436 



8.7 Set up the instrument to acquire mass spectra in alternate positive and negative ionization 437 

modes using the parameters listed in Table 2.  438 

 439 

NOTE: Other parameters depend on the specific platform. 440 

 441 

8.8 Perform the next data processing as explained in Dal Santo et al.9. 442 

 443 

REPRESENTATIVE RESULTS: 444 

In this work, the workflow for the development of an oral vaccine in edible plant tissues is 445 

presented. The focus of this work is the expression of a target protein in an edible host plant 446 

species and the characterization of the potential oral vaccine. 447 

 448 

The first step involved the evaluation of the suitability of the plant virus-based expression 449 

technology to produce recombinant proteins in edible plant systems. For this aim, we first use 450 

the eGFP as a model protein and we expressed it into two edible leafy plant systems: red beet 451 

and spinach. Plants were manually agroinfiltrated with suspensions of A. tumefaciens carrying 452 

eGFP recombinant expression vectors. The fluorescent protein expression was visualized by 453 

western blot analysis (Figure 1A,B,D,E) and quantified under UV light. Results showed that the 454 

red beet system is characterized by a higher eGFP expression, reaching 544.9 ± 10.9 µg/g of fresh 455 

leaf weight (FLW) at 9 dpi (Figure 1C), than the spinach, which maximum eGFP levels (113.4 ± 0.3 456 

µg/g FLW) were measured at 11 dpi (Figure 1F). For these reasons red beet was selected as 457 

expression host for all subsequent experiments. 458 

 459 

According to Chen et al.10, the eGFP transient expression was tested by a vacuum method for 460 

infiltration, which is more suitable for the large scale vaccine production. Different dilutions of 461 

the overnight A. tumefaciens culture, ranging from 10-1 to 10-3, and different concentrations of 462 

detergent (0.005-0.05%) have been tested by comparing the eGFP accumulation level at the 463 

maximum expression dpi (9 dpi). The results found that higher bacterial titers produced greater 464 

eGFP yields (10-1 ~ 0.35). However, no significant differences were found using different 465 

detergent concentrations (data not shown). 466 

 467 

Then, plants were vacuum infiltrated with an A. tumefaciens suspension at 0.35 OD600 and 0.01% 468 

of detergent. Once the expression platform and the delivery system were established, the 469 

expression of two forms of GAD65, GAD65mut and a N-terminally truncated form 470 

(∆87GAD65mut), was compared at the day of maximum expression, 5 and 11 dpi, respectively, 471 

as previously established11. After the TSP extraction from agroinfiltrated leaves, all samples were 472 

analyzed by western blot and the recombinant protein was relatively quantified by a 473 

densitometry analysis (Figure 2). Results highlighted the 20-fold higher performance of the 474 

∆87GAD65mut form over the GAD65mut. The truncated form was therefore selected as 475 

preferred oral vaccine candidate, accumulating as high as 201.4 ± 29.3 µg/g FLW in red beet 476 

leaves at 11 dpi. 477 

 478 

Finally, parameters for the development of a potential oral vaccine were evaluated. The 479 

recombinant protein integrity after freeze-drying of vacuum infiltrated red beet leaves 480 



expressing ∆87GAD65mut was assessed in comparison with the untreated (only frozen) tissue, 481 

by western blot analysis. As shown in Figure 3A, the target protein demonstrated to be stable 482 

after the lyophilization process. 483 

 484 

The simulation of gastric digestion was carried out on the freeze-dried material by adding porcine 485 

gastric enzyme pepsin to a final concentration of 1 mg/mL or at a ratio of 1:20 to TSP. Both 486 

digestive treatment conditions resulted in the recombinant protein degradation, as 487 

demonstrated by western blot analysis (Figure 3C,D,E, data reported only for the pepsin final 488 

concentration of 1 mg/mL). The absence of a specific signal in the pellet samples after pepsin 489 

digestion (lanes pepsin, p 1-3), suggested that after freeze-drying treatment, the plant cells lost 490 

their integrity, leading to the target protein degradation. 491 

 492 

The evaluation of cell integrity showed that when dried plant tissue was resuspended in buffer 493 

with neutral pH (pH 7.4), ∆87GAD65mut was partially solubilized, suggesting that at least some 494 

cells were broken during leaf grinding and drying. The resuspension of dried plant tissue in acidic 495 

conditions, instead, led to the detection of the ∆87GAD65mut only in the insoluble fraction. This 496 

was probably due to the ∆87GAD65mut precipitation caused by the low pH, in addition to the 497 

protein content of unbroken cells11. These assays indicate that freeze drying could be selected as 498 

treatment for the preparation of the vaccine candidate. 499 

 500 

Furthermore, the residual microbial charge in the agroinfiltrated red-beet leaves was evaluated. 501 

The bioburden assay displayed that the treatments exploited for the candidate vaccine 502 

preparation eliminated the bacterial load11.  503 

 504 

The metabolic bioequivalence of ∆87GAD65mut and control red beet plants was assessed by 505 

fingerprints of primary and secondary metabolites and polar lipids generated by LC-MS from nine 506 

red beet plants expressing ∆87GAD65mut, nine agroinfiltrated controls and nine wild-type 507 

controls. PCA statistic revealed a wild-type plant cluster separated from all the other samples. No 508 

significant differences were instead highlighted between the ∆87GAD65mut and infiltrated and 509 

negative control plants. Furthermore, no significant difference among the three groups of plants 510 

in terms of polar lipid profiles was identified11.  511 

 512 

Figure 1: Comparison of eGFP expression levels in agroinfiltrated red beet and spinach leaves. 513 

Western blot analysis (A, D) and corresponding loading controls (RuBisCO large subunit) stained 514 

with Coomassie Brilliant Blue (B, E) of protein extracts from eGFP-expressing leaf samples 515 

collected during the time-course analysis from 4 to 14 days post infection (dpi). The eGFP content 516 

of each leaf protein extract was quantified by fluorescence measurement (C, F). The results from 517 

agroinfiltrated red-beet leaves samples are displayed in the left panel, where the agroinfiltrated 518 

spinach samples are shown in the right one. Equal amounts of protein extracts have been loaded, 519 

3.5 µg for the western blot and 30 µg for the Coomassie staining. An anti-eGFP antibody has been 520 

used as a probe in the western blot analysis. Side numbers indicate molecular mass markers in 521 

kDa. p.c., positive control, 10 ng of commercial recombinant human GAD65; n.c., negative 522 

control, extract from leaves infiltrated solely with A. tumefaciens carrying the 5’- and integrase 523 



modules. Error bars represent the standard deviation from three independent experiments. This 524 

figure has been modified from Bertini et al.11. 525 

 526 

Figure 2: GAD65mut and Δ87GAD65mut expression levels in red beet leaves. Western blot 527 

analysis (A) and corresponding loading control (RuBisCo large subunit) stained with Coomassie 528 

Brilliant Blue (B) of protein extracts from three red beet leaves expressing Δ87GAD65mut (left) 529 

and GAD65mut (right). An anti-GAD antibody has been used as a probe in the western blot 530 

analysis (the lanes were loaded with 20 μL of extract for GAD65mut and 1 μL of extract for 531 

Δ87GAD65mut). In the Coomassie stained gel, the same volume of protein extracts (10 μL/lane) 532 

was loaded for GAD65mut and Δ87GAD65mut. Side numbers indicate molecular mass markers 533 

in kDa. p.c., positive control, 10 ng of commercial recombinant human GAD65; n.c., negative 534 

control, extract obtained from leaves infiltrated only with A. tumefaciens carrying the 5’- and 535 

integrase modules. (C) Using the western blot positive control as a reference for a densitometric 536 

analysis, the relative expression levels of the two protein forms are plotted. Error bars represent 537 

the standard deviation from three independent experiments. This figure has been modified from 538 

Bertini et al.11. 539 

 540 

Figure 3: Oral vaccine candidate evaluation. On the left side, analyses of protein stability after 541 

freeze-drying treatment (A, B). Western blot analysis (A) and corresponding gel stained with 542 

Coomassie Brilliant Blue (B) representing three independent extracts from leaves expressing 543 

Δ87GAD65mut. Harvested leaves were directly frozen (fresh) or lyophilized at -50 °C, 0.04 mbar 544 

for 72 h (freeze dried). Different tissue:buffer ratios were employed during the TSP extraction in 545 

order to consider the water loss due to dehydration. Equal volume of extracts were loaded, 0.25 546 

and 10 µL, for western blot and Coomassie staining respectively. An anti-GAD antibody has been 547 

used for the western blot probing Side numbers indicate molecular mass markers in kDa. n.c., 548 

negative control, extract from leaves infiltrated solely with A. tumefaciens carrying the 5’- and 549 

integrase modules. On the right side, in vitro simulated gastric digestion of Δ87GAD65mut 550 

(C,D,E). Western blot analyses (C, D) and corresponding gel stained with Coomassie Brilliant Blue 551 

(E) representing three independent extracts of leaves expressing Δ87GAD65mut after simulated 552 

gastric digestion. 1 mg/mL of pepsin has been added to 100 mg of lyophilized tissue, while a 553 

control sample without enzyme has been used. 24 µL and 16 µL, for supernatants (s) and pellets 554 

(p) respectively obtained in the final centrifugation step, have been used for SDS-PAGE analysis. 555 

Anti-GAD (C) and anti-LHCB2 (D) antibodies were used as probes in the western blot analysis. 556 

Side numbers indicate molecular mass markers in kDa.  557 

 558 

Table 1: Gradient conditions for metabolite elution in LC-MS analysis. 559 

 560 

Table 2: Parameters for mass spectra acquisition in alternate positive and negative ionization 561 

modes. 562 

 563 

DISCUSSION: 564 

In this study we showed preliminary analysis for the design of a candidate oral vaccine for 565 

autoimmune diabetes. The target protein for this experiment was a mutated form of the human 566 



65 kDa Glutamate Decarboxylase, which production and functionality are easily detectable and 567 

measurable12. Its expression in different edible plant tissues was mediated by the vectors5, which 568 

mediate a high level of recombinant protein production in a very short time frame. The selection 569 

of the best candidate plant edible host was performed based on the eGFP expression in red beet 570 

and spinach leaves by manual agroinfiltration. This step could be critical for industrial scale-up 571 

because of the time-consuming procedure of manual agroinfiltration and the hardness in spinach 572 

leaf tissue infiltration. 573 

 574 

The identification of the specific dpi of harvesting that gives the highest recombinant protein 575 

accumulation level for a recombinant protein is a critical step and need to be tested and selected 576 

on a case-by-case basis. The analysis of the fluorescent protein expression at different dpi (from 577 

4 to 12), allowed to identify the day of maximum expression in each plant system. The 578 

comparison between the eGFP concentration (µg/g FLW), in these maximum expression days, 579 

highlighted that red beet is the best performing platform in terms of recombinant protein yields.  580 

For this reason, red beet was further tested for the delivery of plant virus-based vectors by a 581 

vacuum system, which is considered more suitable for vaccine industrial large-scale production13.  582 

 583 

Given that the standard vacuum infiltration protocol is optimized for tobacco species5, the set-584 

up of a range of parameters for the procedure adjustment to the plant species considered is a 585 

critical point. Then, the red beet vacuum agroinfiltration protocol was optimized. Our evidence 586 

showed that the Agrobacterium dilution is crucial to improve the protein expression levels, while 587 

the detergent concentration to enhance the leaf permeability. The results showed that the plant 588 

system and the technology fit with this work purpose.  589 

 590 

Two different forms of GAD65, GAD65mut and ∆87GAD65mut, that were previously 591 

characterized for their expression in N. benthamiana7, displaying different sub-cellular 592 

localization, were expressed in red beet by vacuum infiltration. Three biological replicates were 593 

prepared for every sample. Each biological replicate comprises a pool of three infiltrated leaves 594 

from different plants, sampled from 2 to 14 dpi for both the GAD65 forms. Their expression level 595 

was compared to select the highest accumulating protein in plant tissues.  596 

 597 

The relative quantification by densitometry analysis demonstrated that the ∆87GAD65mut has a 598 

20-fold higher expression level than its intact counterpart. This could be due to its cytosolic 599 

localization whilst GAD65mut, due to its residues that anchor this form to the cell membrane, 600 

has a lower yield7, reflecting a lower protein stability. ∆87GAD65mut average accumulation level 601 

in red beet leaf tissue was 201.4 ± 29.3 µg/g FLW, which is sufficient to start with the T1D oral 602 

vaccine development. 603 

 604 

Finally, after the selection of the most suitable platform, technology and protein form, we 605 

proceeded by setting up a post-harvest treatment of the infected leaves. Since leaf tissue is 606 

composed of 95% of water, a dehydration treatment is useful to prevent microorganism 607 

contamination. Our results demonstrated that a freeze-drying treatment could be applied to the 608 

sample, without affecting the recombinant protein levels in the leaves. The 10-fold water 609 



removal by lyophilization eliminates the bacterial contamination (bioburden), including the 610 

recombinant A. tumefaciens used for the agroinfiltration procedure.  611 

 612 

Furthermore, the analysis of protein bio encapsulation showed that the ∆87GAD65mut is 613 

completely digested following a simulated gastric digestion. This suggests that the freeze-drying 614 

treatment damages the plant cell wall, exposing the recombinant protein to the acidic and 615 

enzymatic composition of the gastric environment. 616 

 617 

The maintenance of the protein or peptide molecule integrity over the gastrointestinal tract 618 

transition to the site of absorption represents an issue for oral drug delivery14. Hence, after 619 

dehydration treatment, the potential vaccine should be correctly formulated to overcome the 620 

gastric environment without losing its integrity. In the manufacture of the plant-derived GAD 621 

vaccine, the encapsulation in a relatively stable shell could be applied as a system to improve its 622 

efficiency allowing it to be protected and stable along the oral delivery route15.  623 

 624 

Various technologies have been explored to overcome the problems associated with the oral 625 

delivery of macromolecules such as some recent studies on complexation of synthetic hydrogel 626 

with insulin which showed a high encapsulation efficiency and rapid insulin release in the 627 

intestine in a pH-dependent manner16,17. 628 

 629 

Both the primary and secondary metabolite bioequivalence of plants expressing ∆87GAD65mut 630 

in comparison to infiltrated and non-infiltrated controls was investigated using PCA statistics. The 631 

differences between the infiltrated plants expressing ∆87GAD65mut and the infiltrated controls 632 

were not significant, whereas the non-infiltrated wild-type plants formed a separate cluster. 633 

These results suggest that the infiltrated plants are distinguished from untreated plants by the 634 

LC-MS analysis thanks to bacterial metabolites or metabolites produced by plants because of the 635 

infiltration, as already shown in literature13. Overall this analysis demonstrated that the 636 

accumulation of ∆87GAD65mut has little impact on the overall metabolism. 637 

 638 

Altogether these results suggest that the potential oral vaccine, represented by freeze-dried red 639 

beet leaf tissue expressing ∆87GAD65mut obtained exploiting the plant virus-based expression 640 

technology, is suitable for experimental T1D oral immunotherapy trials. The plant virus 641 

expression vector technology has become very attractive in the transient expression field, due to 642 

its ability to produce foreign proteins both rapidly and at high levels. This technology is based on 643 

a deconstructed vector that carries only the RNA polymerase RNA dependent and movement 644 

protein5 and therefore it loses its infectivity in plants; as a consequence, its potential transmission 645 

to humans should be excluded. 646 

 647 

The experimental protocol reported here could be extended to many different edible species, 648 

such as lettuce, Chenopodium capitatum and Tetragonia expansa. Since the leaves of these 649 

species, including red beet and spinach, whose was previously detected as good expression plant 650 

systems5, can be used as uncooked food, the technology proposed here might be used for 651 

manufacturing edible vaccines or for production of minimally processed functional food or feed. 652 



The combination of recombinant protein/plant species, dpi of harvesting that gives the highest 653 

recombinant protein accumulation level need still to be determined empirically on a case by-case 654 

basis depending on the recombinant protein expressed and on the host plant species18. 655 

 656 

The application of this technology for the production of oral vaccine hold great potential to 657 

become an alternative to conventional vaccines in the near future, in addition to combat 658 

oncolytic viruses, autologous vaccines for lymphomas and solid tumors, and monoclonal 659 

antibodies to target cancers19, 20. 660 
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Time (min) % A % B Duration (min)

Initial 0 100 -

0 0 100 10

10 15 85 15

25 15 85 5

30 50 50 10

40 50 50 30

70 0 100 1

71 0 100 29

Time (min) % A % B Duration (min)

Initial 98 2 -

0 90 10 2

2 80 20 10

12 75 25 2

14 30 70 7

21 30 70 5

26 10 90 1

27 10 90 14

41 98 2 1

42 98 2 18

Time (min) % A % B Duration (min)

Initial 50 50 -

0 0 100 10

10 0 100 65

75 50 50 1

76 50 50 14

Primary metabolites (100 min)

Secondary metabolites (60 min)

Polar lipids (90 min)
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Type

Initial condition

Isocratic

Gradient

Isocratic

Gradient

Isocratic

Gradient

Isocratic (re-equilibrium)

Type

Initial condition

Gradient

Gradient

Gradient

Gradient

Isocratic

Gradient

Isocratic

Gradient

Isocratic (re-equilibrium)

Type

Initial condition

Gradient

Isocratic

Gradient

Isocratic (re-equilibrium)



Nebulizing gas

Drying gas

Nebulizing gas

Drying gas

Vaporizer

Full scan mode

Scan range

Target mass

Collision gas

Vacuum pressure

Capillary source +4,500 V

End plate offset -500 V

Skimmer 40 V

Cap exit 106 V

Oct 1 DC 12 V

Oct 2 DC 1.7 V

Lens 1 -5 V

Lens 2 -60 V

ICC for positive ionization mode

ICC for negative ionization mode

60 V

20

7

-12 V

-1.7 V

5 V

-500 V

-40 V

-121 V

Helium

1.4 x 10-5 mbar

+4,500 V

Atmospheric Pressure Chemical 

Ionization (APCI)  Source
 -

Ion trap and detector scan

13,000 m/z per second

50-1,500 m/z

200 m/z

Electrospray Ionization (ESI) 

Source

50 psi, 350 °C

10 L min-1

Mass spectrometer components Function
Parameters

Primary metabolites
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Polar lipids

50 psi, 350 °C

10 L min-1

450 °C

13,000 m/z per second

50-1,500 m/z

700 m/z

60 V -60 V

20

7

-12 V 12 V

-1.7 V 2 V

5 V -5 V

-500 V -500 V

-40 V 40 V

-121 V 143.5 V

50-1,500 m/z

400 m/z

Helium

1.4 x 10-5 mbar

+4,500 V +4,000 V

 -

 -

13,000 m/z per second

50 psi, 350 °C

10 L min-1

Parameters

Secondary metabolites



Name of Material/ Equipment Company Catalog Number

0.2-μm Minisart RC4 membrane filters Sartorius-Stedim 17764

2–mercaptoethanol Sigma M3148

4-Morpholineethanesulfonic acid (MES) Sigma M8250

96-well plate Sarstedt 833924

Acetic acid Sigma 27221

Acetonitrile LC-MS grade Sigma 34967

Acetosyringone Sigma D134406

Agar Bacteriological Grade  Applichem A0949

Ammonium formate Sigma 70221

Anti-eGFP antibody ABCam ab290

Anti-GAD 65/67 antibody Sigma G5163

Anti-LHCB2 antibody Agrisera AS01 003

Brilliant Blue R-250 Sigma B7920

C18 Column Grace    -

C18 Guard Column Grace    -

CalMag Grower Peter Excel 15-5-15

Carbenicillin disodium Duchefa Biochemie C0109

Chemiluminescence imaging system BioRad 1708370

Chloroform Sigma C2432

Detergent Sigma P5927

Fluorescence reader Perkin-Elmer  1420-011

Formic acid LC-MS grade Sigma 94318

Glycerol Sigma G5516

GoTaq G2 polymerase Promega M7841

HCl Sigma H1758

HILIC Column Grace    -

HILIC Guard Column Grace    -
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Horseradish peroxidase (HRP)-conjugate anti-

rabbit antibody
Sigma A6154

HPLC Autosampler Beckman Coulter    -

HPLC System Beckman Coulter    -

Isopropanol Sigma 24137

Kanamycin sulfate Sigma K4000
KCl Sigma P9541

KH2PO4 Sigma P9791

Loading Buffer

Luminol solution Ge Healthcare RPN2232

Lyophilizator 5Pascal LIO5P0000DGT

Mass Spectometer Bruker Daltonics   -

Methanol Sigma 32213

MgSO4 Sigma M7506

Milk-blocking solution Ristora    -

Na2HPO4 Sigma S7907

NaCl Sigma S3014

NaH2PO4 Sigma S8282

NaOH Sigma S8045

Nitrocellulase membrane Ge Healthcare 10600002

Pepsin from porcine gastric mucosa Sigma P7000

Peroxidase substrate ECL GE Healthcare RPN2235

Pump Vacuum Press VWR 111400000098

Reagent A Sigma B9643

Reagent B Sigma B9643

Rifampicin Duchefa Biochemie R0146

SDS (Sodium dodecyl sulphate) Sigma L3771

Sodium metabisulphite Sigma 7681-57-4



Sonicator system Soltec 090.003.0003

Syringe Terumo    -

Transparent fixed 300-µL insert glass tubes Thermo Scientific 11573680

Trizma Base Sigma T1503

Tryptone Formedium TRP03

Vacuum concentrator Heto 3878 F1-3

Water LC-MS grade Sigma 39253

Yeast extract  Sigma Y1333



Comments/Description

Toxic; 4 % to make loading buffer with glycerol, SDS and Tris-HCl 

pH 5.5

Corrosive

Toxic – 0.1 M stock in DMSO

15 g/L to make LB medium (pH 7.5 with NaOH) with Yeast extract, NaCl and Tryptone

Alltima HP C18 (150 mm x 2.1 mm; 3 μm) Column

Alltima HP C18 (7.5 mm x 2.1 mm; 5 μm) Guard  Column

Fertilizer

Toxic

ChemiDoc Touch Imaging System

Polysorbate 20

VICTOR Multilabel Counter

15 % to make loading buffer with Tris-HCl, SDS and 2–mercaptoethanol 

Corrosive

Ascentis Express HILIC (150 mm x 2.1 mm; particles size 2.7 μm) Column

Vision HT HILIC (7.5 mm x 2.1 mm; 3 μm) Guard  Column



Do not freeze/thaw too many times

System Gold 508 Autosampler

System Gold 128 Solvent Module HPLC

Flamable

Toxic

2 g/L with NaCl , Na2HPO4 and KH2PO4 to make PBS

2.4 g/L with NaCl , Na2HPO4 and KCl to make PBS

Prepare the solution using the ECL Prime Western Blotting System commercial kit

Bruker Esquire 6000; the mass spectrometer was equipped with an ESI source and the analyzer was an ion trap

3 % in PBS

Use with NaH2PO4 to make Sodium Phospate buffer

80 g/L with KCl, Na2HPO4 and KH2PO4 to make PBS; 10 g/L to make LB medium (pH 7.5 with NaOH) with Yeast extract, Tryptone and Agar Bacteriological Grade 

 Use with Na2HPO4 to make Sodium Phospate buffer; 14.4 g/L to make PBS

Light sensitive material

Use 50 parts of this reagent with 1 part of reagent B to prepare BCA working solution

Use 1 part of this reagent with 50 parts of reagent A to prepare BCA working solution

Toxic – 25 mg/mL stock in DMSO

Flamable, toxic, corrosive-10 % stock; 3 % to make loading buffer with Tris-HCl, Glycerol and 2–mercaptoethanol 



Sonica® 2200 MH; frequency 40 khz

Adjust pH with 1N HCl to make Tris-HCl buffer, use 1,5M Tris-HCl (pH 6.8) to make loading buffer with SDS, Glycerol and 2–mercaptoethanol 

10 g/L to make LB medium (pH 7.5 with NaOH) with Yeast extract, NaCl and Agar Bacteriological Grade  

Speed-vac System

5 g/L to make LB medium (pH 7.5 with NaOH) with Tryptone, NaCl and Agar Bacteriological Grade 





80 g/L with KCl, Na2HPO4 and KH2PO4 to make PBS; 10 g/L to make LB medium (pH 7.5 with NaOH) with Yeast extract, Tryptone and Agar Bacteriological Grade 



ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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JoVE revision 

 

Regarding your JoVE submission JoVE59298R2 Transient Expression in red beet of a biopharmaceutical, 

candidate vaccine for Type-1 Diabetes, please address the following comments.  

 

1. Are any figures reprinted? If yes, please obtain explicit copyright permission to reuse any figures from a 

previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to 

the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your 

Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has 

been modified from [citation].” 

All the figures are not previously published. In particular, both figures 1 and 2 were modified from a 

previous publication, while figure 3 was not previously published at all. The appropriate citation was 

added in the legends of both figure 1 and 2. 

 

2. Please revise lines 482-484, 490-492, 509-512 (Figure 1 legend), 522-524 (Figure 2 legend), 527-530 

(Figure 2 legend), 612-613 to avoid previously published text. Note that if Figure 1 and Figure 2 are 

reprinted from previous publication, these lines in the figure legend do not have to be rephrased. For your 

reference, the iThenticate report is attached. 

 

All the indicated lines were revised. 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;19-12JoVE
revision.docx
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