Preventing HIV-1 transmission with a maize-produced microbicide

Research Letter

Creation of a high-yielding recombinant maize
hybrid for the production of a microbicide
to prevent
Authors:
Eugenia Barros1
Sydney W. Nelson2
Affiliations:
1
CSIR Biosciences,
Pretoria, South Africa
Nelson Genetics CC,
Bryanston, South Africa
2

Correspondence to:
Eugenia Barros

HIV-1 transmission
ABSTRACT

The aim of this study was to use conventional breeding to increase the production in maize of the
human monoclonal antibody 2G12, known to have potential therapeutic properties in the prevention
of HIV-1 transmission. The recombinant antibody, together with a fluorescent marker, was introduced
into two South African high-performing maize elite inbred lines by crossing them with a transgenic
maize line that had been transformed with the monoclonal antibody 2G12. The effect of breeding to
produce high-expressing recombinant hybrid seed was evaluated by comparing 2G12 production in
the different breeding lines with the original maize line. ‘Good production practice standards’ were
followed throughout the breeding programme. ‘Conventional drug regulations’ adapted to plantmade pharmaceuticals were also followed, with the seeds being stored in a ‘master seed bank’. The
maize hybrid expressed a higher level of the antibody than the recombinant maize elite lines. This
plant-derived antibody provides a means of producing a microbicide component that could be used
with other HIV-neutralising antibodies as an additional approach to prevent HIV infection.
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Monoclonal antibodies able to neutralise primary isolates of HIV type 1 (HIV-1) are important candidates
for passive immunisation regimens that aim to reduce the infectivity of the virus. HIV-1 neutralisation
has been shown to be mediated by antibodies that bind to certain epitopes found on the virus envelope.
The envelope is made up of a complex of two glycoproteins, gp120 and gp41.3 The human monoclonal
antibody 2G12 is a broadly neutralising antibody that recognises a unique epitope on the surface of
gp120 and binds to a cluster of oligomannose-type N-glycans. When antibody cocktails made up of
2G12 and two other neutralising antibodies, 4E10 and 2F5, were tested parenterally on humans who
had had their antiretroviral treatment stopped, a delay in viral rebound was observed.4 Similar results
were obtained in monkeys, where passive administration of antibodies prevented infection by simian
HIV. This illustrates the role that antibodies can play in containing the spread of the virus. Very high
levels of the antibodies need to be administered for effective protection, however, and their large-scale
production using mammalian cell systems is very costly and not feasible for poorer countries.
Plant-based expression systems have been developed as alternative vehicles for the safe and economic
production of pharmaceutical proteins including therapeutic recombinant monoclonal antibodies.5
The suitability of maize as a production host for a fully functional 2G12 antibody was demonstrated
by Rademacher et al.6 The antibody was expressed in the maize endosperm and a lysine-aspartateglutamate-leucine (KDEL) tetrapeptide signal was attached to the C-terminus of the glycoprotein to
retain it in the endoplasmic reticulum so that the antibody would be devoid of plant-specific complextype N-glycans. This antibody-producing maize has been crossed with other maize lines, including
two South African elite maize inbred lines, NSP5120A and SSG62B. In this study we demonstrate the
breeding of these two transgenic maize lines containing 2G12, aimed at the increased production of
the 2G12 antibody under greenhouse containment, and confirm the expression of the antibody during
all stages of breeding. Good agricultural practice and good manufacturing practice guidelines were
followed and a ‘master seed bank’ was created for the long-term storage of the transgenic seed.
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Plant material
The transgenic South African elite lines, SSG62B and NSP5120A, containing the stable mAb 2G12
derived from crosses made with primary Hi-II maize transformants that contained 2G12,6 were used
in this study for breeding and increased production of 2G12. The genes for the two 2G12 antibody
chains were obtained from Polymum (Vienna, Austria) and the recombinant antibody 2G12 was shown
efficiently to neutralise HIV-1.6
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INTRODUCTION
HIV- and AIDS-related infections are possibly the primary cause of death in sub-Saharan Africa and
are also a leading cause of mortality worldwide, with an estimated two million deaths in 2008 alone. In
that year, the number of people living with HIV/AIDS worldwide was estimated to be 33.4 million, of
which 2.7 million were newly infected with HIV.1 Although various vaccination strategies have been
pursued in an attempt to halt the HIV pandemic, the complex biology of the virus makes it a difficult
target for vaccine protection and no effective vaccine has been developed as yet. According to Letvin2,
HIV is probably transmitted both as a cell-free virus and as a cell-associated virus. Cell-free viruses
can only be eliminated through binding to neutralising antibodies, whereas cell-associated viruses
are mainly eliminated by cell-mediated immune responses. For a vaccine to be effective, it must elicit
both types of immune responses accordingly. Microbicides, on the other hand, can bypass many of the
immunological challenges associated with HIV vaccine development and can thus be used in the form
of topical gels that offer an additional strategy for the prevention of HIV transmission.
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This antibody was expressed in the endosperm, together with
the visual fluorescent marker DsRed, to facilitate selection
during breeding of the transgenic maize and to serve as an
additional biosafety precaution in facilitating identification of
the transgenic maize from non-transgenic maize.

PBS) alkaline phosphatase-conjugated goat anti-human IgG
A3813 or A9544 (Sigma) for 2 h. Plates were washed again six
times with PBST, followed by incubation with pNPP substrate
(Sigma). The optical density was measured at 405 nm after
20 min. Apparent affinities were calculated using Microsoft Excel.

Breeding and selection of 2G12 transgenic maize
plants for the increased production of 2G12 under
greenhouse containment

Purification of 2G12 (from hybrid seed) using
Protein-A agarose affinity purification

The two South African transgenic maize lines containing the
monoclonal antibody 2G12 were backcrossed twice to their
respective original elite line (donor/recurrent parent) followed
by three generations of self-fertilisation (S1 to S3) and selection.
Selection was done using the DsRed-fluorescent marker, where a
green light and a red filter were used to detect DsRed-containing
maize kernels, while selection on agronomic characteristics
among the backcross progenies was performed simultaneously.
At the end of S3 generation, over 90% homozygosity of the
recurrent parent phenotype was obtained for each of the
parent backgrounds, NPS5120A and SSG62B, and this seed
was stored at the master seed bank, from which seed was also
used for hybrid production (F1 and F2). Hybrids were produced
by crossing homozygous inbred seeds of SSG62B-2G12 and
NSP5120A-2G12, constituting the F1 generation. The harvested
seed was then planted to produce F2 hybrid seed, constituting
the F2 generation. F1 hybrid plants and S3 inbred plants were
grown separately in adjacent compartments in the greenhouse
under identical conditions. After each breeding cycle the seeds
were harvested, screened for the presence of the fluorescent
marker, tested for the expression of 2G12 using an enzymelinked immunosorbent sandwich assay (ELISA) and then stored
in heat-sealed packets. The packets were properly labelled with
a batch code and the information entered in a detailed database.
The cultivation of both transgenic maize and control maize
plants took place under greenhouse containment level 2
according to the biosafety regulations for growing genetically
modified organisms in South Africa.7 Standard greenhouse
procedures were followed to produce a uniform maize crop. As
the monoclonal antibody 2G12 is aimed for human application,
additional guidelines were followed which are similar to those
prescribed by the European Agency for the Evaluation of
Medicinal Products.8 These guidelines were followed during all
the stages of plant cultivation, collection, harvesting, packaging
and storage, as well as during the purification of the monoclonal
antibody.

Quantification of 2G12 expression in maize seeds
Transgenic maize kernels from three generations of selffertilisation and from two generations of hybrid production were
milled to a fine powder using a small coffee grinder. The total
soluble protein was extracted overnight using three volumes
of phosphate-buffered saline (PBS). Insoluble material was
removed by centrifugation at 8000 g for 15 min at 4 °C. This was
done twice and the supernatant saved each time. The expression
and quantification of 2G12 present in the final supernatant was
determined by an ELISA. Total protein was also extracted from
maize kernels from non-transformed maize plants. Flat-bottom
microtiter plates (NUNC, Roskilde, Denmark) were coated
overnight at 4 °C with goat anti-human light chain (K3502)
and goat anti-human heavy chain (I2136) antibodies (Sigma, St.
Louis, United States of America) at a concentration of 20 μg/mL.
Subsequent incubation steps were performed at 37 °C. Coated
plates were washed twice with PBS supplemented with 0.5%
Tween (PBST) and blocked for 2 h with PBS supplemented with
5% skim milk. Plates were washed again six times with PBS
and subsequently incubated for 2 h with a standard, as well as
transgenic and non-transformed maize samples diluted 1:2 in
PBS. The standard was a human IgG (BP078) mAb (The Binding
Site, Birmingham, United Kingdom) serially diluted in PBS
(starting at a concentration of 100 ng/mL). Plates were washed
six times with PBST and then incubated with diluted (1:100 in
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Total soluble protein (3 mL) containing 2G12 at a concentration
of 41.12 µg/mL (crude extract) was diluted with 3 mL of binding
buffer (Affi-Gel Protein A MAPS II Kit, Bio-Rad Laboratories,
Hercules, USA). The diluted sample was applied to a 300µL AffiGel protein agarose column that was equilibrated with binding
buffer. Once the first eluate (flow-through fraction) was passed
through, the column was washed with 15 bed volumes of binding
buffer (1st wash fraction). The antibody was then eluted with 5
bed volumes of elution buffer (purified extract) and the column
eluted again with 10 bed volumes elution buffer to ensure total
removal of 2G12 (2nd wash fraction). In both cases, the eluted
antibody was neutralised with 1 mol Tris HCl, pH 9 as specified
in the protocol. The concentration of 2G12 was quantified in the
different fractions using ELISA (described below).

SDS-PAGE, ELISA and western blot
Crude plant extracts from untransformed maize were used as
negative controls to test for interference of maize plant extracts
with the ELISA protocols. Purified and crude extracts of 2G12
mAb and eluates generated during the purification of the 2G12
monoclonal antibody were analysed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Electrophoresis was performed in
a Mini-Protean electrophoresis unit (Bio-Rad Laboratories) using
a 12% acrylamide separating gel and a 4% acrylamide stacking
gel. The proteins were transferred electrophoretically from the
gel to a methanol pre-treated Sequi-Blot PVDF membrane (BioRad Laboratories) in a Trans-Blot semi-dry transfer cell module
(Bio-Rad Laboratories). After the transblotting, the membranes
were incubated in PBST supplemented with 5% skim milk
powder for 1 h, followed by incubation with diluted (1:5000 in
PBST) alkaline phosphatase-conjugated anti-human IgG (BioRad Laboratories) supplemented with 2.5% skim milk powder
overnight. The membranes were washed three times for 10 min
with PBST buffer. Luminometric detection was performed using
the BCIP/NBT Chemiluminescent Reagent (Roche, Indianapolis,
USA) according to manufacturer’s instructions. All the steps
were carried out at room temperature.

RESULTS
Expression and quantification
transgenic maize seeds

of

2G12

in

Expression levels of 2G12 extracted from whole maize seeds
were quantified using ELISA. The evaluation experiments
showed that the maize seed extract did not influence the ELISA
performance. The extracted yield of 2G12 antibody varied from
42 µg/g dry seed weight to 55 µg/g dry seed weight in the first
self-fertilising generation of breeding (S1). A lower amount of

FIGURE 1
Maize kernels expressing 2G12 monoclonal antibody using the selection marker
DsRed, where red kernels contain 2G12 and green kernels do not contain 2G12
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FIGURE 2
Expression levels of monoclonal antibody 2G12 over five breeding cycles: three self-fertilisation cycles (S1 to S3), one hybrid cross (F1)
and one cycle of planting of F1 hybrid to produce hybrid seed (F2)

The expression of 2G12 in maize seeds at the end of each
breeding cycle was quantified using ELISA. In both transgenic
lines (NSP and SSG origin), the antibody content was slightly
lower in the S1 generation (about 42 µg/g – 55 µg/g dry seed
weight) than in the following generations, probably due to a
higher gene dose expected when homozygosity was reached.
The antibody level was stabilised throughout S2 and S3 for both
lines, varying between 60 µg/g and 67 µg/g dry seed weight for
NSP background and between 56 µg/g and 58 µg/g dry seed
weight for SSG background. In order to have S3 seed expressing
higher levels of the antibody, higher S1 expressers could have
been selected through breeding in future generations; this was
not done in this study. The seed was stored in the cold room as
the master seed bank, defined as containing homozygous seed
(over 90% homozygosity) expressing the trait of interest from
which all future increased productions can be initiated to ensure
uniformity and consistency of the product. This is the basis of
any plant-made pharmaceutical production platform.
Hybrids (F1) were produced by crossing seeds of these two
transgenic lines with the hybrid seed. These were then planted
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Purification of 2G12 from maize kernels using
Protein-A agarose affinity purification
The crude extract of 2G12 monoclonal antibody (3 mL) was
purified using the Affi-Gel Protein A MAPS II Kit (Bio-Rad
Laboratories). Fractions from each purification step were
quantified by ELISA. To determine if there was any antibody
loss during the purification steps, the fractions were analysed
by SDS-PAGE gel (Figure 3A) and by western blot (Figure 3B) to
confirm the presence of light and heavy antibody chains, especially
in the crude extract and in the last fraction containing most of the
purified monoclonal antibody. The concentration of the purified
monoclonal antibody was estimated to be 13.98 μg/mL (13.98 μg/g
of dry seed weight) which represented 30% of total antibody
present in the crude extract (42.12 μg/mL).

DISCUSSION
The conventional technology for producing large quantities
of a given monoclonal antibody is expensive and researchers
have investigated plants as possible ‘factories’ for lower-cost
production of antibodies. Seed-based production platforms have
also been investigated for plant-made pharmaceuticals, with the
best yields being reported for maize.6,9,10 One of the benefits of
expressing a plant-made pharmaceutical in maize is the ability to
use production strategies to increase the quantities of the desired
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Increased production of monoclonal antibody
2G12 by breeding, under greenhouse containment

to produce hybrid progeny (F2). The rationale for using hybrids
was to increase crop yields because hybrids produce higher
yields than ‘selfed’ inbred lines. The amount of 2G12 produced
by the hybrid seed averaged 68 µg/g dry seed weight (Figure
2). Although the amount of 2G12 in the hybrid seed was not
substantially higher than that obtained for the two individual
lines, the advantage of hybrid production from crosses of two
elite inbred lines is that this combines important agronomic
traits and advantageous alleles that allow a constant and stable
high yield of maize cobs even when grown under greenhouse
containment. The F1 hybrid plants were uniformly more vigorous
than the S3 inbred plants in all phenotypically observable traits,
including plant height, stalk diameter, crop size and tassel size.
Table 1 shows the crosses made at each breeding cycle. Hybrid
seed progeny (F1, 38 kg) were also stored at the master seed bank
in heat-sealed packets at 4 °C.
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extractable 2G12 was found in the SSG parental background in
comparison with the NSP background. The seeds that were part
of the maize cobs with higher antibody expression levels were
selected for the following cycle of breeding. The co-segregation
of DsRed with both antibody chains made the selection of seeds
from each breeding cycle easier and more accurate (Figure 1).
Some of the white kernels were also tested by ELISA together
with the DsRed kernels; no 2G12 expression was observed in
the case of the white kernels (results not shown). The intensity
of the red fluorescence in the DsRed-containing kernels had
no correlation with the level of 2G12 in the kernel. The 2G12
antibody levels were determined at the end of each breeding
cycle (see next section). The antigen-binding properties of 2G12
produced in maize were compared with 2G12 produced in
Chinese hamster ovary cells using Biacore analysis; this, and the
antigen-binding assays, confirmed that the monoclonal antibody
was fully assembled and had proper antigen-binding activity
(Rademacher T 2006, personal communication, June 6).
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TABLE 1
Breeding and selection for the increased production of the 2G12 monoclonal antibody using two South African elite maize lines,
NSP5120A and SSG62B; selection was done using the DsRed-fluorescent marker
Breeding cycle

Cross

Transgenic seed

First backcross (BC1)

(NSP512 0Ax2G12) × NSP5120A

NSP512 0A(2G12)BC1

(SSG62B x2G12) × SSG62B

SSG62B (2G12)BC1

NSP5120A (2G12)BC1 × NSP5120A

NSP5120A2 (2G12)BC2

SSG62B (2G12)BC1 × SSG62B

SSG62B2 (2G12)BC2

NSP5120A (2G12)BC2 × NSP5120A (2G12)BC2

NSP512 0A(2G12)S1

SSG62B (2G12)BC2 × SSG62B (2G12)BC2

SSG62B (2G12)S1

Second backcross (BC2)

First self-fertilisation (S1)

Second self-fertilisation (S2)

NSP5120A (2G12) × NSP5120A (2G12)
S1

NSP512 0A(2G12)S2

S1

SSG62B (2G12)S1 × SSG62B (2G12)S1
Third self-fertilisation (S3)

SSG62B (2G12)S2

NSP5120A (2G12) × NSP5120A (2G12)
S2

Master seed bank (MS)

NSP512 0A(2G12)S3

S2

SSG62B (2G12)S2 × SSG62B (2G12)S2

SSG62B (2G12)S3

Seed selected was over 90% homozygous for respective donor parent

NSP5120A (2G12)S3MS
SSG62B (2G12)S3MS

Hybrid production (planting of hybrid seed → F2)

NSP512 0A(2G12)S3MS × SSG2B(2G12)S3MS

NSP5120A-SG62B(2G12)F1

Hybrid production (planting of hybrid seed → F2)

Production of hybrid seed by planting the hybrid produced in previous cycle, i.e.
[NSP5120A-SG62B(2G12)F1] × [NSP5120A-SG62B(2G12)F1]

NSP5120A-SG62B(2G12)F2

kDa

1

M

2

3

4

5

6

kDa

1

M

2

3

4

5

6
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72
HC

34

72

HC

43

26

LC

17

34
LC

26

17

B

A

Lane 1, human IgG standard; Lane M, protein molecular weight marker; Lane 2, crude extract; Lane 3, flow through fraction; Lane 4, 1st wash fraction; Lane 5, 2nd wash fraction; Lane 6, purified
extract.

FIGURE 3
Affinity purification of 2G12 with Protein A, where A shows the fractions of 2G12 taken during purification resolved in a 12% SDS-PAGE gel with Coomassie blue staining
and B the western blot probed with anti-human light chain (LC) and heavy chain (HC) antibodies

pharmaceutical protein through higher yields while keeping the
cost low in comparison with processes involving fermenters.
The use of the monoclonal antibody 2G12 as a microbicide for
the prevention of HIV infection could be an alternative means
of mitigating the HIV pandemic while the search for a vaccine
continues. Although only small amounts of this monoclonal
antibody would need to be produced for the initial preclinical
and clinical studies, large amounts would eventually have to
be produced if efficacy was demonstrated. In order to keep the
costs of production of this microbicide low, genes encoding
the 2G12 monoclonal antibody were introduced into maize6
constituting the functional recombinant 2G12 and crossed with
two high-yielding South African elite inbred lines as the first
step in the increased breeding programme. Uniform expression
of the functional antibody was observed after the second cycle
of self-fertilisation and throughout the third self-fertilisation
cycle. The importance of producing hybrids is to increase the
crop yield per hectare in field production where the number of
grains per cob and grain size is greater than in selfed plants. This
also impacts on the cost and space required to produce a certain
yield of maize seeds.
The expression of 2G12 was evaluated at each stage of the
breeding cycle by testing a representative seed sample using
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ELISA. In addition, a sample of the hybrid progeny was also
purified using a Protein-A agarose affinity column and the
purified recombinant antibody was characterised by SDSPAGE and western blot analysis. These analyses confirmed
the structural integrity of the 2G12 antibody, with the heavy
chain having a molecular mass of 50 kDa and the light chain a
molecular mass of 25 kDa. Furthermore, the antibody was shown
to have proper antigen-binding activity (Rademacher T 2006,
personal communication, June 6). There are different subtypes
of HIV-1 that are prevalent in different geographic areas, with
subtype C dominant in South Africa. Gray et al.11 reported that a
2G12 monoclonal antibody failed to neutralise different isolates
of HIV-1 subtype C. They found that their isolates lacked glycan
295, rendering them resistant to 2G12. The 2G12 produced in this
study will be evaluated, along with other monoclonal antibodies
that target different epitopes of different subtypes of HIV-1, as
a microbicide ingredient to be used as a cocktail for the passive
immunisation of people worldwide.

CONCLUSION
The use of conventional breeding for the introduction of
the transgenic monoclonal antibody 2G12 into two welladapted South African maize lines, followed by hybrid
production, has highlighted the potential of using an efficient
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breeding programme for the future production of plant-made
pharmaceuticals. The co-segregation of the fluorescent DsRed
marker with the antibody not only facilitated the selection of
the transgenic seeds during breeding, but also secured the
identity preservation of the transgenic seed. Selection of seeds
expressing higher levels of 2G12 should be identified at the stage
of self-fertilisation of transformed lines at the commencement of
the breeding programme. The high yield that can be generated
by open-field cultivation of maize hybrids would also represent
a reduction in the acreage required, making it an improved
technological solution towards the goal of realising the full
potential of biopharming.
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