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Abstract

High-risk human papillomaviruses (hr-HPVs) cause cervical cancer, the fourth most com-

mon cancer in women worldwide. A HPV-16 candidate therapeutic vaccine, LALF32-51-E7,

was developed by fusing a modified E7 protein to a bacterial cell-penetrating peptide

(LALF): this elicited both tumour protection and regression in pre-clinical immunization stud-

ies. In the current study, we investigated the potential for producing LALF32-51-E7 in a plant

expression system by evaluating the effect of subcellular localization and usage of different

expression vectors and gene silencing suppressors. The highest expression levels of

LALF32-51-E7 were obtained by using a self-replicating plant expression vector and chloro-

plast targeting, which increased its accumulation by 27-fold compared to cytoplasmic locali-

zation. The production and extraction of LALF32-51-E7 was scaled-up and purification

optimized by affinity chromatography. If further developed, this platform could potentially

allow for the production of a more affordable therapeutic vaccine for HPV-16. This would be

extremely relevant in the context of developing countries, where cervical cancer and other

HPV-related malignancies are most prevalent, and where the population have limited or no

access to preventative vaccines due to their typical high costs.

Introduction

Cancer is a leading cause of death globally, and high-risk human papillomaviruses (hr-HPVs)

have been linked to numerous genital and oropharyngeal malignancies. Of these, the most

important is cervical cancer, which is the fourth most common cancer in women worldwide

[1,2]. There are approximately 530,000 new cases of cervical cancer and 270,000 deaths per

year, of which, more than 85% occur in developing countries [3,4]. Essentially all (99.7%)
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cervical cancer cases are caused by persistent infections with hr-HPVs. The most prevalent

types worldwide are HPV-16 and -18, accounting for more than 70% of cases [5–7].

Currently, there are three commercially available vaccines against HPVs: these are Cer-

varix1 (GlaxoSmithKline Inc.), Gardasil1 and Gardasil1 9 (Merck & Co., Inc.). All exploit

the fact that the HPV major capsid protein L1 can form virus-like particles (VLPs) when

expressed alone in a variety of cell types, which are morphologically and antigenically very

similar to native virions [8]. These vaccines prevent HPV infections caused by the targeted

types by eliciting neutralizing antibodies [9–11]. However, they are not effective at eliminating

pre-existing infections [12–14]. Therapeutic HPV vaccines that can eliminate established

infections are therefore still needed—and these need to be affordable, given the burden of

HPV disease is mainly in developing countries [4,12].

The early-expressed E7 oncoprotein of hr-HPVs is essential for the onset and maintenance

of the transformed cell phenotype. It is expressed constitutively and at high levels in infected

cells, and therefore represents an ideal target for therapeutic vaccine candidates [5,15,16].

Granadillo et al. (2011) [17] developed a HPV-16 E7-based therapeutic vaccine produced in

an Escherichia coli expression system. This consisted of the E7 oncoprotein fused to a peptide

derived from the Limulus polyphemus anti-lipopolysaccharide factor (LALF31-52). This is a

small cationic and amphipathic peptide that can penetrate cell membranes and that also has

immunomodulatory properties [18]. The vaccine had both protective and therapeutic qualities

in a mouse model: mice were protected against tumour formation after challenge with the

E7-expressing TC-1 cell line, and established tumours were significantly reduced following

vaccination, with significant tumour-specific cell-mediated immune responses being elicited.

These results confirmed the potentiating effect of the cell-penetrating peptide, and showed

that LALF32-51-E7 has promise as a HPV therapeutic vaccine. However, production in bacteria

was problematic as yields were low and the product was highly insoluble.

Thus, in the current study we investigated producing LALF32-51-E7 transiently in a plant

expression system, as an alternative to bacteria. Plant expression systems offer significantly

lower upstream production costs compared to bacterial, yeast or mammalian cell systems [19–

25]. Additionally, plants are not susceptible to animal pathogen contamination like mamma-

lian or insect cells, they do not produce endotoxins like bacterial cultures, and they can also

post-translationally modify proteins similarly to mammalian cells. These properties make

plant production of biologics potentially more efficient, safer and more cost-effective than con-

ventional expression systems. Furthermore, plant production is highly scalable, from labora-

tory benchtops through to agricultural scale in fields, greenhouses or in vertical farming units

[22–25]. Plants have also been shown to produce biologically functional pharmaceuticals,

including products presently in use in humans such as glucocerebrocidase [22,26–29].

In this study, we aimed at optimizing the expression levels of LALF32-51-E7 in plants by use

of a self-replicating expression vector, different subcellular localizations and the use of gene

silencing suppressors. The self-replicating plant expression vector pRIC3.0 is based on the

mild strain of the bean yellow dwarf mastrevirus (BeYDV), and its use in amplifying gene

expression has been amply described [30,31]. Subcellular localization by targeting proteins to

the chloroplasts, the endoplasmic reticulum (ER) or the apoplast can have a dramatic effect on

accumulation levels of recombinant proteins [32–34], possibly because proteins may be less

prone to degradation in these locations than in the cytoplasm [34–37]. Given promising results

in preliminary investigations, we therefore investigated the viability of producing LALF32-51-

E7 by targeting it to the chloroplasts of N. benthamiana leaves.

Posttranscriptional gene silencing (PTGS) often negatively affects the expression of recom-

binant proteins in plants. Accordingly, we used two well-known silencing suppressors, the

tomato spotted wilt virus NSs protein [38] and the tomato bushy stunt virus P19 protein
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[39], to investigate their potential for increasing the accumulation levels of LALF32-51-E7 in N.

benthamiana.

While scaling-up the expression of plant-produced recombinant protein is not affected by

challenges faced by other systems such as having to build complex and expensive bioreactors

[24], the downstream processing costs are similar to those of other expression systems, and

account for the bulk of production costs. It is therefore important to optimize large scale

expression, extraction and especially purification [24,40,41]. When expressed in E. coli,
LALF32-51-E7 could be purified using a single step of Ni2+ affinity chromatography [17,42].

Accordingly, in this study, we investigated a similar purification step after scaling up the pro-

duction of LALF32-51-E7 in N. benthamiana plants.

Results

Comparing the accumulation of LALF32-51-E7 in the cytoplasm versus

the chloroplasts

Previously the first cysteine of HPV-16 E7 sequence was modified in order to disrupt the bind-

ing site of E7 to retinobastoma protein to eliminate its oncogenic ability [17]. The LALF32-51-

E7 fusion protein sequence was codon-optimized for expression in N. benthamiana and

inserted into the self-replicating plant expression vector pRIC3.0 with and without the

chloroplast transit peptide (cTP). cTP is derived from the potato rbcS1 gene of the ribulose-

1,5-bisphosphate carboxylase/oxygenase (RuBisCO) small subunit and targets the protein to

the chloroplast. Electrocompetent A. tumefaciens were transformed with the final constructs

shown in Fig 1.

A pilot small-scale syringe-infiltration was done to determine the optimal optical density

(OD600) and expression profile of LALF32-51-E7 in pRIC3.0 and pRIC3.0-cTP (S1 Fig). To

compare the accumulation of LALF32-51-E7 in the cytoplasm versus the chloroplasts, leaves

were vacuum-infiltrated with pRIC3.0-LALF32-51-E7 and pRIC3.0-cTP-LALF32-51-E7, using

the overlapping optimum OD600 of 1.0. The constructs pTRAc-LALF32-51-E7 and pRIC3.0

empty were used as controls. Infiltrated leaves were monitored over 7 days. On 5 days post

infiltration (dpi) signs of damage were seen, which became severe by 7 dpi, including brittle

leaves and chlorosis (Fig 2A).

Equal volume western blots showed how LALF32-51-E7 was almost undetectable when

expressed from pTRAc, even when detecting with concentrated antibodies (Fig 2B, left

panel). However, large molecular weight aggregates were detected in these samples at

approximately 46 and 80 kDa. Equal total soluble protein (TSP) western blots of pRI-

C3.0-LALF32-51-E7 and pRIC3.0-cTP-LALF32-51-E7 were used to analyse the accumulation

Fig 1. Construct generation for the expression of LALF32-51-E7 in N. benthamiana. The LALF32-51-E7

sequence was plant codon-optimized and inserted into the self-replicating plant expression vector pRIC3.0, with

and without a chloroplast targeting peptide (cTP) signal. Light-blue arrows, restriction enzyme sites. CAMV-

promoter, the cauliflower mosaic virus 35S constitutive promoter. 6xHIS, hexa-histidine tag. Not drawn to scale.

https://doi.org/10.1371/journal.pone.0183177.g001
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of LALF32-51-E7 in the cytoplasm versus the chloroplasts (Fig 2B, right panel). The size of the

chloroplast targeted protein was the same as the cytoplasmic one indicating that the cTP is

cleaved off when it is transported into the chloroplast. When expressed in pRIC3.0, the accu-

mulation of LALF32-51-E7 peaked on 5 dpi and was undetectable on 3 and 7 dpi. As deter-

mined by western blot densitometry, it accounted for up to 0.017% TSP in the extracts

analysed (Fig 2C). On the other hand, the accumulation of LALF32-51-E7 when expressed in

pRIC3.0-cTP fluctuated less than in pRIC3.0, peaking on 3 and 5 dpi. This accounted for

up to 0.56 (±0.08)% TSP however on average this was 0.44% TSP. The accumulation of

LALF32-51-E7 in the chloroplasts was 26.8-fold higher than the accumulation in the cyto-

plasm when considering the average %TSP on 3 and 5 dpi. No LALF32-51-E7 was detected in

pRIC3.0 empty vector extracts.

Investigating the effect of silencing suppressors on the expression of

LALF32-51-E7

To determine the effect of silencing suppressors on the expression of LALF32-51-E7 in N.

benthamiana, leaves were co-infiltrated with pRIC3.0-LALF32-51-E7 or pRIC3.0-cTP-LALF32-51-

E7 and P19 or NSs. The pRIC3.0 empty vector was used as a negative control. The plants were

monitored over 7 days and we observed that signs of necrosis were exacerbated by the co-infil-

tration with P19, and seemed to be attenuated by co-infiltration with NSs (Fig 3A).

Western blot analysis of leaf extracts from each construct and silencing suppressor combi-

nation showed that LALF32-51-E7 in pRIC3.0 peaked on 5 dpi, with or without silencing sup-

pressor, which was consistent with previous experiments. The best day for

pRIC3.0-cTP-LALF32-51-E7 was 3 dpi, except when in the presence of P19, in which case it was

5 dpi. No LALF32-51-E7 was detected in pRIC3.0 empty vector leaf extracts. Based on the above

results, TSP content of the leaf extracts from the best expression day of each combination was

determined. Equal TSP western blots showed that the expression of LALF32-51-E7 in pRIC3.0

did not seem to change in the presence of either silencing suppressor (Fig 3B). It was not

possible to accurately quantify these samples due to their very low level of accumulation. The

expression of LALF32-51-E7 in pRIC3.0-cTP only increased in the presence of P19, on average

by 1.3-fold, while it seemed to decrease by on average 0.92-fold in the presence of NSs.

Optimization of LALF32-51-E7 extraction

Once the parameters for optimal expression and accumulation of LALF32-51-E7 in N. benthami-
ana leaves were finalised, we investigated scaling up its production and development of an

extraction and purification strategy. An approach for the extraction of LALF32-51-E7 was devel-

oped which was analogous to the extraction of the E. coli-produced counterpart, described in

[42]. Homogenised leaf material was washed with phosphate buffer saline (PBS) to remove the

majority of the plant host soluble proteins, while the highly hydrophobic LALF32-51-E7 stayed

in the insoluble fraction. Thereafter, LALF32-51-E7 was solubilized from the plant material with

a urea extraction buffer. This extraction strategy worked as expected (Fig 4): no LALF32-51-E7

was lost during the PBS washes, while the bulk of host contaminant proteins were removed (See

Fig 4, lanes 6M, 8M and PE) and the final crude extract was clear and non-viscous. LALF32-51-

E7 was better extracted with a concentration of 8 M urea. Furthermore, the addition of Triton

X-100 seemed to increase the extraction efficiency of LALF32-51-E7.

Purification of LALF32-51-E7 by Ni2+ affinity chromatography

His-tagged LALF32-51-E7 was purified by Ni2+ affinity chromatography on an ÄKTA Explorer™
(GE Healthcare Life Sciences) system. Approximately 50 g fresh leaf weight (FLW) of starting
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Fig 2. Comparing the effects of expression vector and subcellular localization on the expression of

LALF32-51-E7. (A), Leaf physiology monitored over time after vacuum infiltration with pRIC3.0-LFLF32-51-E7,

pRIC3.0-cTP-LFLF32-51-E7 and pRIC3.0 empty. All cultures used were set to an OD600 of 1.0. Shown are

representative leaves on 3, 5 and 7 dpi of three independent repeats. (B) The effect of expression vector on

LALF32-51-E7 accumulation. Left panel, equal volume western blots of LALF32-51-E7 expression from pTRAc

using an antibody dilution of 1:1,000. (+), purified E. coli-derived LALF32-51-E7. (-), pRIC3.0 empty vector

crude extract. Black arrow indicates the expected position of LALF32-51-E7,�22 kDa. Blue arrows show

Expression optimization of LALF32-51-E7 in plants
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material were used. The purification process was repeated several times, testing different

conditions. When extracting LALF32-51-E7 with large volumes (5–6 times v/w) of extraction

buffer, the purified LALF32-51-E7 concentration was very low, as indicated by A280 values of

1,100 to 1,300 milli absorption units (mAU). However, when the extraction volume was

between 2–3 v/w, more concentrated LALF32-51-E7 was obtained and within fewer elution

fractions, resulting in an A280 value of more than 4,000 mAU. The purification process was

higher molecular weight aggregates. Right panel, analysis of 50 μg of TSP of pRIC3.0-LALF32-51-E7 and

pRIC3.0-cTP-LALF32-51-E7 crude extracts. Western blot using an antibody dilution of 1:5,000 (top) and

corresponding AquaStained SDS-PAGE gels showing a native protein of approximately 50 kDa as an internal

control for equal TSP loading (bottom). (-), pRIC3.0 empty vector crude extract. (+), E. coli-derived LALF32-51-

E7 inclusion bodies. Arrow indicates the position of LALF32-51-E7,�22 kDa. Mw, molecular weight marker.

TSP, total soluble proteins. (C) The effect of subcellular localization on LALF32-51-E7 accumulation

determined by the %TSP.

https://doi.org/10.1371/journal.pone.0183177.g002

Fig 3. The effects of silencing suppressors on the expression of LALF32-51-E7. (A) Leaf physiology monitored over

7 days after vacuum co-infiltration of silencing suppressors and pRIC3.0-LALF 32-51-E7 or pRIC3.0-cTP-LALF 32-51-E7.

All cultures used were set to an OD600 of 1.0. Shown are representative leaves on 3, 5 and 7 dpi. pRIC3.0 empty vector

was used as a negative control. (B) Analysis of 50 μg of TSP crude extracts of leaves vacuum-infiltrated with or without a

silencing suppressor on the best expression dpi. Top panel, western blot using an antibody dilution of 1:5,000. Bottom

panel, corresponding AquaStained SDS-PAGE gel showing a native protein of approximately 50 kDa as an internal

control for equal TSP loading. (+), E. coli-derived LALF 32-51-E7 inclusion bodies. Arrow indicates the position of

LALF 32-51-E7�22 kDa. Shown here are representative images of two independent repeats. Mw, molecular weight

marker. TSP, total soluble protein.

https://doi.org/10.1371/journal.pone.0183177.g003
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optimised by the elimination of the low pH wash step between and after sample binding and

the absence of imidazole in the crude extract and equilibration buffer (Fig 5A).

The Ni2+ chromatography elution fractions were initially analysed by immunodot-blots to

determine the LALF32-51-E7-containing fractions. The identified fractions did not correspond

to the elution peak, instead they corresponded to adjacent later fractions. This suggested that

another protein or proteins eluted with LALF32-51-E7. The AquaStained gel of these fractions

showed a high molecular weight band between 46 and 58 kDa (Fig 5B). Furthermore,

LALF32-51-E7 appeared as a double band in the stained gels and in the western blots.

LALF32-51-E7-containing chromatography fractions were pooled and dialysed against Tris

buffer and LALF32-51-E7 was quantified by western blot densitometry, with E. coli-produced

LALF32-51-E7 inclusion bodies as a standard (Fig 6). The yield of the purified plant-produced

LALF32-51-E7 was 15 mg/kg FLW at a concentration of 0.0231 mg/ml. The expression of

LALF32-51-E7 from pRIC3.0-cTP on 3 dpi was extrapolated to be on average 50 mg/kg FLW.

Therefore, 30% of LALF32-51-E7 was recovered during the purification process.

Discussion

The fusion protein LALF32-51-E7 is a potential therapeutic vaccine candidate for HPV-16. It

was previously expressed in E. coli and was successful in eliciting tumour protection and

tumour regression in a mouse animal model [17,42]. However, it would be potentially more

economical to use plant expression systems to produce this candidate vaccine, given that the

expression is reasonably high [19,20].

While preliminary experiments proved that LALF32-51-E7 could be expressed in N.

benthamiana leaves, expression levels were very low. Accordingly, the aim of this study was to

increase and optimize its expression levels by using a replicating plant expression vector and

silencing suppressors. Expression of LALF32-51-E7 was successful using both pRIC3.0 and

pRIC3.0-cTP vectors. This agreed with the results of Regnard et al. (2010) [30] and others [43–

46] in that significantly increasing gene copy number can lead to an increase in the expression

of recombinant proteins. It is interesting that this occurs despite the vector inducing distinct

infection-like symptoms in the plants, even when no insert was present. Other studies have

reported that the Rep proteins of similar geminiviruses can induce hypersensitive responses in

plants [47]. However, the protein expression levels were not negatively affected by these symp-

toms, even on 7 dpi, compared to the expression obtained from non-replicating vectors. It was

noted that LALF32-51-E7 migrated at� 22 kDa in western blots, while its predicted size is� 15

Fig 4. Enhanced LALF32-51-E7 extraction strategy. Leaf material expressing LALF32-51-E7 was ground-up

with liquid nitrogen and washed 3 times with PBS (W1-3). LALF32-51-E7 was solubilized from the leaf material

with extraction buffer containing 6 M or 8 M urea (6M and 8M, respectively). The final extracts are compared

to a crude extract sample prepared using the previous extraction strategy (PE). (+), purified E. coli-produced

LALF32-51-E7. Left panel, Coomassie-stained SDS-PAGE gel. Right panel, western blot using an antibody

dilution 1:5,000. Arrows indicate the position of LALF32-51-E7� 22 kDa. Mw, molecular weight marker.

https://doi.org/10.1371/journal.pone.0183177.g004
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kDa. This was consistent with observations by Granadillo et al. (2011) [17]. The net negative

charge of E7 is known to influence the migration of this protein in SDS-PAGE gels, making

it appear larger [48]. This has also been observed with other E7-based fusion proteins, like

16E7SH [28]. Targeting LALF32-51-E7 to the chloroplasts resulted in the highest accumulation

levels obtained, representing an increase in %TSP of 26.8-fold, compared to LALF32-51-E7

accumulation levels in the cytoplasm. This agrees with the hypothesis that proteins sequestered

in cell compartments are less prone to degradation. It is thought that protease concentrations

are lower in these compartments than in the cytoplasm [19,35,37]. The fact that targeting

Fig 5. Purification of LALF32-51-E7 using Ni2+ column chromatography. (A), LALF32-51-E7 purification chromatogram. Blue

curve, A280 representing protein levels. Light-green curve, elution buffer gradient. Arrow shows the elution peak corresponding

to elution fractions 1–7. Black box, elution fractions 5–7 corresponding to LALF32-51-E7. (B), analysis of relevant fractions by

AquaStained SDS-PAGE gel (left panel) and anti-E7 polyclonal antibody western blot using dilution of 1:5,000 (right panel). (+),

E. coli-LALF32-51-E7 inclusion bodies. CE, LALF32-51-E7 crude extract from 50 g fresh leaf weight. FT, flow through. E4-E13,

elution fractions 4–13. Arrows point at the doublet bands representing LALF32-51-E7� 20 and 22 kDa. Mw, molecular weight

marker.

https://doi.org/10.1371/journal.pone.0183177.g005
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LALF32-51-E7 to the chloroplasts dramatically increased its accumulation levels compared to

localizing it in the cytoplasm, suggest that subcellular localization played a greater role in the

accumulation of LALF32-51-E7 than the increase in gene copy number provided by the self-rep-

licating vector. This agrees with the findings of Regnard et al. (2010) [30], in that the increase

in gene copy number was not proportional to the fold increase in protein expression. We were

able to prove that the chloroplast transit peptide did target the protein to the chloroplast by

fusing the LALF32-51-E7 to enhanced GFP and determining localization by confocal laser scan-

ning microscopy and determining that it formed protein body-like structures which clearly

localized with the chloroplast [49].

Previous work with the protein body-forming E7 fusion protein ZERA-16E7SH expressed

using the non-replicating, non-targeting expression vector pTRAc showed that the accumula-

tion of this protein was enhanced in the presence of the NSs protein [28]. Accordingly, N.

benthamiana leaves were co-infiltrated with pRIC3.0-LALF32-51-E7 or pRIC3.0-cTP-LALF32-51-

E7 and the NSs or P19 silencing suppressors. It was shown that co-infiltration with silencing

suppressors did not have a large impact on the expression of LALF32-51-E7, as the increase was

only 1.3-fold. This can be considered insignificant when compared to the 26.8-fold increase

seen when targeting to the chloroplast versus cytoplasmic localization. The only instances

where silencing suppressors did seem to influence the expression of LALF32-51-E7 were with the

7 dpi samples. This is not surprising as PTGS takes place in later stages of infection. However,

the expression levels at 7 dpi in the presence of silencing suppressors were lower than on days 3

and 5 with or without silencing suppressors. The replication of geminivirus-based vectors is

rapid and high expression levels are often obtained before the onset of PTGS [50]. Thus, ampli-

fication of gene copy number by the self-replicating vectors can have a greater impact on

expression levels than that of silencing suppressors. We therefore concluded that the combined

effects of increased gene copy number and the subcellular localization of LALF32-51-E7 had the

major impacts on its accumulation levels, compared to the effects of either of the silencing sup-

pressors. This is interesting, as the two proteins act at different levels in PTGS: NSs is a RNA

silencing suppressor from the Tomato spotted wilt virus (TSWW) and it inhibits the initial stages

Fig 6. Quantification of partially purified LALF32-51-E7. Relevant fractions obtained during the purification

of LALF32-51-E7 by Ni2+ affinity chromatography were pooled and dialyzed against Tris buffer. The dialyzed

LALF32-51-E7 was then quantified by western blot densitometry using E. coli-produced LALF32-51-E7 inclusion

bodies as standard—grey triangle with loaded amounts in μg shown above. Plant, partially purified and

dialyzed plant-produced LALF32-51-E7. E. coli, purified E. coil-produced LALF32-51-E7. Arrows point at the

LALF32-51-E7 doublet� 20 and 22 kDa. Mw, molecular weight marker.

https://doi.org/10.1371/journal.pone.0183177.g006
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of the silencing pathway by possible interaction with RdRP [38], while P19 from Tomato bushy
stunt virus binds to siRNAs preventing siRNA incorporation into RISC [38,51]. NSs only

suppresses sense transgene-induced PTGS but does not suppress inverted repeat transgene-

induced PTGS; however, p19 has an effect on both arms of silencing as it acts at the siRNA

level, which may be the reason of the increased signs of necrosis observed in the plants infil-

trated with p19 in this study [40].

In the scale up investigation, we opted to express LALF32-51-E7 targeted to the chloroplasts

in the absence of silencing suppressors, as infiltrating with just one bacterial strain would sim-

plify the scaling-up process and would be more economical in a possible future industrial set-

up. For consistency, pRIC3.0-cTP-LALF32-51-E7 A. tumefaciens cultures at an OD600 of 1.0

were used during the large-scale production of LALF32-51-E7. However, this could be reduced

to 0.5 as it was equally effective.

The extraction strategy we applied was analogous to the extract preparation used for E. coli-
produced LALF32-51-E7 [42]. Most soluble host proteins were successfully removed by washing

the homogenised plant material with PBS before solubilising LALF32-51-E7 with urea. This

protocol represented a more efficient way of extracting LALF32-51-E7 from plant material,

compared to directly solubilizing it with a urea buffer without previous PBS washes.

The purification of LALF32-51-E7 by means of metal-ion affinity chromatography was com-

plicated by the fact that it eluted at a low imidazole concentration, suggesting that it was weakly

bound to the Ni2+ resin. A small portion of LALF32-51-E7 co-eluted with most of the contami-

nant proteins in early elution fractions, while it was more strongly detected in later elution

fractions. The contaminant proteins were not found in the flow-through, as seen in the chro-

matogram and stained gel in Fig 5. The apparent interaction of LALF32-51-E7 and host proteins

was not eliminated by the denaturing conditions used in the process, nor by the addition of

the detergent Triton X-100, suggesting this association was strong. Alternatively, the early-

eluting portion could be high molecular weight aggregates of LALF32-51-E7 not recognized by

the antibodies used. The purified plant-produced LALF32-51-E7 appeared as a double band in

SDS-PAG electropherograms: this was also seen for the E. coli-produced LALF32-51-E7. Similar

doublet formation for HPV-16 E7 was observed by Demurtas et al. (2013) [52], who proposed

these were phosphorylated forms of the protein. The HPV-16 E7 protein is known to be phos-

phorylated at serine residues [53].

Overall, the use of Ni2+ affinity chromatography was not much more than a polishing step

in the purification of LALF32-51-E7. The protein in fact appeared to be purified to the greatest

extent by the pre-solubilisation PBS washes of the leaf material, which removed the bulk of the

host contaminant proteins.

We obtained a purification recovery rate of LALF32-51-E7 of 30%. In comparison, recovery

rates from E.coli were around 52% and they obtained yields of approximately 38 mg purified

protein per liter of induced culture [44]. This relatively low recovery rate from plants can be

attributed to the incomplete extraction of LALF32-51-E7 from leaf material and the manipula-

tion of extracts during purification, and could almost certainly be improved upon. While the

best conditions yet achieved for plant-produced LALF32-51-E7 were used, and it was expressed

at levels up to 0.5% TSP or 50 mg/kg, this is lower than values reported for other E7-based

plant-expressed proteins. For example, Buyel et al. (2012) [54] report the expression of a HPV-

16 E7 fusion protein of 233 mg/kg FLW in N. benthamiana, and Whitehead et al. (2014)

obtained expression levels of a Zera1-fused HPV-16 E7 protein of 150 mg/kg and levels of

1,100 mg/kg were obtained when the E7 protein sequence was shuffled (ZERA-16E7SH) [28].

This suggests that this protein might be detrimental to the plant cells. Since E7 can interact

with other proteins besides the retinoblastoma protein [55,56], it is possible that it interferes

with plant cell pathways, which is not seen for E7 expression in prokaryotic expression systems
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[42]. Furthermore, Demurtas et al., (2012) [52], reported a hexahistidine-tag being detrimental

to the expression of transplastomic HPV-16 E7-based protein (E7GGG) in algae cells. When a

different affinity tag was used, the protein expression level was increased.

The downstream processing of most recombinant proteins can account for 80% of the pro-

duction cost, which in fact, currently represents a bottleneck in the development of low-cost

biopharmaceuticals [24,40,57]. Therefore, it is important that an economic and efficient purifi-

cation method is applied to increase the recovery of LALF32-51-E7. It could therefore be worth

removing LALF32-51-E7’s His-tag and to test non-chromatographic purification strategies. For

example, chloroplasts could be purified by differential ultra-centrifugation techniques and

thereafter, LALF32-51-E7 could be extracted from the chloroplast envelopes [58,59]. Alterna-

tively, targeting LALF32-51-E7 to secretory pathways and fusing it to carrier molecules could

increase its expression levels, as demonstrated by Franconi et al. (2006) [60], for HPV-16 E7,

and Massa et al. (2007) [61] and Buyel et al. (2012) [54] for E7GGG. Additionally, the HPV-16

E7 sequence used here could be replaced with the shuffled sequence used by Whitehead et al.

(2014) [28], creating LALF32-51-16E7SH which could possibly be less toxic.

Overall, this study has demonstrated that the expression in a plant expression system of

LALF32-51-E7, a recombinant protein with significant potential as a therapeutic for the treat-

ment of HPV infections, is possible. We report here for the first time the expression, up-scaling

of production, extraction and purification of plant-produced LALF32-51-E7. If further devel-

oped, this platform could potentially allow for the production of a low-cost and therefore

accessible therapeutic vaccine for HPV-16. This would be extremely relevant in the context of

developing countries, where cervical cancer and other HPV-related malignancies are most

prevalent, and where the population has limited or no access to preventative vaccines.

Materials and methods

Bacterial strains and culture conditions

All constructs were maintained in DH5-α chemically competent E. coli cells (E. cloni™, Luci-

gen) grown in Luria-Bertani (LB) medium [1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, pH

7.0 and 1.5% agar for solid medium]. Liquid cultures were grown with agitation at 120 revolu-

tions per minute (rpm), at 37˚C, for 16 to 18 h. Antibiotic selection was done using 100 μg/ml

ampicillin.

A. tumefaciens strain GV3101 containing the helper plasmid pMP90RK, was used for

PRIC3.0 and pTRAc constructs. A. tumefaciens strain LBA4404 was used for pEAQ-HT and

pBIN constructs. Cells were grown in LB broth, with agitation at 120 rpm, at 27˚C for 2–3

days. Antibiotic selection was done using 50 μg/ml carbenicillin (only used for recombinant

GV3101::pMP90RK cells), 50 μg/ml rifampicin and 30 μg/ml kanamycin. To prevent clumping

of LBA4404 cultures, liquid media were supplemented with MgSO4 to a final concentration of

2 mM.

Construct generation and Agrobacterium electroporation

The E7 sequence in the LALF32-51-E7 fusion was previously modified to contain a base substi-

tution (T/G) in the codon encoding for the first cysteine to abolish the carcinogenic effect of

the protein. The LALF32-51 sequence encodes a small linear peptide containing residues 32 to

51 from the original LALF protein [17,18]. The LALF32-51-E7 sequence was codon-optimized

for expression in N. benthamiana, synthesized by GenScript (USA). The LALF32-51-E7

sequence was inserted into the self-replicating plant expression vector pRIC3.0 using the RE

sites AflIII/XhoI. The LALF32-51-E7 sequence was subcloned into thepRIC3.0-cTP vector using

the XhoI and MluI restriction sites.
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Electro-competent A. tumefaciens cultures were prepared as described in [62] and electro-

porated as described in [35]. GV3101::pMP90RK cells were electroporated with the constructs

pTRAc-LALF32-51-E7, pRIC3.0 empty vector, pRIC3.0-LALF32-51-E7 and pRIC3.0-cT-

P-LALF32-51-E7. LBA4404 cells were electroporated with the constructs pEAQ-HT which con-

tains the p19 expression cassette, pEAQ-HT-LALF32-51-E7 and pBIN-NSs.

Agroinfiltration and transient expression of LALF32-51-E7 in N.

benthamiana leaves

LALF32-51-E7 expression optimization in N. benthamiana leaves. Recombinant A. tume-
faciens cultures were prepared for small scale agroinfiltration as described in [35]. Four to six-

week-old N. benthamiana plants were used. The negative control, pRIC3.0 empty, was infil-

trated at an OD600 of 1.0. Time trials were repeated three times independently, using an OD600

of 1.0, three plants per construct and vacuum infiltration. For vacuum infiltration, A. tumefa-
ciens cultures were grown as described in [35] in LBB enriched medium [0.25% tryptone,

1.25% yeast extract, 0.50% NaCl, 10 mM 2-(N-Morpholino) ethanesulfonic acid (MES), pH

5.6], induced overnight with 20 μM acetosyringone and diluted to the desired final OD600 in

resuspension solution [5 mM MES, 20 mM MgCl2, 0.2 mM acetosyringone].

Investigating the effect of silencing suppressors on the expression of LALF32-51-E7.

Plants were vacuum infiltrated with pRIC3.0-LALF32-51-E7, pRIC3.0-cTP-LALF32-51-E7 and

pRIC3.0 empty, with or without a silencing suppressor-containing construct: pEAQ-HT-P19

and pBIN-NSs. All A. tumefaciens cultures were set to an OD600 of 1.0. Three plants per con-

struct were vacuum infiltrated. One leaf per plant was harvested on 3, 5 and 7 dpi, giving a

total of 3 leaves per construct. This set of experiments was repeated twice, independently.

Preparation of plant crude extracts

Small-scale expression studies. Vacuum-infiltrated plants, leaves were weighed immedi-

ately after being harvested. Leaves were flash-frozen in liquid nitrogen and ground up using a

mortar and pestle. Crude extracts were prepared by homogenizing leaves in 2 v/w of extraction

buffer [8 M urea in 1 mM carbonate-bicarbonate buffer, pH 10.6] using a T25 digital ULTRA

TTURRAX1 homogenizer (IKA). Homogenates were passed through a double-layer of Mira-

cloth (EDM Chemicals) and were clarified twice by centrifugation at 13,000 rpm (BeckmanT

Coulter Avanti1 J25TI centrifuge) for 10 min at room temperature.

Enhanced extraction strategy for LALF32-51-E7 purification studies. Vacuum-infil-

trated leaves were flash-frozen in liquid nitrogen and ground up using a mortar and pestle.

Ground leaf material was washed 3 times with phosphate buffered saline [PBS; 137 mM NaCl,

2.7 mM KCl, 10 mM PO4
3− (0.144% Na2HPO4 and 0.024% KH2PO4), pH 7.4] or 5–6 times

with Triton-PBS [0.1%Triton X-100 (Sigma-Aldrich) in PBS buffer] by homogenizing in 4 v/w

using a T25 digital ULTRATTURRAX1 homogenizer (IKA) and subsequently centrifuging at

13,000 rpm (Beckman T Coulter Avanti1 J25TI centrifuge) for 10 min at 4˚C. LALF32-51-E7

was extracted from the washed and pelleted plant material with 2–5 v/w of urea extraction

buffer at 4˚C with shaking for 4 h. Extracts were passed through a double-layer of Miracloth

and were clarified twice by centrifugation at 13,000 rpm for 20 min at room temperature. The

final crude extracts were stored at -20˚C.

Purification of LALF32-51-E7 by Ni2+ affinity chromatography

LALF32-51-E7 crude extracts were prepared from 50 g FLW using the enhanced extraction strat-

egy. Imidazole (Merck Millipore) and NaCl were added to a final concentration of 20 mM

and 500 mM respectively. A 5 ml Ni2+ affinity column (HisTrap™ HP, GE Healthcare) was
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equilibrated with 5 column volumes (CV) of equilibration buffer [500 mM NaCl, 8 M urea, 20

mM imidazole in 50 mM Na-PO4 pH 8.0]. The crude extract was loaded onto the column using

a 150 ml SuperLoop. Thereafter the column was washed with 10 CV of equilibration buffer or

wash buffer [equilibration buffer at pH 6.5]. LALF32-51-E7 was eluted over 20 CV of a linear gra-

dient (from 0% to 100%) of elution buffer [equilibration buffer with 500 mM imidazole] and an

additional 5 CV step of 100% elution buffer. The ÄKTA Explorer™ system and the UNICORN

4.11 software (GE Healthcare) were used. All fractions were collected in 5 ml aliquots and

stored at -20˚C. Relevant fractions were analysed by western blots and SDS-PAGE gels.

Relevant elution fractions were pooled and extensively dialysed against 130 v/v renaturing

buffer [10 mM Tris, pH 8.0]. The dialysis was carried over 4 h, followed by an overnight round

and a final round of 4 h. Thereafter, dialysed samples were filter-sterilized through a 0.2 μm

Corning1 syringe filters (Sigma-Aldrich) and stored at 4˚C.

Detection and quantification of LALF32-51-E7

Total soluble protein (TSP) and % TSP determination. Total soluble protein concentra-

tions of crude extracts were determined using the DC Protein Assay (Bio-Rad). A serial dilu-

tion of 1 mg/ml to 0.06 mg/ml bovine serum albumin (BSA; Sigma-Aldrich) was used as

standard. For %TSP determination, western blot densitometry was used. The plant-derived

LALF32-51-E7 was quantified using the 6xHis Protein Ladder (QIAGEN1) as a protein stan-

dard. The anti-Histidine and goat anti-mouse IgG whole molecules conjugated to alkaline

phosphatase (AP; Sigma-Aldrich) were used. The Syngene Gene Genius imaging system (Arti-

san Technology Group) and GeneTools software (Syngene) were used. The %TSP fold change

was calculated using the equation bellow, where values above 1 indicated increase, a value of 1

indicated no change and a value below 1 indicated decrease.

Fold change ¼
Final %TSP value
Initial %TSP value

SDS-PAGE and western blotting

Crude extracts were mixed with 6x SDS sample application buffer [25% (v/v) glycerol, 0.5 M

DDT, 5% (w/v) bromothymol blue] to a final concentration of 1x and boiled at 90˚C for 10

min. Fifteen per cent SDS-PAGE-gels were loaded and electrophoresed in a Bio-Rad Tetra

Cell system at 120 volts. Gels were stained with Aqua Stain™ (Vacutec) for 1 h, at 37˚C, or with

Coomassie Brilliant Blue stain (Bio-Rad) for 2 h at 37˚C and destained with destaining solu-

tion [30% (v/v) methanol and 10% (v/v) glacial acetic acid in distilled water. Protein sizes were

estimated using PageRuler™ Plus Prestained Protein Ladder (Thermo Scientific) or with the

Colour Prestained Protein Standard, Broad Range (11–245 kDa) (NEB).

For western blots, proteins were transferred from SDS-PAGE-gels to nitrocellulose mem-

branes using a Bio-Rad Trans-Blot1 Semi-dry transfer cell at 15 volts, for 1 h. The primary

and secondary antibodies used were the polyclonal anti-HPV-16-E7 rabbit serum (I. Hitzer-

oth, Biopharming Research Unit, MCB, UCT) and the goat anti-Rabbit IgG whole molecules-

AP (Sigma-Aldrich) unless otherwise stated. Blots were visualized with NBT/BCIP substrate

(Sigma-Aldrich).

Western blot densitometry

The plant-produced LALF32-51-E7 was quantified by western blot densitometry using a serial

dilution of E. coli-produced LALF32-51-E7 inclusion bodies as a protein standard and anti-His
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antibodies as a detection method. The Syngene Gene Genius imaging system (Artisan Tech-

nology Group) and GeneTools software (Syngene) were used.
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S1 Fig. Small-scale transient expression of LALF32-51-E7 in N. benthamiana leaves.

(DOCX)

Acknowledgments

Guy Regnard for providing the pRIC3.0 and pRIC3.0-cTP expression vectors. The Lomonoss-

off lab for providing the pEAQ-HT expression vector. The Fraunhofer IME for providing the

pTRAc expression vector.

Author Contributions

Conceptualization: Edward P. Rybicki, Inga I. Hitzeroth.

Data curation: Romana J. R. Yanez.

Formal analysis: Romana J. R. Yanez, Brandon Weber.

Funding acquisition: Inga I. Hitzeroth.

Investigation: Romana J. R. Yanez, Milaid Granadillo, Brandon Weber, Inga I. Hitzeroth.

Methodology: Renate Lamprecht, Milaid Granadillo, Brandon Weber, Isis Torrens.

Project administration: Renate Lamprecht, Inga I. Hitzeroth.

Resources: Edward P. Rybicki.

Supervision: Renate Lamprecht, Brandon Weber, Edward P. Rybicki, Inga I. Hitzeroth.

Validation: Inga I. Hitzeroth.

Writing – original draft: Romana J. R. Yanez.

Writing – review & editing: Romana J. R. Yanez, Renate Lamprecht, Edward P. Rybicki, Inga

I. Hitzeroth.

References
1. Centers for disease control and prevention. CDC—Global Cancer Statistics. Int Cancer Control 2012.

http://www.cdc.gov/cancer/international/statistics.htm (accessed 18 August 2016).

2. Schottenfeld D, Beebe-Dimmer J. The cancer burden attributable to biologic agents. Ann Epidemiol

2015; 25:183–7. https://doi.org/10.1016/j.annepidem.2014.11.016 PMID: 25523895

3. World Health Organization (WHO). WHO | Human papillomavirus (HPV) and cervical cancer. World

Health Organization; 2016.

4. Giorgi C, Franconi R, Rybicki EP. Human papillomavirus vaccines in plants. Expert Rev Vaccines 2010;

9:913–24. https://doi.org/10.1586/erv.10.84 PMID: 20673013

5. Zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical application. Nat Rev Cancer

2002; 2:342–50. https://doi.org/10.1038/nrc798 PMID: 12044010

6. Parkin DM, Bray F. The burden of HPV-related cancers. Vaccine 2006; 24:S3/11–25. https://doi.org/10.

1016/j.vaccine.2006.05.111 PMID: 16949997

7. de Villiers E-M. Cross-roads in the classification of papillomaviruses. Virology 2013; 445:2–10. https://

doi.org/10.1016/j.virol.2013.04.023 PMID: 23683837

8. Kirnbauer R, Booy F, Cheng N, Lowy DR, Schiller JT. Papillomavirus L1 major capsid protein self-

assembles into virus-like particles that are highly immunogenic. Proc Natl Acad Sci U S A 1992;

89:12180–4. PMID: 1334560

Expression optimization of LALF32-51-E7 in plants

PLOS ONE | https://doi.org/10.1371/journal.pone.0183177 August 11, 2017 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183177.s001
http://www.cdc.gov/cancer/international/statistics.htm
https://doi.org/10.1016/j.annepidem.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25523895
https://doi.org/10.1586/erv.10.84
http://www.ncbi.nlm.nih.gov/pubmed/20673013
https://doi.org/10.1038/nrc798
http://www.ncbi.nlm.nih.gov/pubmed/12044010
https://doi.org/10.1016/j.vaccine.2006.05.111
https://doi.org/10.1016/j.vaccine.2006.05.111
http://www.ncbi.nlm.nih.gov/pubmed/16949997
https://doi.org/10.1016/j.virol.2013.04.023
https://doi.org/10.1016/j.virol.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23683837
http://www.ncbi.nlm.nih.gov/pubmed/1334560
https://doi.org/10.1371/journal.pone.0183177


9. Harper DM, Franco EL, Wheeler C, Ferris DG, Jenkins D, Schuind A, et al. Efficacy of a bivalent L1

virus-like particle vaccine in prevention of infection with human papillomavirus types 16 and 18 in young

women: a randomised controlled trial. Lancet 2004; 364:1757–65. https://doi.org/10.1016/S0140-6736

(04)17398-4

10. Villa LL, Costa RLR, Petta C a, Andrade RP, Ault K a, Giuliano AR, et al. Prophylactic quadrivalent

human papillomavirus (types 6, 11, 16, and 18) L1 virus-like particle vaccine in young women: a rando-

mised double-blind placebo-controlled multicentre phase II efficacy trial. Lancet Oncol 2005; 6:271–8.

https://doi.org/10.1016/S1470-2045(05)70101-7 PMID: 15863374

11. Joura E a., Giuliano AR, Iversen O-E, Bouchard C, Mao C, Mehlsen J, et al. A 9-Valent HPV Vaccine

against Infection and Intraepithelial Neoplasia in Women. N Engl J Med 2015; 372:711–23. https://doi.

org/10.1056/NEJMoa1405044 PMID: 25693011

12. Hildesheim A, Herrero R, Wacholder S, Rodriguez AC, Solomon D, Bratti MC, et al. Effect of human

papillomavirus 16/18 L1 viruslike particle vaccine among young women with preexisting infection:

a randomized trial. JAMA 2007; 298:743–53. https://doi.org/10.1001/jama.298.7.743 PMID:

17699008

13. Hung CF, Ma B, Monie A, Tsen SW, Wu TC. Therapeutic human papillomavirus vaccines: current clini-

cal trials and future directions. Expert Opin Biol Ther 2008; 8:421–39. https://doi.org/10.1517/

14712598.8.4.421 PMID: 18352847

14. Hildesheim A, Gonzalez P, Kreimer AR, Wacholder S, Schussler J, Rodriguez AC, et al. Impact of

human papillomavirus (HPV) 16 and 18 vaccination on prevalent infections and rates of cervical lesions

after excisional treatment. Am J Obstet Gynecol 2016:1–15. https://doi.org/10.1016/j.ajog.2016.02.021

PMID: 26892991

15. Morrow MP, Yan J, Sardesai NY. Human papillomavirus therapeutic vaccines: targeting viral antigens

as immunotherapy for precancerous disease and cancer. Expert Rev Vaccines 2013; 12:271–83.

https://doi.org/10.1586/erv.13.23 PMID: 23496667

16. Lin K, Doolan K, Hung CF, Wu TC. Perspectives for Preventive and Therapeutic HPV Vaccines. J For-

mos Med Assoc 2010; 109:4–24. https://doi.org/10.1016/S0929-6646(10)60017-4 PMID: 20123582

17. Granadillo M, Vallespi MG, Batte A, Mendoza O, Soria Y, Lugo VM, et al. A novel fusion protein-based

vaccine comprising a cell penetrating and immunostimulatory peptide linked to human papillomavirus

(HPV) type 16 E7 antigen generates potent immunologic and anti-tumor responses in mice. Vaccine

2011; 29:920–30. https://doi.org/10.1016/j.vaccine.2010.11.083 PMID: 21145912

18. Vallespi MG, Glaria LA, Reyes O, Garay HE, Ferrero J, Araña MJ. A Limulus antilipopolysaccharide fac-

tor-derived peptide exhibits a new immunological activity with potential applicability in infectious dis-

eases. Clin Diagn Lab Immunol 2000; 7:669–75. https://doi.org/10.1128/CDLI.7.4.669-675.2000 PMID:

10882670

19. Fischer R, Stoger E, Schillberg S, Christou P, Twyman RM. Plant-based production of biopharmaceuti-

cals. Curr Opin Plant Biol 2004; 7:152–8. https://doi.org/10.1016/j.pbi.2004.01.007 PMID: 15003215

20. Rybicki EP. Plant-made vaccines for humans and animals. Plant Biotechnol J 2010; 8:620–37. https://

doi.org/10.1111/j.1467-7652.2010.00507.x PMID: 20233333

21. Sack M, Hofbauer A, Fischer R, Stoger E. The increasing value of plant-made proteins. Curr Opin Bio-

technol 2015; 32:163–70. https://doi.org/10.1016/j.copbio.2014.12.008 PMID: 25578557

22. Lomonossoff GP, D’Aoust M-A. Plant-produced biopharmaceuticals: A case of technical developments

driving clinical deployment. Science 2016; 353:1237–40. https://doi.org/10.1126/science.aaf6638

PMID: 27634524

23. Yusibov V, Rabindran S, Commandeur U, Twyman RM, Fischer R. The potential of plant virus vectors

for vaccine production. Drugs R D 2006; 7:203–17. PMID: 16784246

24. Rybicki EP. Plant-produced vaccines: promise and reality. Drug Discov Today 2009; 14:16–24. https://

doi.org/10.1016/j.drudis.2008.10.002 PMID: 18983932

25. Merlin M, Gecchele E, Capaldi S, Pezzotti M, Avesani L. Comparative evaluation of recombinant protein

production in different biofactories: the green perspective. Biomed Res Int 2014; 2014:136419. https://

doi.org/10.1155/2014/136419 PMID: 24745008

26. Beiss V, Spiegel H, Boes A, Kapelski S, Scheuermayer M, Edgue G, et al. Heat-precipitation allows

the efficient purification of a functional plant-derived malaria transmission-blocking vaccine candidate

fusion protein. Biotechnol Bioeng 2015; 112:1297–305. https://doi.org/10.1002/bit.25548 PMID:

25615702

27. Di Bonito P, Grasso F, Mangino G, Massa S, Illiano E, Franconi R, et al. Immunomodulatory activity of a

plant extract containing human papillomavirus 16-E7 protein in human monocyte-derived dendritic

cells. Int J Immunopathol Pharmacol 2009; 22:967–78. https://doi.org/10.1177/039463200902200412

PMID: 20074460

Expression optimization of LALF32-51-E7 in plants

PLOS ONE | https://doi.org/10.1371/journal.pone.0183177 August 11, 2017 15 / 17

https://doi.org/10.1016/S0140-6736(04)17398-4
https://doi.org/10.1016/S0140-6736(04)17398-4
https://doi.org/10.1016/S1470-2045(05)70101-7
http://www.ncbi.nlm.nih.gov/pubmed/15863374
https://doi.org/10.1056/NEJMoa1405044
https://doi.org/10.1056/NEJMoa1405044
http://www.ncbi.nlm.nih.gov/pubmed/25693011
https://doi.org/10.1001/jama.298.7.743
http://www.ncbi.nlm.nih.gov/pubmed/17699008
https://doi.org/10.1517/14712598.8.4.421
https://doi.org/10.1517/14712598.8.4.421
http://www.ncbi.nlm.nih.gov/pubmed/18352847
https://doi.org/10.1016/j.ajog.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/26892991
https://doi.org/10.1586/erv.13.23
http://www.ncbi.nlm.nih.gov/pubmed/23496667
https://doi.org/10.1016/S0929-6646(10)60017-4
http://www.ncbi.nlm.nih.gov/pubmed/20123582
https://doi.org/10.1016/j.vaccine.2010.11.083
http://www.ncbi.nlm.nih.gov/pubmed/21145912
https://doi.org/10.1128/CDLI.7.4.669-675.2000
http://www.ncbi.nlm.nih.gov/pubmed/10882670
https://doi.org/10.1016/j.pbi.2004.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15003215
https://doi.org/10.1111/j.1467-7652.2010.00507.x
https://doi.org/10.1111/j.1467-7652.2010.00507.x
http://www.ncbi.nlm.nih.gov/pubmed/20233333
https://doi.org/10.1016/j.copbio.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25578557
https://doi.org/10.1126/science.aaf6638
http://www.ncbi.nlm.nih.gov/pubmed/27634524
http://www.ncbi.nlm.nih.gov/pubmed/16784246
https://doi.org/10.1016/j.drudis.2008.10.002
https://doi.org/10.1016/j.drudis.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18983932
https://doi.org/10.1155/2014/136419
https://doi.org/10.1155/2014/136419
http://www.ncbi.nlm.nih.gov/pubmed/24745008
https://doi.org/10.1002/bit.25548
http://www.ncbi.nlm.nih.gov/pubmed/25615702
https://doi.org/10.1177/039463200902200412
http://www.ncbi.nlm.nih.gov/pubmed/20074460
https://doi.org/10.1371/journal.pone.0183177
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