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Abstract Although the human immunodeficiency virus

(HIV) causes one of the most important infectious diseases

worldwide, attempts to develop an effective vaccine

remain elusive. Designing recombinant proteins capable of

eliciting significant and protective mammalian immune

responses remain a priority. Moreover, large-scale pro-

duction of proteins of interest at affordable cost remains a

challenge for modern biotechnology. In this study, a syn-

thetic gene encoding a C4V3 recombinant protein, known

to induce systemic and mucosal immune responses in

mammalian systems, has been introduced into tobacco

chloroplasts to yield high levels of expression. Integration

of the transgene into the tobacco plastome has been verified

by Southern blot hybridization. The recombinant C4V3

protein is also detected in tobacco chloroplasts by confocal

microscopy. Reactivity of the heterologous protein with

both an anti-C4V3 rabbit serum as well as sera from HIV

positive patients have been assayed using Western blots.

When administered by the oral route in a four-weekly dose

immunization scheme, the plant-derived C4V3 has elicited

both systemic and mucosal antibody responses in BALB/c

mice, as well as CD4? T cell proliferation responses.

These findings support the viability of using plant chloro-

plasts as biofactories for HIV candidate vaccines, and

could serve as important vehicles for the development of a

plant-based candidate vaccine against HIV.
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Introduction

The development of an effective vaccine against the

Human Immunodeficiency Virus (HIV)/AIDS has not yet

been achieved, and the natural immune response in humans

against HIV is incapable of eradicating HIV once primary

infection has been established (Johnston and Fauci 2008).

To date, only three candidate vaccines have completed

phase III clinical efficacy trials, with two poor efficacy

results. The latter include the Env gp 120 vaccine–AID-

SVAX and the recombinant Adenovirus 5 HIV-1 gag/pol/

nef trivalent vaccine-STEP trial (Barouch and Korber

2010). Therefore, the development of a safe, effective,

environmentally friendly delivery, and affordable AIDS

vaccine formulation is urgently needed. The efficacy of

such a HIV vaccine has been associated with the induction
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of broad neutralizing antibodies and cellular responses

(Kuroda et al. 1999; Ferrantelli et al. 2004).

The glycoprotein (gp) 120 subunit is an important

component of the HIV viral envelope as it participates in

interactions between receptors of the host cell and the virus

surface. Thus, humoral responses against this gp120 com-

ponent may block virus entry. However, a recombinant

gp120 has failed to demonstrate efficacy in clinical trials

(Russell et al. 2004; Pitisuttithum et al. 2006). Currently, a

number of strategies are being pursued to design immu-

nogens that can broadly elicit neutralizing antibodies

against gp120 (Pantophlet and Burton 2006).

Thus far, a number of gp120 epitopes have been char-

acterized (Pancera et al. 2010). Among these, the V3 loop

is of particular interest as several studies have reported that

anti-V3 antibodies present in sera of patients as well as

immunized guinea pigs and monkeys are capable of neu-

tralizing a number of primary HIV isolates that in turn can

block HIV entry into host cells by interfering with the Env

component. It is known that these neutralizing antibodies

can prevent HIV infection following intravenous, vaginal,

rectal, and oral challenges in non-human primates, thus

indicating that V3 can serve as an adequate vaccine target

(Liao et al. 2000; Yang et al. 2004; Chakrabarti et al.

2005).

Synthetic peptides comprising the V3 loop and the C4

domain from gp120 have been reported to be immuno-

genic, and this is probably due to the role of C4 in binding

to the CD4 receptor (Graham et al. 2010). Although syn-

thetic peptides have been used in efforts to characterize

properties of C4V3 antigens as candidate vaccines, this

approach has been limited to clinical trials due to the high

cost of synthesis of these peptides. In this context, Varona-

Santos et al. (2006) have designed a C4V3 polypeptide

based on the MN HIV isolate. This protein, designated as

rC4V3, has been produced in Escherichia coli as an

expression host, yielding up to 75 mg of C4V3 per liter of

culture, and this has been subsequently purified by

Immobilized Metal Affinity Chromatography (IMAC).

This rC4V3 protein has been found to be immunogenic in

BALB/c mice when administered by both intranasal (i.n.)

and intramuscular (i.m.) routes and without the use of

adjuvants. Therefore, the rC4V3 protein is a promising

candidate for pursuing HIV immunization studies. How-

ever, scale-up production of rC4V3 using E. coli as an

expression system also requires the use of fermentation

technology in a well-defined culture medium for produc-

tion, followed by several purification steps for recombinant

protein extraction. Therefore, utilizing alternative large-

scale production systems for rC4V3 will overcome some of

these features, and would lead to low-cost production of

this recombinant protein. One such platform is the use

of genetically engineered plants, serving as biofactories for

production of plant-based vaccines against a wide variety

of human infectious and autoimmune diseases (Paul and

Ma 2010; Soria-Guerra et al. 2011). This concept has led to

a number of clinical trials with promising results (Yusibov

et al. 2011). Plant-based vaccines can be produced at low-

cost, are easy to store, are free of mammalian pathogens

when grown under appropriate conditions, as well as free

of bacterial products that can function as Pathogen-Asso-

ciated Molecular Patterns (PAMPs). In addition, oral

administration of edible plant tissues may induce mucosal

immune responses allowing for production of local anti-

bodies that could block pathogen entry before primary

infection takes place at the lamina propria (Meyers et al.

2008). This approach will also avoid all purification steps,

thus drastically reducing cost of production. Although not

edible, certain plants such as tobacco and Arabidopsis are

easily genetic engineered in a short period of time, and

therefore these species have been initially used to provide a

‘proof the concept’ of plant-based oral immunization (Lau

et al. 2010; Gonzalez-Rabade et al. 2011).

Transplastomic approaches have been used as suitable

strategies to obtain high levels of accumulation of recom-

binant proteins. Immunogens such as the cholera toxin,

LTB-ST fusion protein from E. coli, and the F-V fusion

protein from Yersinia pestis, among others, have been

expressed in plants, and their immunogenicity have been

confirmed in test animal models (reviewed by Lössl and

Waheed 2011; Soria-Guerra et al. 2011).

Herein, we describe the development of transplastomic

tobacco plants expressing a C4V3 polypeptide, which was

found to be immunogenic as it induced both mucosal and

systemic antibody responses in test mice.

Materials and methods

Construction of the expression vector

The C4V3 encoding gene has been previously described by

Varona-Santos et al. (2006). This gene comprises a V3 loop

from the MN isolate as well as a C4 peptide fused to the N

terminus of V3 along with a His tag at the carboxi terminus.

The C4V3 gene has been modified by PCR using primers to

add XbaI and XhoI restriction sites at the 50 and 30 ends,

respectively (underlined nucleotides), to facilitate cloning;

moreover, a ribosome binding site upstream of the start

codon (nucleotides in italics) has been also added (Fig. 1a).

The following primer sequences have been used: Forward,

50GGCTATCTAGAAGGGAGGGACATATGGATCTGGA

AAAACAAAT; Reverse, 50CCATAGCTCGAGTCAATG

ATGATGATGATGATG.

The amplicon was digested with XbaI and XhoI enzymes

and cloned into the pBic vector downstream of the Prrn
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promoter, which has been constructed as described previ-

ously by Rosales-Mendoza et al. (2009). This vector would

allow for expression of the C4V3 gene as a bicistron along

with the aadA gene, a selectable marker gene conferring

spectinomycin resistance to transformed cells. The final

sequence of the pBic-C4V3 vector was subsequently ver-

ified by enzyme profiling and by sequencing.

Transplastomic tobacco development

Plant transformation was conducted according to the pro-

tocol described by Daniell et al. (2005). Briefly, surface-

sterilized seeds of tobacco, Nicotiana tabacum cv. Petite

Havana SR1, were germinated on Murashige and Skoog

(MS) medium. Fully-expanded leaves from 1 month-old

seedlings were excised, placed with the abaxial side up in

plates containing the RMOP medium, and bombarded with

DNA-coated gold particles at 1,100 psi pressure using the

PDS-1000/He biolistic microprojectile gene gun (Bio-Rad,

Hercules, CA). Following bombardment, leaf tissues were

maintained in the dark for 48 h, then cut into 50 mm2

segments, and incubated on a selection medium consisting

of RMOP medium and containing 500 mg/l spectinomycin.

Explants were then transferred to fresh medium once every

2 weeks, and divided into 50 mm2 until shoots developed.

Leaf segments from spectinomycin-resistant shoots were

used to conduct the second round of selection. Finally, a

third round of selection was done using leaf sections from

shoots obtained in the second round of selection. After the

third round of selection, regenerated shoots were rooted on

a plant growth regulator (PGR)-free MS medium contain-

ing spectinomycin. When roots were 2 cm in length,

plantlets were transferred to pots containing Sunshine soil

mix. Plants were grown at 24�C under a 16 h photoperiod

(100 lmol m-2s-1).

Detection of transformation events

Total DNA was isolated from leaves of both putative

transformants and wild-type plants according to Dellaporta

et al. (1983). PCR conditions were performed as follows: A

50 ll reaction mixture containing 100 ng DNA, 1.5 mM

magnesium chloride, 2.5 U Taq DNA polymerase (Vivantis

Technologies, Selangor, Malaysia), 1 mM dNTPs, and

1 lM of each of forward and reverse primers. Temperature

cycling conditions were as follows: 94�C for 2 min (initial
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Fig. 1 a Physical map of the transformation vector pBic-C4V3. A

derivative of the pBic vector was constructed by cloning the C4V3
gene downstream of the Prrn promoter. This vector targets the

integration of the expression cassette into the inverted repeat region of

the chloroplast genome. Arrows indicate landing sites for oligonu-

cleotides 1, 2, and 3. The black box represents the chloroplast genome

close to the insertion site. The black bar represents the probe used for

Southern blot hybridization. b PCR analysis showing C4V3 transgene

integration into the chloroplast genome of tobacco. PCR was

performed with a primer set comprised of oligonucleotide 3 that

lands on the tobacco plastome adjacent to INSL, and oligonucleotide

2 that lands on the C4V3 gene. Presence of amplicons of *1,800 bp

indicates the insertion of the C4V3 transgene at the site specific

integration. Lane: 1, 1 kb ladder; lanes 2–5, candidate lines NR3,

NR4, NR7, NR8; and lane 6, wild-type plant
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denaturation); 35 cycles of 95�C for 30 s (denaturation);

58�C for 30 s (annealing); 72�C for 2 min (elongation);

and a final extension at 72�C for 5 min. PCR products were

analyzed by electrophoresis on 1% agarose gels. Primers

used for PCR analysis included the following: primer 1

(50ggatccatggtgaaagttaaatgttacgttctttt) and primer 2 (50cag

tcgcaattgaattaggagtcttgttgttcc), amplifying the C4V3

sequence, as well as primer 3 (50aagaatgggtgagggtattctgcct

aaata) that lands on the native chloroplast genome. The

latter was included to confirm site specific integration of

the expression cassette into the tobacco plastome by double

homologous recombination.

For Southern blot analysis, total DNA (20 lg) was

digested with HindIII, electrophoresed on a 1.0% agarose

gel, and transferred to a nylon membrane (Amersham

BioSciences, Piscataway, NJ). Then, DNA was cross-

linked using a transilluminator, and the blot was prehy-

bridized with a DIG Easy Hyb (Roche, Indianapolis, IN).

A C4V3 DIG-labelled probe was developed using the PCR-

DIG Probe Synthesis Kit (Roche Co., Mannheim,

Germany) with pBic-C4V3 vector used as a template.

Following hybridization at 42�C for 16 h, the membrane

was washed in an SSC buffer series (2–0.59), and a gene-

specific signal was detected using the DIG Detection Kit

following the manufacturer’s instructions (Roche Co.,

Mannheim, Germany).

Rabbit immunization with rC4V3

A 4-month-old New Zealand White rabbit (3 kg average

weight) was used to produce a hyperimmune C4V3 anti-

serum for immundetection of the tobacco-derived C4V3.

For immunization, a pure antigen (400 lg) was produced as

described by Varona-Santos et al. (2006), and administered

by the subcutaneous (sc) route in six doses. The rabbit was

primed with a dose of 400 lg of rC4V3 in 200 ll of PBS

plus 200 ll of complete Freund’s adjuvant, and then sub-

jected to 5 weekly doses consisting of 400 lg of rC4V3 plus

200 ll of incomplete Freund’s adjuvant. Blood collection

was performed at week 7 by a puncture to the ear vein. Blood

samples were incubated at 25�C for 1 h to facilitate clotting,

and then centrifuged at 5,000 rpm for 5 min at 4�C. The

anti-serum was collected, and immunoreactivity was

assessed by both Western blot and ELISA using plates

coated with pure rC4V3 (Varona-Santos et al. 2006).

Detection of tobacco-derived C4V3

Microscopy—Tobacco leaves were fixed in a freshly pre-

pared ZSF solution consisting of 0.1 M Tris base buffer

with 0.05% calcium acetate [pH 7–7.4], and containing

0.5% zinc acetate along with 0.5% zinc chloride. To allow

penetration of the fixative, leaf tissues were vacuum-

infiltrated. Leaf sections were dehydrated in a gradient

series of ethyl alcohol, and imbedded in paraffin.

An indirect immunofluorescence technique was used to

detect C4V3 on 5 lm microtome-cut mounted leaf sec-

tions. Non-specific binding was blocked with 5% BSA/

0.05% Triton9 100 in 0.01 M PBS, pH 7.0, for 30 min.

Sections were incubated with anti-C4V3 rabbit serum

(1:1,000 dilution in PBS plus 0.07% Triton X-100), fol-

lowed by incubation with a secondary antibody, goat anti-

rabbit FITC (1:1,000 dilution in PBS plus 0.07% Triton

X-100; Invitrogen, USA). Samples were dehydrated and

covered with Entellan (Merck, Darmstadt, Germany).

Control experiments for staining specificity included either

using appropriate isotype-matched non-specific antibodies

or replacement of primary antibodies with non-immune

serum and omission of primary antibody from incubation

protocols. No specific staining was detected in either case.

Immunofluorescence images were captured using a con-

focal laser scanning microscope (TCS SP2; Leica Micro-

systems AG, Wetzlar, Germany).

ELISA—About 100 mg of fresh leaf tissue was groun-

ded, and resuspended in 500 ll protein extraction buffer

(100 mM NaH2PO4, 8 M Urea, and 0.5 M NaCl; pH 8).

Samples were centrifuged at 14,000 rpm in a microcen-

trifuge for 10 min at 4�C. Assay plates were coated over-

night at 4�C with protein extracts diluted in carbonate

buffer. Plates were washed with PBST, and blocked with

2% fat- free dry milk for 1 h at room temperature. After

washing plates with PBST, anti-C4V3 anti-sera (1:500)

were added for 1 h. A horseradish peroxidase-conjugated

anti-rabbit IgG (1:10,000 dilution; Sigma, Missouri, USA)

was added and incubated for 1 h. After washing with

PBST, a substrate solution composed of 0.3 mg/l 2-20-
Azino-bis-3 etilbenztiasoline-6-sulphuric acid (ABTS;

Sigma, Missouri, USA) and 0.1 M citric acid, pH 4.35, was

added. The OD at 405 nm was recorded in a Multiskan

Ascent (Thermo Scientific, Massachusetts, USA) micro-

plate reader. A pure recombinant C4V3 (1–10 lg) was

used as a standard to calculate C4V3 levels, expressed as

lg of C4V3 per g fresh weight tobacco.

Western blot- Total soluble proteins were extracted by

resuspending 10 mg of freeze-dried leaf tissue into 50 ll of

19 reducing loading buffer. Samples were denatured by

boiling for 5 min at 95�C, and debris was eliminated by

centrifugation at 12,0009g for 10 min. The supernatant

was subjected to SDS-PAGE in 10% acrylamide gels. The

gel was blotted onto a BioTrace PVDF membrane (Pall

Corporation, NY). After blocking in PBST plus 5% non-fat

milk, blots were incubated with primary antibodies directed

against either the His tag (1:2,000 dilution; GenScript Co.,

New Jersey, USA) or C4V3 (1:2,000 dilution). A pool of

sera from HIV-positive patients was also used for primary

labelling. A secondary horseradish peroxidase conjugated
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anti-human, anti-rabbit, or anti-mouse antibody (1:10,000

dilution; Sigma, Missouri, USA) was added for 2 h at room

temperature. Antibody binding was detected by incubation

with a SuperSignal West Dura solution following the

manufacturer’s instructions (Thermo Scientific, Massa-

chusetts, USA). Signal detection was verified using an

X-ray film following standard procedures.

Mice immunization

Immunogenicity of tobacco-derived C4V3 was evaluated

in female BALB/c mice (8–11 weeks of age) that were

housed in filter-topped cages, and cared for according with

federal regulations for animal experiments (NOM-062-

ZOO-1999, Ministry of Agriculture, Mexico). The immu-

nization protocol was approved by the Institutional Animal

Care and Use Committee (IACUC).

Mice were randomly divided into three different groups

(n = 5) receiving the following treatments: 50 mg of

freeze-dried tobacco leaf powder from transgenic line NR7

containing approximately 15 lg of C4V3 (group TT),

150 lg of E. coli-derived C4V3 (group?), 50 mg of

freeze-dried tobacco leaf powder from wild-type plants

(group WT), and the vehicle alone (group PBS). Four

weekly doses were administered by oral feeding to each

group on days 0, 7, 14, and 21. Mice were sacrificed on day

28, and serum samples were collected from blood extracted

following cardiac puncture.

To detect mucosal antibodies, intestines were collected,

and 5 ml of cold RPMI medium was flushed through. This

suspension was mixed, and 500 ll of 10 mM p-hydroxy-

mercuribenzoate, dissolved in 150 mM Tris-base, was

added. Samples were centrifuged at 12,0009g at 4�C for

10 min, and recovered supernatants were stored at -70�C

until used for analysis.

ELISA assays

The anti-C4V3 antibody content was determined by enzyme-

linked immunosorbent assay (ELISA). For each reagent/

sample used in this assay, 100 ll were used, unless noted

otherwise. Plates were coated with a pure C4V3 protein

(10 lg/ml) diluted in a carbonate/bicarbonate buffer (15 mM

Na2CO3 and 35 mM NaHCO3; pH 9.6), incubated overnight

at 4�C, and blocked with 5% fat-free milk dissolved in PBS

(100 mM NaCl, 10 mM Na2HPO4, and 3 mM KH2PO4; pH

7.2). Serum samples (dilution 1:40) or intestinal samples

(dilution 1:2), diluted in PBST (0.05% v/v Tween-20 in

PBS), were added. Triplicates from each sample were incu-

bated overnight at 4�C. Either a horseradish peroxidase-

conjugated goat anti-mouse anti-immunoglobulin G (IgG)

(Pierce, Illinois, USA) or anti-IgA (Zymed, California, USA)

was then added to each well, and plates were incubated for

1 h at 37�C. Plates were washed, and the ABTS substrate

solution was added. The OD at 405 nm was recorded in a

Multiskan Ascent (Thermo Scientific, Massachusetts, USA)

microplate reader.

T-cell proliferation and IFN-c production assays

Spleens from mice groups were removed aseptically, and

used to establish single cell suspension cultures. Cells were

washed in 10 ml of RPMI 1640, and then resuspended in

R-10 consisting of RPMI medium supplemented with 10%

of fetalbovine serum (GIBCO, California, USA), 2 mM

L-glutamine, 10 mM Hepes, 1 mM sodium piruvate, and

1% vol/vol non-essential amino acid solution (Sigma,

Missouri, USA). Cell viability was evaluated using a

Trypan Blue exclusion dye, while cell density was esti-

mated using a Neubauer chamber, and adjusted to 2 9 106

cells/ml with culture medium. Two splenocyte pools were

obtained from each experimental group, comprised of cells

from two different animals, and these were used for both

proliferation and IFN-c production assays.

To perform proliferations assays, freshly prepared

splenocytes were stained with CFSE (5,6-carboxyfluores-

cein diacetate succinimidyl ester) as previously described

(Saavedra et al. 2001). CFSE-stained splenocytes (1 9 106

cells) were cultured in 1 ml of culture medium with or

without pure C4V3 (1 lg/ml), in triplicates, for 65 h at

37�C in 5% CO2. Cells were harvested, washed with PBS-

1% FBS-0.1% NaN3, and stained for 30 min (4�C) with

either phycoerythrin (PE)-labelled anti-CD4 monoclonal

antibody (clone RM4-5, Caltag, CA, California, USA) or

with PE-labelled anti-CD8 monoclonal antibody (clone

5H10-1) (BD, California, USA). Cells were then washed

three times with the same buffer, resuspended in PBS, and

analyzed by flow cytometry.

To estimate IFN-c production, splenocytes were cul-

tured on RPMI 1640 medium (GIBCO BRL, California,

USA) supplemented with 10% heat- inactivated fetal

bovine serum (FSB), 100 U/ml penicillin G, and 100 lg/ml

streptomycin. Cell cultures were established in either

presence or absence of C4V3 pure protein (lg/ml) at 37�C

in a humid environment with 5% CO2 for 1 h. Then, cells

were incubated with 10 lg/ml of brefeldin A (Sigma,

Missouri, USA) for 4 h under the same conditions. Stim-

ulated cells were washed in ice-cold phosphate-buffered

saline solution containing 3% FBS and 0.05% sodium

azide. Approximately 1 9 106 cells were labelled with

0.1 lg of each of phycoerythrin (PE) labelled with anti-

CD4 (Caltag, California, USA), PE-Cy5 labelled anti-CD3

(eBioscience, California, USA), APC labelled anti-CD8
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mouse antibodies (Biolegend, California, USA), and iso-

type matched controls (BD, California, USA) in a total

volume of 100 ll of staining buffer for 30 min. Subse-

quently, cells were permeabilized with citofix-citoperm for

15 min and labelled with 0.1 lg of fluorescein isothiocy-

anate (FITC) labelled anti-IFN-c (BD, California, USA).

These cells were washed with a cold staining buffer con-

taining 0.05% sodium azide.

Flow cytometry analysis was performed using a FAC-

SCalibur flow cytometer (BD, California, USA). Lym-

phocytes were gated according to forward and side

scattering, and at least 250,000 events were acquired and

analyzed. Frequency of positive events was calculated

against relevant staining controls.

Data analysis

Statistical significance (P-values) was determined using

one-way ANOVA. Statistical analysis was performed with

Statistica software (version 2.7), and student tests for

independent samples at P = 0.05 were conducted.

Results

Transplastomic tobacco plants carrying the C4V3

transgene

In this study, the pBic vector was selected to drive the

transfer and expression of the C4V3 gene. The strategy

based on the use of site-directed mutagenesis and restric-

tion with XbaI and XhoI allowed for successful cloning of

the gene into the pBic vector, yielding the pBic-C4V3, as

confirmed by sequencing. A positive clone was propagated,

and used for biolistic bombardment. This vector is sche-

matically represented in Fig. 1a.

Following bombardment, leaf explants were success-

fully maintained under aseptic conditions. The majority of

explants turned white in coloration 3 weeks following

bombardment. Callus development was observed at

6 weeks following incubation on the selection medium. A

total of 10 putative transformed lines were induced on the

selection medium, and these were subjected to regenera-

tion/selection rounds as described above. Six months

following bombardment, regenerated shoots from four

lines were successfully rooted, transferred to soil, and

grown in the greenhouse. Putative transgenic lines were

designated as NR3, NR4, NR7, and NR8, and used for

further analysis. When compared to wild-type plants

(control), plants from putative transgenic lines NR3, NR7,

and NR8 exhibited some phenotypic modifications, char-

acterized by slight chlorosis and lack of seed development.

Detection of the C4V3 transgene in tobacco plants

Presence of the C4V3 transgene was assessed by PCR

analysis. When C4V3 primers were used, 250 bp amplicons

were detected in all four analyzed lines, thus confirming

presence of the transgene (data not shown). Similarly, PCR

analysis using a primer landing on the chloroplast genome

outside of the recombination region along with a primer

landing on the C4V3 transgene identified the expected

1,800 bp amplicon in transplastomic lines. No amplicons

were detected from wild-type tobacco plants (Fig. 1b).

These analyses confirmed successful site-directed intro-

duction of the C4V3 transgene into the tobacco plastome.

For Southern blot analysis, total DNA samples were

digested with HindIII, a restriction site within the expres-

sion cassette, downstream of the aadA gene and left of the

recombination flanking sequences (see Fig. 1a). Hybrid-

ization with a C4V3 specific probe revealed that all puta-

tive transplastomic lines showed the expected 1,400 bp

band, corresponding to the fragment yielded following

HindIII digestion. No chemilluminicent signal was detec-

ted in DNA samples from the wild-type tobacco plant

(Fig. 2).

Moreover, seeds of transplastomic line NR7 were

capable of germinating on a selection medium containing

spectinomycin; while, none of the WT seeds germinated

when grown on this selection medium (Fig. 3).

Fig. 2 Detection of C4V3 insertion by Southern blot analysis. Plants

from transplastomic lines NR3, NR4, and NR7 were analyzed by

digesting DNA samples with HindIII and detecting C4V3 sequences

by hybridization. Lanes 1–3, T0 plants from lines NR3, NR4, and

NR7; lanes 4–6, plants from line NR7; lane 7, WT plant; lane 8, DIG-

labelled molecular weight marker. The single 1,400 bp band showed

presence of the inserted C4V3 cassette
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Localization and antigenicity of tobacco-derived C4V3

To demonstrate that the C4V3 protein was specifically

produced in chloroplasts of transplastomic plants, leaves

from the different transplastomic lines were subjected to an

immunohistofluorescence assay using the anti-C4V3 serum,

followed by staining with an FITC labelled secondary

antibody. As a marker for detecting chloroplasts, tobacco

leaves were analyzed for chlorophyll fluorescence using

confocal microscopy (Ex 488 nm, Em 687 nm), as it is well

established that chlorophyll, a major contributor to endog-

enous auto-fluorescence, has an absorption band in the blue

region of the visible spectrum that produces a significant

amount of fluorescence at wavelengths [600 nm when

excited with a wavelength of 488 nm. Confocal microscopy

revealed strong FITC signals (Ex 488 nm, Em 520 nm) that

co-localized with the chlorophyll autofluorescence. These

findings indicated that expression of the C4V3 transgene

must be located within chloroplasts as a result of the reg-

ulatory sequences contained in the expression cassette and

the site-directed insertion in the chloroplast genome. No

significant FITC signal was detected in leaves from WT

plants (Fig. 4).

To further confirm expression of the immunoreactive

C4V3 protein, ELISA assays were performed with dena-

tured protein extracts. Significant OD signals were recor-

ded for transplastomic lines when compared to those

observed for the WT plant. Accumulation levels estimated

based on the standard curve were up to 25 lg/g fresh

weight (FW) tobacco leaves.

Western blot assays against C4V3 components were

also carried out. Significant signals were detected when

primary labelling was performed with the different anti-

bodies, including anti-His, anti-C4V3, and sera from HIV-

positive patients (Fig. 5a–c). However, the molecular

weight of the immunoreactive protein was higher than

expected, as previously noted by Varona-Santos et al.

(2006). These results suggested that tobacco chloroplasts

were capable of expressing the C4V3 and retaining its

antigenic determinants.

Tobacco-derived C4V3 is immunogenic in mice

Leaves from adult plants of transplastomic line NR7 along

with WT plants were freeze-dried for 24 h, and then

ground into a fine powder to pursue immunization assays.

To assess the oral immunogenicity of the tobacco-based

C4V3 antigen, BALB/c mice were immunized using four

oral doses of either the vehicle alone (PBS) or a soluble

protein extracted from either freeze-dried tobacco leaves

from either line NR7 (TT) or WT. An additional group was

immunized with E. coli-derived C4V3 to assess oral

immunogenicity of C4V3. After collecting sera and intes-

tinal samples from test mice, antibody contents were

evaluated by ELISA.

Interestingly, E. coli-derived C4V3 was found to be

immunogenic when administered orally. Anti-C4V3 serum

antibody levels in control mice immunized with WT

tobacco were not different from those of mice treated with

the PBS vehicle alone; whereas, mice immunized with

transplastomic tobacco expressing C4V3 elicited signifi-

cant IgG serum anti-C4V3 responses (P \ 0.05) (Fig. 6a).

Similar results were obtained from intestinal fluids wherein

significant anti-C4V3 responses were observed for both

Fig. 3 Spectinomycin-based selection of tobacco seedlings. Seeds

from either the transplastomic NR7 line (NR7) or wild-type (WT)

plant were germinated on MS medium containing 500 mg/l

spectinomycin. Note the chlorosis developed by WT seedlings;

while, seedlings of NR7 line were green and capable of growing on

the selection medium
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serum IgG and mucosal IgA (Fig. 6b). No significant dif-

ferences were found between groups immunized with

E. coli-derived C4V3 and those immunized with plant-

derived C4V3. These findings demonstrated that chloro-

plast-derived C4V3 was immunogenic via oral delivery.

To assess the magnitude of the rC4V3-specific response

induced by TT leaf tissue in test mice, both T cell prolif-

eration and production of IFN-c, following stimulation for

65 h with either rC4V3 or with medium alone, were

determined. For the T-cell proliferation, a significant

increase from 0.51% to 3.15% of CD4? proliferation

responses was observed in mice immunized with TT leaf

tissue; whereas, proliferating responses of mice treated

with WT tobacco showed values ranging between 1.06 and

1.26% (Fig. 7). Only a slight increase in the frequency of

IFN-c producing CD8? T cells was observed when

these were stimulated with rC4V3 (data not shown). No

proliferating responses were observed for cells from non-

immunized mice whether or not they were peptide-stimu-

lated (data not shown). Significantly higher frequencies of

IFN-c-producing CD4? T cells were detected in C4V3-

stimulated splenocyte pools of mice immunized with TT

leaf tissue (2.77%) in comparison with those treated with

WT tobacco (0.97%) (Fig. 8). Therefore, these findings

provided further evidence of the cellular immune response

elicited by oral feeding of mice with tobacco-derived

C4V3.

Discussion

Previously, we have reported on the production of the

C4V3 protein at high levels in recombinant E. coli, dem-

onstrating that despite its low molecular weight, the

recombinant C4V3 could induce strong humoral immune

responses against HIV-1 sequences when delivered by

systemic and mucosal routes, even without the aid of

adjuvants (Varona-Santos et al. 2006). In this study, we

have engineered tobacco plants to produce a plastid-

expressed C4V3 protein. Following particle bombardment

and spectinomycin-based selection, four representative

transplastomic lines have been recovered and analyzed.

Most lines have exhibited slight chlorosis, but only a single

line is found to be fertile and has produced seeds (data not

shown). Interestingly, previous studies have reported on

morphological changes observed in transplastomic plants

expressing various HIV antigens (Cueno et al. 2010).

Future studies would be conducted to further investigate

phenotypic variations observed in these transplastomic

lines. Nevertheless, analysis of progeny of transplastomic

line NR7, obtained in this study, has been confirmed to be

stably transformed and expressing the C4V3 antigen

following Southern blot and Western blot analysis,

respectively. Based on ELISA and Western blot analyses,

accumulation of the recombinant protein reached up

to *25 lg per g FW.

Fig. 4 Detection of the C4V3 protein in tobacco chloroplasts.

Tobacco leaves from either wild type (WT) or transplastomic tobacco

(NR-7) were labelled with rabbit anti-C4V3 serum, and then stained

with FITC conjugated secondary antibody. Laser confocal images

show chloroplasts accumulating C4V3 (green signal). Chlorophyll

autofluorescence was also captured in order to localize chloroplasts

(blue signal). The overlap of the two spectra is shown in the right-

hand set of photographs. Bars 47.57 or 13.61 lm
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The antigenicity of the recombinant tobacco-based

C4V3 was evaluated using a rabbit hyperimmune anti-

serum along with sera from HIV-positive patients, con-

firming the proper display of antigenic determinants of this

plant-derived C4V3. However, Western blots revealed

signals corresponding to unexpected higher molecular

weights, which might be attributed to either polymerization

of the C4V3 or formation of complexes with plant

endogenous proteins incapable of dissociating even under

reducing conditions. It is important to mention that the

C4V3 peptide tends to form aggregates following IMAC

purification when produced in E. coli (Varona-Santos et al.

2006).

It has been previously reported that a four-dose immu-

nization scheme allows for induction of significant anti-

C4V3 immune responses in mice (Staats et al. 1996;

Varona-Santos et al. 2006). Thus, the immunogenicity of

the tobacco-derived C4V3 was determined following oral

dosing of test mice with 4 weekly doses of *15 lg of

plant-derived C4V3. Interestingly, expression levels were

high enough to immunize mice with low quantities of

freeze-dried tobacco tissue as 50 mg of this tissue con-

tained *15 lg of C4V3. This dosage minimized any

potential toxic effects on test mice.

Detected humoral responses elicited in mice, both at

mucosal and systemic levels, have demonstrated that

C4V3 produced in tobacco is immunogenic, and there-

fore could be used for elicitating neutralizing antibodies

in future studies. However, this response is lower

than that previously observed in mice immunized with

E. coli-derived C4V3 via intramuscular and intranasal

Fig. 5 Western blot analyses for the detection of the tobacco derived

C4V3. Total soluble protein extracts were resolved by SDS PAGE

and blotted for the immunodetection by a anti-His antibody; b C4V3

anti-serum; c sera from HIV-positive patients; and d sera from HIV-

negative patients. For a and b, lanes correspond to the following:

1, 250 ng of pure purified C4V3; 2, 500 ng of pure C4V3; 3 and 4,

WT plants; and 5–7, lines NR3, NR4 and, NR7. For c, lanes

correspond to the following: 1, 250 ng of pure purified C4V3; 2,

500 ng of pure C4V3; 3 and 4, WT plants; 5 and 6, lines NR3, and

NR7. For d, lanes correspond to the following: 1–4, lines NR3, NR4,

NR7, and NR8; 5 and 6, WT plants; and 7, 500 ng of pure C4V3
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Fig. 6 Anti-C4V3 immune responses elicited by oral immunization

of BALB/c female mice with tobacco derived C4V3 (TT) or E. coli
derived C4V3 (?). Animals were immunized orally using a 4 weekly-

dose scheme, and levels of IgG in sera diluted 1:40 (a) and IgA in

intestinal fluids diluted 1:2 (b) were measured by ELISA. Compar-

isons showing significant statistical differences among treatments,

made against the WT and PBS groups, are indicated by an asterisk
(P \ 0.05)
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routes (Esquivel-Pérez and Moreno-Fierros 2005). These

observed differences are not unexpected as oral immuni-

zation typically triggers only modest responses. Thus,

higher doses of the plant-derived antigen are recommended

for oral immunization to achieve higher humoral responses.

Previously, we have evaluated two different doses, 10

and 100 lg, of a C4V3 peptide administered to mice by

either intramuscular or intranasal routes, along with or

without CT (when testing via the intranasal route). Sig-

nificant and high immune responses have been detected

with a 100 lg dose, but only modest responses have been

induced with a lower dose (10 lg) co-administered with

CT (Esquivel-Pérez and Moreno-Fierros 2005). By

administering a much lower dose of an unpurified antigen

(15 lg) in this study, the observed immune responses are in

fact quite remarkable as they are comparable to those

obtained by using 150 lg of E. coli-derived C4V3. It is

hypothesized that protective effects against antigen deg-

radation exerted by the matrix constituted by plant cell

walls may be responsible for these findings. On the other

hand, presence of tobacco-derived C4V3 multimers,

detected in western blots, suggests differential aggregation

in comparison to that observed with the E. coli derived

C4V3 protein. Precipitation in chloroplasts as well as

presence of other endogenous proteins in addition to those

corresponding to C4V3 may also account for enhanced

immunogenicity detected with the plant derived-C4V3.

However, additional studies ought to be performed to fur-

ther clarify these observed findings.

Proliferation and IFN-c-production evaluated in

CD4? T cells have indicated that CD4? T cell responses

are successfully induced following this immunization

protocol. Interestingly, these responses are similar to those

induced in previous studies with higher doses (100 lg) of

E. coli-derived C4V3 by i.m. and i.n. routes. Therefore, this

finding suggests increased immunogenicity of tobacco-

derived C4V3 in comparison to that produced in E. coli. As

for CD8? cellular responses, only a slight increase is

observed in the TT treated group, which is similar to

findings using E. coli-derived C4V3 (Varona-Santos et al.

2006).

In light of results obtained in this study, it is important to

note that vaccine costs remain critical for any successful

vaccination platform against mammalian pathogens,

including HIV, particularly for the vast majority of popu-

lations living in developing countries. Plants serve as cost-

effective expression systems for large-scale production

of vaccine components (Paul and Ma 2010). The use of

Fig. 7 CD4? T cells

proliferation assays. Pools of

splenocytes from mice

immunized with either tobacco-

derived C4V3 (TT) or wild type

tobacco (WT) were cultured in

the presence or absence of pure

C4V3. Proliferation was

detected by CSFE staining, and

antibody labelling followed by

flow cytometer analysis. A

representative result obtained

from a pool of cells is presented.

Note the significant increase in

CD4? T cell proliferation in the

TT group when cultured in the

presence of C4V3
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plant-based vaccines, capable of priming the immune

system and resulting in both humoral and mucosal

responses directed against infectious agents, has been

reported for various pathogens, and particularly for those

pathogens that primarily infect mucosal surfaces (Rosales-

Mendoza et al. 2009). This approach is also appropriate for

HIV as mucosal tissues serve as the major routes for virus

entry (Yu and Vajdy 2010). Therefore, antibodies directed

against specific HIV antigens could block transcytosis of

the virus into the epithelium, thus preventing infection of

CD4? T cells. Interestingly, humoral immune responses

have been induced by the transplastomic C4V3 producing

line developed in this study, when administered via the oral

route.

The relevance of using plants as biofactories for HIV

antigens has focused on several components of HIV

sequences, including gp120, gp41, tat, p24, and Nef that

have been expressed in different food and non-food plants

used as production platforms (reviewed by Scotti et al.

2010; Webster et al. 2005). To date, most studies have

focused on early HIV antigens produced in plant chloro-

plasts (Meyers et al. 2008; Scotti et al. 2009). Zhou et al.

(2008) have introduced the capsid protein p24 fused to Nef

(p24-Nef) into tobacco chloroplasts, and have reported

high accumulation of this recombinant fusion protein (40%

TSP) in transplastomic lines. More recently, Gonzalez-

Rabade et al. (2011) have investigated the immunogenicity

of both p24 and p24-Nef proteins, expressed in tobacco

chloroplasts, and have found that both recombinant pro-

teins are immunogenic when administered by the s.c. route.

Oral immunization with chloroplast derived p24-Nef was

capable of enhancing the immune response when used as a

boost following s.c. priming.

However, studies on HIV envelope antigens are limited

as there are only a few reports on the production of Env

epitopes in plants. For example, the pentameric cholera

toxin B (CTB) subunit protein has been fused to the V3

loop from gp120, and stably expressed in transgenic potato

plants (Kim et al. 2004). Although the CTB-gp120 has

been assembled into pentamers and has retained antigenic

properties of both components, there is no report on its

immunogenicity (Kim et al. 2004). In another report,

Matoba et al. (2004) has described the production of a

fusion protein comprising CTB and the P1 peptide from

gp41 (aa 649–684) in transiently transformed Nicotiana

benthamiana plants and in E. coli. The E. coli-derived

CTB-P1 has triggered transcytosis-neutralizing serum IgG

and mucosal IgA responses when administered to mice

orally, thus suggesting that plant-derived CTB-P1 could

serve as a mucosal immunogen against HIV.

Fig. 8 IFN-c production by

CD4? T cells stimulated with

C4V3. Pools of splenocytes

from mice immunized with

either tobacco-derived C4V3

(TT) or wild type tobacco (WT)

were cultured in the presence or

absence of pure C4V3. IFN-c
producing CD4? T cells were

detected by staining with

labelled antibodies followed by

flow cytometer analysis. A

representative result obtained

from a pool of cells is presented.

Note the significant increase of

IFN-c producing CD4? T cells

in the TT group when cultured

in the presence of C4V3
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Taken together, findings presented in this report have

further proved the concept that plant chloroplasts are

capable of synthesizing a functional C4V3 protein, and this

will have implications on the design of immunization

strategies against HIV targeting the viral envelop. As

tobacco leaves contain significant amounts of phenolics

and toxic alkaloids, such as nicotine, the next steps in this

research will involve expression of this polypeptide in

edible plants, such as lettuce, in order to carry out more

detailed immunization experiments with these plant tissues.

Moreover, the C4V3 could serve as a foundation for

developing novel multiepitopic proteins, including tandem

repeats of the same epitope from different isolates. Ongo-

ing studies in our group are pursuing this approach by

including repeats of the V3 loop in the same protein.
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