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Recombinant Secretory IgA (SIgA) complexes have the potential to improve antibody-based passive
immunotherapeutic approaches to combat many mucosal pathogens. In this report, we describe the expression,
purification and characterization of a human SIgA format of the broadly neutralizing anti-HIV monoclonal antibody
(mAb) 2G12, using both transgenic tobacco plants and transient expression in Nicotiana benthamiana as expression
hosts (P2G12 SIgA). The resulting heterodecameric complexes accumulated in intracellular compartments in leaf tissue,
including the vacuole. SIgA complexes could not be detected in the apoplast. Maximum yields of antibody were
15.2 mg/g leaf fresh mass (LFM) in transgenic tobacco and 25 mg/g LFM after transient expression, and assembly of
SIgA complexes was superior in transgenic tobacco. Protein L purified antibody specifically bound HIV gp140 and
neutralised tier 2 and tier 3 HIV isolates. Glycoanalysis revealed predominantly high mannose structures present on
most N-glycosylation sites, with limited evidence for complex glycosylation or processing to paucimannosidic forms. O-
glycan structures were not identified. Functionally, P2G12 SIgA, but not IgG, effectively aggregated HIV virions. Binding
of P2G12 SIgA was observed to CD209 / DC-SIGN, but not to CD89 / FcalphaR on a monocyte cell line. Furthermore,
P2G12 SIgA demonstrated enhanced stability in mucosal secretions in comparison to P2G12 IgG mAb.

Introduction

Due to their prevalence in mucosal secretions, secretory IgA
antibodies (SIgA) are frequently described as the first line of
defense against invasive microorganisms at the mucosal barrier
(for a recent review see refs. 1–2). In comparison to IgG, SIgA is
well suited to function on mucosal surfaces; it is non-inflamma-
tory, resistant to proteolysis, tetravalent, and capable of unique
interactions with structural and functional components of the
mucosa. As a result of these features, SIgA has been proposed as
an advantageous format for antibody-based prophylactics aimed
at preventing infection at mucosal surfaces.3

SIgA is a heterodecameric antibody complex composed of 2
IgA antibodies linked together by the J chain and associated with
the secretory component (SC); a structure for which high resolu-
tion models have been published.4,5 SIgA complex assembly nor-
mally requires 2 cell types, class-switched plasma cells co-
expressing dimeric IgA and J chain and epithelial cells expressing
polymeric Ig receptor (pIgR), from which SC is derived during

transcytosis.6,7 Ex vivo production of recombinant SIgA has been
described through expression of dimeric IgA and secretory com-
ponent in separate cell lines and the combination of the 2
through in vitro association.8 SIgA produced in this fashion is
therefore a product of 3 separate processes, which inevitably has
an effect on the cost of manufacture and an increased burden of
regulatory compliance. These factors are therefore significant lim-
itations for the production of pharmaceutical biologics based on
SIgA. Reconstituting the assembly of SIgA in single recombinant
mammalian cells has proved technically challenging, with poor
yields and inconsistent assembly frequently encountered.9,10

Although SIgA complexes have previously been produced in Chi-
nese hamster ovary (CHO) cells9 and murine Sp2/0 transfecto-
mas,11 plant cells have shown considerably more promise in this
area.12,13 We have previously described the production and puri-
fication of a secretory IgA antibody with a chimeric heavy chain
in plants.12,14,15

2G12 IgG was originally isolated from peripheral lympho-
cytes isolated from human immunodeficiency virus (HIV)
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infected donors,16 and it neutralizes a broad range of HIV virus
isolates from clades A and B. MAb 2G12 belongs to a small but
growing group of broadly neutralizing anti-HIV antibodies (HIV
bnAb) that have potential as passive immunotherapeutics. mAb
2G12 binds an epitope defined by the high mannose glycan clus-
ter of HIV gp120.17 This cluster of glycans typically prevents
effective antibody responses to this region of gp120, and mAb
2G12 relies on a unique ‘domain-exchanged’ conformation to
bind this region with high affinity.18 mAb 2G12 has been shown
to protect non-human primates from vaginal challenge with R5-
tropic SHIV when applied systemically,19,20 or from rectal chal-
lenge when applied topically to the same surface.21 In clinical trials
with acutely infected volunteers, mAb 2G12 administered systemi-
cally was able to exert selective pressure on the virus and delay viral
rebound when antiretroviral therapy was suspended.22,23 As a
microbicidal prophylactic, mAb 2G12 IgG produced using CHO
cells and formulated as a gel was found to be generally well toler-
ated, although it was found to be less stable in the vagina than 2
other antibodies present in the formulation.24

Plant production platforms offer a unique range of advantages
over existing eukaryote production paradigms that can facilitate
the commercial development of products that rely on low-cost
high-volume biologic APIs, such as antibodies. The potential of
plant systems for the production of biologics has been reviewed
elsewhere.25-28 As part of an effort to establish proof-of-concept
for plant-made antibodies in clinical applications, the Pharma-
Planta consortium developed processes for the production of
2G12 IgG in maize,29 and a cGMP compliant process in Nicoti-
ana tabacum. A subsequent Phase 1 safety trial of P2G12 IgG in
a microbicide formulation demonstrated that the preparation
was well tolerated and remained detectable in the vagina for
8 hours after administration (manuscript submitted).

In this report, we describe the production of a recombinant
SIgA format of mAb 2G12 in 2 plant expression systems, trans-
genic N. tabacum and transient expression in N. benthamiana.
We investigated the subcellular localization of P2G12 SIgA in
transgenic tobacco and compared it to previous observations on
the trafficking of Guy’s 13 SIgA/G based on protein biochemis-
try.30 Following purification, we compared P2G12 SIgA with
P2G12 IgG functionally, in respect to their ability to bind
gp120, aggregate and neutralize HIV isolates. The glycosylation
profile of P2G12 SIgA was elucidated, and the ability of plant-
produced SIgA to interact with 2 cellular receptors with reported
roles in SIgA biology, FcalphaR (CD89) and DC-SIGN
(CD209) was investigated. Finally, persistence of P2G12 SIgA
with P2G12 IgG in fresh vaginal mucosal secretions was
compared.

Results

Assembly and expression of human 2G12 secretory IgA
(P2G12 SIgA) in transgenic N. tabacum and agroinfiltrated N.
benthamiana leaves

Two systems were compared for the production of recombi-
nant secretory IgA (SIgA): transgenic N. tabacum, for which

correct assembly of a chimeric murine/rabbit SIgA has previously
been demonstrated,15 and transient expression in N. benthamiana
via agroinfiltration. The second approach was investigated due to
the potential for increased yield per unit biomass and the ability
to circumvent time-consuming plant breeding and screening
programmes.

Transgenic lines expressing 2G12 IgA complexes were created
by sequential sexually crossing of T1 generation plants transgenic
for 2G12 a, kappa, human J-chain and human secretory compo-
nent (SC) to stack 2, 3 and 4 transgenes incrementally, as
described previously.12 Combinations of 4 Agrobacterium lines
harbouring binary expression vectors for each constituent chain
were used to induce the transient expression of 2G12 IgA com-
plexes. Extracts from the leaves of mature transgenic plants or N.
benthamiana 5 d after infiltration were analyzed by SDS-PAGE
and western blotting with anti-a chain antisera. Bands consistent
in size with ‘monomeric’ IgA (IgA, Mr 150 kDa), dimerized IgA
(IgA £ J, Mr »300 kDa) and secretory IgA (IgA £ J £ SC, Mr
»370 kDa) were detected in both transgenic (Fig. 1, panel A)
and transient (Fig. 1, panel B) systems. Few unassembled or deg-
radation fragments were detected, particularly in the quadruple
transgenic plant sample, where the predominant molecular spe-
cies was SIgA. The Mr 70 kDA species observed in the transient
quadruple infiltrant ‘a k J SC’ sample is consistent in size with
free SC, which indicated that excess SC may have been produced
in this approach.

Yields of assembled IgA complexes were calculated using a
sandwich ELISA against a human IgA standard. The proportion
of decameric SIgA complexes was then inferred from densitome-
try of Coomassie stained SDS-PAGE gels. In transgenic plants,
crude yields ranged between 6 and 15.2 mg per gram leaf fresh
mass (LFM), with 76% (standard error of the mean (SEM) D
3.6, 3 independent batches analyzed) present in SIgA complexes.
In transient expression, crude yields were higher, typically reach-
ing 25 mg/g LFM, although the proportion of decamers was sig-
nificantly reduced (48%, SEM 8.2, 3 independent batches
analyzed).

P2G12 SIgA accumulates in intracellular compartments in
the leaves of transgenic plants

A hybrid SIgA/G complex has previously been shown to accu-
mulate in the vacuole of tobacco mesophyll protoplasts.30 We
examined the deposition of 2G12 human IgA antibody formats
in transgenic tobacco leaves by means of confocal and electron
microscopy.

The subcellular localization of monomeric 2G12 IgA in
tobacco leaves was examined first. Some labeling of the endoplas-
mic reticulum (ER) network was observed, likely reflecting the
trafficking of the recombinant antibody within the secretory
pathway. However, no significant signal was detected in the apo-
plast (Fig. 2A). Instead, punctate structures immunoreactive with
anti-a chain antiserum were observed, both when examined by
immunohistochemistry (IHC) and by immunogold labeling and
electron microscopy (Fig. 2A and B). These structures were
approximately 400 nm in size and morphologically similar to
ER-derived protein storage compartments.31 Incubation of
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isolated leaf protoplasts with ER-TrackerTM Green confirmed the
ER-derived origin of the protein body (PB)-like compartments
that were induced in the IgA-expressing lines (Supplemental
Fig. 1). Labeling of the PB-like structures was also observed
when an anti-mAb 2G12 idiotype reagent was used for IHC
(Fig. 2C), indicating that they are the likely site of deposition of
at least a proportion of correctly folded and assembled IgA com-
plexes. Overlay panels show the position of signal within the leaf
structure under transmitted differential interference contrast light
(Fig. 2C lower panels).

Similarly, in SIgA-expressing leaf samples, no significant sig-
nal was detected within the apoplast (Fig. 3A and B). Again, IgA
chains could be detected mainly in punctuate structures spread
within the cytoplasm (Fig. 3A) and similar in size and appearance
to those observed previously for 2G12 monomeric IgA (Fig. 2B).
In addition, some labeling of the vacuolar space was also detected
(Fig. 3C). Punctate structures, similar to those labeled with anti-
a-chain antiserum were observed with the anti-2G12 idiotype

monoclonal antibody (mAb), indicating that they contain assem-
bled heavy and light chains (Fig. 3D). No signal within the ER
could be detected with the anti-idiotype serum in either mono-
meric IgA or SIgA lines, suggesting the ER labeling obtained
with the anti-a chain serum corresponds to an accumulation of
antibody chains prior to assembly and that assembled complexes
are rapidly trafficked from the ER.

Affinity purification ligands for SIgA
We observed that P2G12 IgA complexes were not bound by

protein A, despite belonging to the Vh3 germline family that has
been described as protein A ligands.32 We tested the ability of
several other commercial ligands to purify assembled 2G12 SIgA
complexes by performing affinity chromatography of plant
extracts against the ligands immobilized as the solid phase. A pep-
tide from the staphylococcal M protein (Peptide M33) and Pep-
tostreptococcus magnus protein L were capable of binding SIgA,
dimeric IgA (dIgA, consisting of 2 IgA molecules dimerized by
the J chain) and mIgA forms of mAb 2G12 through interactions
with IgA-Fc and kappa light chain, respectively. SSL7

Figure 1. Expression of secretory IgA in stably transformed and tran-
siently transfected plants. (A) Leaf samples from N. tabacum plants trans-
genic for mAb 2G12 a and kappa chains (lane a/k), plants resulting from
a cross between a/k and J chain transgenic plants (lane a/k x J) and
plants resulting from a cross between a/k plants and a J/SC hybrid (lane
a/k x J x SC) (B) N. benthamiana plants infiltrated with combinations of
Agrobacterium preparations harbouring T-DNAs for the constituent
chains of the SIgA complex. All samples were subjected to non-reducing
SDS-PAGE and immunoblotting with anti-human IgA antisera. Bands cor-
responding to the expected sizes relative to the marker are labeled as
monomeric IgA ‘mIgA’, dimeric IgA ‘dIgA’, and secretory IgA ‘SIgA’ and
apply to both panels.

Figure 2. Localization of monomeric IgA in plant leaf sections. (A) Trans-
verse section of palisade mesophyll, after immunohistochemistry (IHC)
with anti-a chain antiserum and Alexa Fluor� 488-conjugated secondary
antibody. Arrows indicate PB-like structures (B) Immunogold labeling
with anti-a chain antiserum. Arrow indicates a PB-like structure enriched
with Ig a chains, chl D chloroplast (C) IHC with an anti-2G12 idiotype
antibody and an Alexa Fluor� 488-conjugated secondary antibody.
Arrows indicate deposition sites of antibody complexes containing the
2G12 idiotype. Lower panels, phase contrast images of a transverse sec-
tion of palisade mesophyll with (lower) and without (middle) fluores-
cence overlay. Scale bars: 20 mm (A), 0.25 mm (B), 200 mm (C).
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(Staphylococcus aureus superantigen-like protein 7) has been
reported to bind IgA at a site near the Ca2-Ca3 domain bound-
ary that is also involved in interactions with both FcaRI (CD89)
and SC. Accordingly, SSL7 selectively purified 2G12 IgA mono-
mers from transfected N. benthamiana extract. Protein L affinity
was selected for the preparation of purified protein stocks for sub-
sequent experiments. Recovery of assembled antibodies (a-kappa
reactive) after purification was approximately 80% for 100–
500 g batches (data not shown).

Glycosylation profile of transiently-expressed P2G12 SIgA
Next, the glycosylation profile of all 4 constituent chains of

the SIgA complex was determined. Protein-L purified complexes
produced in N. benthamiana were separated by SDS-PAGE fol-
lowed by colloidal Coomassie staining, and individual bands
were excised from the gel, digested with trypsin, and analyzed by
LC-ESI-MS. There are 2 predicted N-glycosylation sites in the a
heavy chain, one in the J chain and 7 in secretory component
(Fig. 4).34,35 All but one of the predicted glycosylation sites in
SIgA were found to be occupied in the plant antibody samples
(Table 1, Supplemental Fig. 2). Both predicted N-glycosylation

sites in the a chains were occupied by high mannose glycans
(Man5-Man9) and in the case of N459, the typical plant com-
plex glycan GnGnXF was also detected. There was no evidence
for paucimannosidic structures characteristic of a vacuolar fate.
The single N-glycosylation site in the J chain was occupied by
heterologous glycan structures including GnMXF. Six of the 7
potential glycosylation sites in SC were found to contain glycan
structures, the exception being N168, for which no predicted
peptide mass was detected. Sites N65 and N72 were analyzed as
one peptide. This was confirmed in 2 biological replicate assays.
The other potential N-glycosylation sites were occupied by high
mannose glycans, and complex glycan structures were detected in
2 out of the 6 identified glycopeptides, N403 and N451. The
results suggest that at least a proportion of the a chain, J chain
and secretory component must have been exposed to the glyco-
sylation enzymes present in the Golgi apparatus.

The hinge region of the alpha1 chains in SIgA1 also contains
9 potential O-glycosylation sites (Fig. 4) which are known to be
modified with extensive and diverse sugar moieties in human
colostrum.36 The hinge peptide derived from P2G12 SIgA1 was
detected at a mass consistent with partial hydroxyproline

Figure 3. Localization of SIgA complexes in plant leaf sections. (A) Transverse section of palisade mesophyll, after IHC with anti-a chain antiserum and
Alexa Fluor� 488-conjugated secondary antibody. Arrows indicate PB-like structures (B) Immunogold labeling with anti-a chain antiserum, of the mem-
brane-proximal region of a mesophyll cell showing apoplast (apo) and cell wall (cw) structures. The labeling is concentrated in the PB-like structures
(arrow), whereas no labeling is visible in the apoplast (arrowhead) (C) Immunogold labeling in the vacuole (arrow) with anti-a chain and anti-kappa chain
antisera in combination. Vacuole (v) and chloroplast (chl) structures are indicated (D) IHC with an anti-2G12 idiotype antibody and an Alexa Fluor� 488-
conjugated secondary antibody. Arrows indicate deposition sites of antibody complexes containing the 2G12 idiotype; Lower panels, phase contrast
images of a transverse section of palisade mesophyll with (lower) and without (middle) fluorescence overlay. Scale bars: 100 mm (A), 0.5 mm (B and C),
200 mm (D).
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formation (5 conversions), a modification
that is associated with certain plant-specific
O-glycosylation events. However, no masses
corresponding to additional sugar moieties
could be detected (data not shown).

P2G12 SIgA binds HIV envelope
protein, neutralizes resistant HIV isolates
and aggregates HIV virions

We tested the ability of P2G12 SIgA to
bind baculovirus-expressed gp120 using an
ELISA and compared binding with P2G12
IgG and CHO 2G12 IgG. All 3 preparations
bound to antigen (Fig. 5A). We then pro-
ceeded to test P2G12 SIgA for its ability to
neutralize 3 HIV isolates that have been pre-
viously characterized as possessing moderate
and low sensitivity to neutralization by anti-
bodies (Table 2).37,38 P2G12 SIgA had
equivalent neutralizing activity against the
TRO.11 pseudovirus as the IgG format.
PVO.4 and SC422661.8 envelopes were also
neutralized by P2G12 SIgA, although with
reduced potency (IC50 titer 2.44 vs 0.48 mg/
ml and 10.82 vs 0.79 mg/ml, respectively).

Aggregation of pathogens by IgA com-
plexes may contribute to effective microbi-
cide activity by decreasing the diffusion
coefficient of the resulting complexes. To
test the ability of plant-produced 2G12 SIgA to aggregate HIV
virions in vitro, we used nanoparticle tracking analysis (NTA), a
technique that relates the Brownian motion of particles observed
using an ultramicroscope to their size. A preparation of inacti-
vated HIV virions (clade B, strain BaL) gave a monodispersed
population with a mean Stokes radius (RH) of »200 nm
(Fig. 5B). This population was not significantly affected by the
addition of a control (non-HIV specific) monoclonal IgG or
2G12 IgG, produced in CHO cells or in transgenic tobacco. The
standard deviation of the measurements taken for all samples was
40 nm. Control SIgA derived from human colostrum did not
produce a measureable size shift, while plant-produced 2G12
SIgA preparations produced aggregates with a mean Stokes radius
of »700 nm, Fig. 5C). Two independent preparations of 2G12
SIgA were tested, and in both cases the mean size of aggregates
observed exceeded that of the 2G12 IgG preparation.

Interaction of P2G12 SIgA with cellular receptors
IgA interacts with the immune system through specific recep-

tors, including CD89 / FcalphaR1 and Fca/mR, and also
through receptors with other characterized roles, including galec-
tin-3 and CD71 / transferrin receptor.39 As the binding site on
the a heavy chain for CD89 is typically occluded by the highly
glycosylated secretory component, SIgA is considered to interact
primarily with lectin receptors. For example, CD209 / DC-
SIGN has been proposed as a sampling receptor for SIgA in
Payer’s Patches.40

To begin to build a picture of the interactions between P2G12
SIgA and receptors, we tested binding of P2G12 SIgA to CD89
and DC-SIGN. U937 cells positive for CD89 (CD89 panel,
Fig. 6A) were incubated with 10 mg/ml aggregated, monomeric
IgA (aIgA), 12.5 mg/ml human colostrum SIgA (SIgA) or
12.5 mg/ml P2G12 SIgA (PSIgA). The profile of a monomeric
human IgA (10 mg/ml) is overlaid on each histogram for com-
parison. Different concentrations were used to provide the same
molar amount of CD89 binding sites for each sample. Although
aggregated monomeric IgA demonstrated binding to U937 cells
(Fig. 6A top right panel), no significant binding of either colos-
trum or plant SIgA was observed (lower panels). DC-SIGN bind-
ing was tested using a receptor enzyme immunoassay (Fig. 6B).
Here, human colostrum SIgA and P2G12 SIgA at 2 mg/ml gave
a robust signal, while monomeric IgA produced a very weak sig-
nal. A human IgG did not bind DC-SIGN at this concentration.

Stability of P2G12 SIgA in mucosal secretions
We compared the stability of P2G12 SIgA with an IgG prepa-

ration of the same antibody, using an in vitro spike-in experiment
based on the addition of heterologous Ab to centrifuge-clarified
human cervicovaginal mucus (CVM) (Fig. 7). P2G12 SIgA
(50 mg) or IgG (50 mg) was added to 100 ml aliquots of a single
mucus supernatant sample and incubated at 37�C before sam-
pling at the times indicated. Time-point samples for both anti-
bodies were then analyzed by SDS-PAGE and protein gel
blotting using anti-human gamma and anti-human a antisera as

Figure 4. Glycosylation of SIgA. Illustration of SIgA showing potential glycosylation sites in SIgA.
Numbering of glycosites matches that used in Table 1.
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appropriate. Data from 3 experiments (using cervico-vaginal
secretions from 3 volunteers) is shown. As expected, some endog-
enous IgG was observed in the samples (IgG label, ‘SIgA’ lanes),

but no endogenous SIgA could be detected (Fig. 7A ‘IgG’ lanes).
Although the rates of degradation for both IgG and P2G12 SIgA
varied between experiments when different mucus samples were
used, the signal corresponding to intact IgG was lost at a consis-
tently faster rate over the experimental time-course than that cor-
responding to intact P2G12 SIgA (Fig. 7B). The half-life of IgG
was approximately 100 minutes, in contrast to P2G12 SIgA,
which had a half-life of approximately 1000 minutes.

Discussion

Formatting pathogen-neutralizing antibodies as SIgA com-
plexes could confer several potential advantages to their use as
mucosal passive immunotherapeutics and prophylactics in
human disease.3 SIgA predominates at most mucosal surfaces in
humans and is uniquely adapted to the mucosal environment,
deriving multivalency from the dimer-promoting properties of
the obligate J chain and enhanced protease resistance and reduced
inflammatory properties from the subsequent association of the
secretory component.4,41,42 Efficiently reconstituting the assem-
bly of SIgA in heterologous mammalian cells using recombinant
DNA has been challenging, leading to limited yields and ulti-
mately prohibitive cost of goods for any envisaged application.43

Expression in plants has been proposed as an alternative system
for the production of therapeutic SIgAs, as such platforms dem-
onstrate the ability to correctly fold and assemble SIgA complexes
and many approaches are cheap and readily scalable.12,27 Proof of
concept for secretory antibody assembly was previously demon-
strated in transgenic N. tabacum,12 but the relatively high pro-
portion of assembly intermediates or degradation products was a
significant barrier to clinical development. In that example, the
antibody was a complex containing a chimeric murine gamma
and a heavy chain, murine J chain and rabbit secretory compo-
nent. In the present study, a human SIgA complex (P2G12
SIgA) was expressed. The assembly of this complex was much
improved, and intact SIgA was the predominant form in all prep-
arations. This compares to our previous report where an esti-
mated 50% of Guy’s13 SIgA/G was not assembled as a SIgA
complex.12

A significant proportion of 2G12 SIgA recovered from the
leaves of transgenic N. tabacum and agroinfiltrated N. benthami-
ana was fully assembled when analyzed by SDS-PAGE and west-
ern blot. This proportion was higher in the transgenic plant
samples. This may reflect a physiological difference between the
plant species, an effect of the time-course of expression, or a stress
response in the infiltrated plants. During these experiments, it
was noted anecdotally that plants that exhibited less signs of stress
produced a greater proportion of assembled SIgA complexes. The
development of binary vectors and cloning techniques that per-
mit transgenesis of multiple genes at a single locus has the poten-
tial to greatly simplify the generation of these stable lines.13,44

The maximum yield of P2G12 SIgA observed here for transgenic
plants was 15.2 mg/g leaf fresh weight, which is less than that
reported for Guy’s 13 SIgA/G (10–80 mg/g)14 and for a human
SIgA against rotavirus VP8* produced in transiently-transfected

Table 1. Glycoanalysis of 2G12 SIgA. Detected glycan structures on each
chain of the SIgA complex. MS profiles are shown in supplemental Figure 2
Predominant glycan structures are marked with a C. The predicted glycan
site SC4 was not detected in either of 2 assays. Glycan structure nomencla-
ture available at http://www.proglycan.com/

Chain Glycosite Peptide sequence Structures

a 263 ANLTCTLTGLR Man6
Man7
Man8C

Man9
a 459 LAGKPTHVNVSVVMAE Man7

Man8C

Man9C

GnGnXF
J 71 ENISDPTSPLR Man6

Man7
Man8
Man9
MMXFC

GnMXFC

SC 65 ANLTNFPENGTFVVNIAQLSQDDSGR Man8C

Man9C

SC 72 ANLTNFPENGTFVVNIAQLSQDDSGR Man8C

Man9C

SC 117 VSQGPGLLNDTK Man6
Man7C

Man8
Man9

SC 168 QIGLYPVLVIDSSGYVNPNYTGR ND
SC 403 LSLLEEPGNGTFTVILNQLTSR Man7

Man8C

Man9
MMXF
MGnXF
GnGnXF

SC 451 VPGNVTAVLGETLK Man8
Man9
MMXF
MGnXF
GnGnXF

SC 481 WNNTGCQALPSQDEGPSK Man7
Man8C

Man9

Table 2. Neutralization potency of plant derived 2G12 IgG and SIgA against
HIV pseudotype viruses. Calculated 50% Inhibitory Dose (ID50 titres) of
P2G12 SIgA against 3 clade B HIV pseudotypes, TRO.11, SC422661.8 and
PVO.4, categorized as moderately or unusually resistant to antibody-medi-
ated neutralization.38 Murine leukemia virus (MuLV) pseudotyped virions
were included as a control

ID50 Titer (mg/ml)

Virus 2G12 IgG 2G12 SIgA

TRO.11 0.20 0.19
SC422661.8 0.79 10.82
PVO.4 0.48 2.44
MuLV(neg.) >20 >20
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plants using a combinatorial approach (32.5 mg/g leaf fresh
weight).13 However, the proportion of fully assembled SIgA dec-
amers was significantly higher in transgenics when compared to
transient expression (76% vs 48%, P < 0.05). This is consistent
with previous reports of »70% assembly for Guy’s 13 SIgA
(transgenic)30 and 33% for anti-VP8* SIgA (transient).13 The
yields reported here are also competitive with than those previ-
ously reported for the production of SIgA in CHO cells.9,43,45

We previously observed that recombinant mAb 2G12 IgG is
efficiently secreted from tobacco mesophyll protoplasts.46

Accordingly, 2G12 IgG has recently been observed to accumulate
primarily within the intercellular spaces of tobacco leaf tissue.47

The subcellular localization of tobacco expressed mAb 2G12 IgA

Figure 6. Interactions of P2G12 antibody with CD89 and CD209. (A) FACS
histograms showing binding of IgA preparations to CD89/FcaRI
expressed on U937 human monocytes. CD89 panel, staining with anti-
human CD-89-FITC antibody; aIgA, aggregated human monomeric IgA;
SIgA, human colostrum SIgA; PSIgA, mAb 2G12 SIgA. Stipled line, binding
profile of monomeric IgA to U937 cells (B) Binding of plant-expressed
2G12 antibodies (starting concentration 2 mg/ml, 2-fold dilutions) and
human colostrum derived SIgA (2 mg/ml) to DC-SIGN immobilised on
EIA-optimised 96-well plates. Data shown is the mean (Csd) of 3 repeat
experiments.

Figure 5. Plant 2G12 SIgA retains antigen binding and is capable of
aggregating lab-adapted strains of HIV. (A) Functional ELISA showing
binding of 2G12 antibodies expressed in plants and CHO cells to baculo-
virus-expressed HIV gp120 (clade IIIB) (B) Calculated particle size and rel-
ative volume concentration for BaL virions (gray line) in the presence of
specific and non-specific control IgGs; CHO 2G12 IgG (black dots and
dashes), Nt-derived 2G12 IgG (black line) and polyclonal IgG from human
sera (gray dashes). Volume concentration is given by (# particles £ 106) /
ml (C) As (B), comparing aggregation in the presence of P2G12 SIgA
(black line) and non-specific SIgA from human colostrum (black dots and
dashes).
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and SIgA complexes observed here is strikingly different to IgG.
Both complexes were observed to accumulate in »400 nm vesic-
ular structures in the cytosol, and to some extent in the vacuole,
but not in the apoplast. The protein body-like structures were
also labeled with the anti-2G12 idiotype reagent, indicating that
they contain assembled and functional mAb 2G12 Fab or F(ab’)
2 domains. The secretion of a chimeric secretory IgA/G complex,
as well as the corresponding dimeric and monomeric forms (G13
IgA/G) have previously been observed to be retarded in compari-
son to the original IgG format,30 although the rate of secretion
can be restored to equivalent or greater levels in tobacco proto-
plasts by the deletion of the 18 residue Ig a tailpiece essential for
J chain binding.48 The results shown here for 2G12 SIgA are
consistent with these previous findings. The retention of SIgA
complexes within plant cells may require some consideration of
appropriate DSP protocols to optimize yield and recovery of
functional SIgA complexes.

We found P2G12 SIgA to be extensively glycosylated with a
mixture of Golgi-modified and unmodified N-linked glycans.
This is consistent with the observed accumulation of SIgA in PB-
like structures derived from the ER. The N-glycan structures dif-
fer from those isolated from a preparation of SIgA from human
colostrum,49 and are devoid of certain epitopes that have been
implicated in binding to pathogenic microorganisms, for exam-
ple sialic acid moieties that interact with S-fimbriated E. coli,50

Lewisb epitopes with Helicobacter pylori51 and Lewisx epitopes
with Clostridium difficile.52

In the mammalian immune system, the proline-rich hinge
region of IgA1 produced by most plasma cells is extensively

modified with O-linked gly-
can structures. For P2G12
SIgA, there was evidence of
conversion of proline to
hydroxyproline in the hinge
region. Hydroxyproline con-
version is typical of plant cell
wall proteins, and indicates
exposure of P2G12 SIgA to
prolyl hydroxylase, an
enzyme enriched in the
Golgi apparatus and protein
bodies.53 Hydroxyproline
conversion is often associ-
ated with the subsequent
addition of galactose and
arabinose sugar moieties,54

although such plant-specific
glycans were not identified
here.

Apart from interactions
with the microbiome, gly-
cans present on mammalian
SIgA have established roles
in the localization of the
SIgA complex within the
glycocalyx and in the inter-

action of SIgA with cellular receptors. SC glycans are known to
mediate interactions with a component of the glycocalyx, as gly-
cosylated, but not deglycosylated, SC reconstituted with dIgA
was predominately found in the mucus layer of the nasal cavity
after intranasal administration.55 Plant recombinant SIgA pro-
duction, in combination with well-developed glycoengineering
approaches available in plants, may help in the future to elucidate
specific requirements for this interaction. We observed binding of
plant SIgA to DC-SIGN/CD209 in a solid phase assay. DC-
SIGN has been proposed as a sampling receptor for immune sur-
veillance of the gut by SIgA.40,56 DC-SIGN is expressed on most
myeloid cells, including a population of CX3CR1C transepithe-
lial DC resident in the lamina propria. SIgA bound to monocytes
is typically endocytosed,40 but is not sufficient to activate the
cell.57 In contrast, we did not observe binding to CD89/FcaRI
on U937 monocytes. Although SC binding typically reduces the
binding of dIgA for this receptor, interactions between SC gly-
cans and Mac1/CD11b have previously been reported to stabilize
SIgA binding to CD89 on granulocytes.58 Unstimulated U937
cells do not express high levels of the Mac1 complex,59 which
may have restricted the binding of P2G12 SIgA observed here.

The glycosylation profile of P2G12 SIgA also has implications
for the downstream purification of plant SIgA complexes. Purifi-
cation of SIgA has often proved challenging, as SIgA does not
typically bind commonly used antibody affinity matrices (protein
A and protein G). Jacalin, a lectin capable of binding O-glycans,
has previously been used to purify SIgA from endogenous sour-
ces.60 However, in view of the lack of O-glycosylation observed
here, this approach is not suitable for plant-produced SIgAs.

Figure 7. Stability of P2G12 SIgA in vaginal fluid. (A) Human cervicovaginal fluid was spiked with 50 mg P2G12 IgG
(left) or P2G12 SIgA (right) and incubated at 37�C for the indicated time. Samples were analyzed by SDS-PAGE and
immunoblotting using anti-kappa antisera. Intact PSIgA and total IgG are indicated by arrows. Bands labeled with
an asterisk indicate degraded PSIgA detected in these samples. Three individual experiments were performed, and
representative results from one experiment are shown (B) ‘% Intact Ig’ was calculated by expressing the intensity of
the band corresponding to the intact antibody complex as a percentage of the intensity of the same band at the 0
minute time-point. Results from all 3 experiments are shown. Each individual experiment is shown (black lines).
Gray lines, trendlines fitted using linear regression (GraphPad Prism, GraphPad Software). Half-lives for IgG and
P2G12 SIgA calculated from the regression curve are shown.
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Protein L, as used in this work, represents a robust purification
strategy for the subset of SIgAs containing binding determinants.
Binding to protein L can be conferred to any IgA through a
framework engineering approach.61

In a pseudovirus-neutralization assay, P2G12 SIgA retained its
ability to neutralize resistant clade B envelopes (TRO.11, PVO.4
and SC422661.8); however, the potency of neutralization
appeared to be reduced (compared with IgG) in 2 cases. As we
observed equivalent neutralization potency for both antibody for-
mats against the TRO.11 envelope, but reduced potency against
PVO.4 and SC422661.8, it is possible that the formation of
SIgA complexes might selectively interfere with binding of the
antibody to certain envelopes. An IgM class-switched version of
2G12 produced in CHO cells produced uniformly lower IC50

values than the equivalent IgG, an effect ascribed to greater func-
tional affinity for the epitope,62 but this effect was not observed
here. The relative neutralization potency of SIgA and IgG for-
mats of the same antibody will be an important area for future
study.

We tested the potential of P2G12 SIgA as a passive immuno-
therapeutic by comparing its ability to aggregate HIV and persist
in human CVM against P2G12 IgG. HIV aggregation is poten-
tially desirable for a microbicide or prophylactic formulation as
aggregated virions have a reduced diffusion coefficient through
the mucus layer of the genital tract, and consequently are
afforded fewer opportunities to initial infection.63 Specific anti-
bodies of the SIgA format have been shown to impede transcyto-
sis of HIV (BaL) virions more effectively than the equivalent
IgG.64 Theoretically up to 4 virions may be bound by a single
SIgA complex, as IgA displays spatially separated antigen-binding
sites.65 We analyzed the Brownian motion of particles in anti-
body-virion mixtures, and identified multimerized virions in all
samples containing P2G12 SIgA. These multimers were not seen
in 2G12 IgG preparations. Importantly, we also did not observe
any virion aggregation in the presence of a control SIgA purified
from human colostrum. As non-specific SIgA failed to aggregate
HIV virions, the observed aggregation is likely to be effected by
paratope-mediated cross-linking rather than glycan-pathogen or
glycan-mucin interactions.

Previous work has indicated that the addition of SC to dIgA
confers increased resistance to trypsin66 and to intestinal pro-
teases.41 We have previously shown that a plant-produced chime-
ric secretory antibody, Guy’s 13 PSIgA/G, persisted in the
human oral cavity for 3 times as long as IgG of equivalent speci-
ficity.14 Here, we observed that bands corresponding to fully
assembled P2G12 SIgA persisted in human CVM for substan-
tially longer than P2G12 IgG and endogenous IgG (approxi-
mately 10-fold improvement). CVM is typically acidic due to
the presence of lactobacilli in healthy vaginal flora.67 We have
previously observed that plant-produced mAb 2G12 IgG is lost
after incubation at low pH.46 The stability of P2G12 SIgA in
this experiment may reflect a lower sensitivity to pH extremes.

Antibody-based therapy and prophylaxis has an enormous
potential for the treatment and management of infectious dis-
eases that is yet to be realized due to the high cost of developing
and producing these drugs, and the high doses that are required.

Plant production platforms are well suited to meet the challenge
of producing these agents, as they have the potential to reach the
required scale while controlling manufacturing costs.68 Here, we
show that plant-derived mAb 2G12 SIgA persists longer in
CVM, retains the ability to neutralize HIV and, furthermore,
effectively aggregates HIV virions. We tested 2 plant platforms
for the expression of SIgA and found stable N. tabacum transgen-
ics to accumulate greater quantities of fully assembled SIgA than
transient expression in N. benthamiana leaves. Produced in this
way, recombinant SIgA-based passive immunotherapies or pro-
phylactics could represent extremely effective tools for the control
of mucosal infection in the future.

Materials and Methods

DNA constructs
Class-switching of the human anti-HIV mAb 2G12 from

IgG1 to IgA1 was achieved genetically, using splicing by overlap
extension (SOE) PCR with 2 plasmid DNAs encoding either
mAb 2G12 Ig gamma1 or an alpha1 chain and overlapping inter-
nal primers.

For the generation of transgenic plants, the DNA fragment
encoding 2G12 alpha1 was amplified by PCR and inserted
between the XhoI and EcoRI sites of the pMON530-based pL32
vector (conferring kanamycin resistance in plants). The pL32
vector contains a CaMV 35S promoter sequence and encodes for
a signal peptide derived from a murine IgG1 gene upstream of
the gene of interest (GenBank: BC018535.1). A nos terminator
is present downstream of the GOI ORF. No further targeting
sequences were added. A DNA fragment encoding the 2G12
kappa chain was cloned in a similar fashion. ORFs corresponding
to human secretory component (GenBank accession BC110495,
bases 81–1891) and human J chain (GenBank accession
BC038982, bases 58–537) were inserted between the XhoI and
EcoRI sites of either the pL32 vector or the pGREENII-based
pNUTBAR vector (conferring bialaphos resistance in plants).

For transient expression of 2G12 SIgA1, ORFs encoding all 4
chains were inserted into the pEAQ-HT-DEST3 vector69 using
Gateway� recombination methodology (Life Technologies, Pais-
ley, Scotland).

Cultivation, transformation and crossing of N. tabacum
plants

N. tabacum var. Petit Havana plants were cultivated in growth
rooms at 28�C with a 16 h/8 h day/night cycle. Leaf disc trans-
formations were performed on sterilized leaf samples as previ-
ously described70 using Agrobacterium tumefaciens strain
GV3101 harboring either a pL32 expression vector or pNUT-
BAR supplemented with the pSOUP helper vector. Antibiotic
selection of transgenic calli induced through hormone treatment
was achieved by the addition of 200 mg/ml kanamycin (for
pL32) or 5 mg/ml bialaphos (for pNUTBAR) to the plant
growth media. Following the emergence of substantial leaf and
root structures, transgenic plantlets (T0) were transferred to
greenhouse conditions and self-crossed. The presence of the
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transgene in the T1 generation was confirmed by protein gel blot
(a chain, kappa chain and SC) or PCR (J chain).

In order to breed a plant line containing 4 transgenic loci, T1
plants positive for a or kappa chain expression were sexually
crossed and the progeny (T2) screened for the production of
intact IgA by western blot. T2 plants expressing IgA were subse-
quently crossed with a T1 generation plant transgenic for SC and
J chain genes, and the resulting T3 progeny screened again for
the segregation of all 4 transgenes.

Transient transfection of N. benthamiana plants
N. benthamiana plants were germinated in Jiffy pots (Jiffy

Products Int., Holland) and seedlings transferred to compost
under the growth room conditions indicated above. Plants were
allowed to grow for a period of 4–6 weeks before being used for
agroinfiltration. Plants were infiltrated in batches using a vacuum
chamber filled with an admixed Agrobacterium suspension con-
taining equal proportions of bacteria harbouring pEAQ-HT plas-
mids corresponding to each chain of the SIgA complex. The final
density of the bacterium in suspension was at an OD600 of 0.5.
Infiltrated plants were returned to an isolated area of the growth
room and cultivated for a period of 5 d.

Immunolocalization and microscopy
Tobacco leaves were fixed in 4% paraformaldehyde and 0.5%

glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and then
embedded in resin as previously described.71 Ultrathin sections
mounted on grids for electron microscopy or thin (1 mm) sec-
tions mounted on glass slides for fluorescence microscopy were
pre-incubated in 5% (w/v) BSA in phosphate buffer (0,1M, pH
7.4) and then incubated with polyclonal antisera against the Ig a
or kappa chain, respectively. An anti-2G12 idiotype mAb (Poly-
mun, Vienna, Austria) was used to detect assembled 2G12 anti-
body moieties. For electron microscopy, sections showing silver
interference were collected on copper grids and immunolocaliza-
tion was carried out as previously described.71 The primary anti-
sera were detected with secondary antibodies labeled with Alexa
Fluor 488 for fluorescence microscopy. For electron microscopy
secondary antibodies labeled with 10-nm or 15 nm gold particles
were used, respectively. Following immunolocalization, ultra-
thin sections were stained with 2 % (w/v) aqueous uranyl acetate.
Observations were made using a FEI Tecnai G2 (FEI Europe B.
V., Eindhoven, The Netherlands) and a Leica DM5500B (Leica
Microsystems Handelsges.m.b.H, Vienna, Austria), respectively.
For ER-staining, protoplasts were released from transgenic
tobacco leaves and incubated with the fluorescent dye ER-Track-
erTM (Invitrogen) at a concentration of 3.3 mM. Protoplasts
were observed using the Leica SP5 CLSM.

Purification of Secretory IgA from plant extracts
N. tabacum and N. benthamiana leaf tissues were homoge-

nized using a blender for 2£ 45-second periods at high speed.
The homogenate was subjected to an initial clarification step,
being passed through 2 layers of Miracloth (Millipore UK Ltd.)
and centrifuged at 20,000 g for 20 minutes at 10�C. The super-
natant was then filtered through a 0.22 mm syringe filter before

being applied to a 1 ml bed volume protein L-sepharose column
at a flow rate of 1.5 ml/min. Bound antibody was eluted with
0.1 M glycine pH 2.5 and dialysed against 3 changes of �1000-
fold excess PBS buffer over a minimum period of 48 hours
before use in assays.

Immunoassays
SDS-PAGE and immunoblotting were performed using

NuPAGE Novex� apparatus and 3–8% pre-cast tris-acetate or
4–12% bis-tris gels (Life Technologies, Paisley, Scotland). For
SIgA detection, blots were probed with horseradish peroxidase
(HRP)-labeled goat polyclonal anti-human IgA antiserum
(A0295; Sigma, Poole, UK). For IgG detection, HRP labeled
goat polyclonal anti-human IgG, Fcg-specific antiserum was
used (109–035–008; Jackson ImmunoResearch, Newmarket,
UK).

Immunosorbant assays (indirect ELISA) used Nunc Maxisorp
96-well microtitre plates (Thermo Fisher Scientific, Waltham,
MA, USA) coated with gp120 (NIBSC CFAR 0607) or CD209/
DC-SIGN (161-DC-050, R&D Systems) at 1 mg/ml in carbon-
ate buffer pH10. Binding of sample antibodies was detected
using HRP-labeled sheep anti-human a chain antiserum, anti-
human kappa antiserum or anti-human gamma antiserum
(AP010, AP015 & AP004, The Binding Site, Birmingham, UK)
as appropriate.

Binding of antibodies to FcalphaR expressed on U937 cells
(human monocytes) was assessed by FACS using a FACScalibur
(Becton Dickenson, Oxford, UK) instrument and a FITC-conju-
gated anti-human IgA antibody (F5259, Sigma).

Yield determination
For yield determination (expressed as mg protein per g leaf

fresh mass), samples of pre-affinity chromatography filtrates were
analyzed by sandwich ELISA using anti-a and HRP-conjugated
anti-kappa antisera (as above). Signal corresponding to the con-
centration of assembled heavy and light chain complexes was
compared to a standard curve derived from a quantified IgA stan-
dard (human colostrum IgA, I2636, Sigma), which had been
observed to migrate at a size consistent with SIgA complexes in
SDS-PAGE. The ELISA sensitivity for SIgA (human colostrum)
was 5 ng/ml, and the assay gave linear responses over the range
100 ng/ml to 3500 ng/ml. Plant samples were titrated against
diluent buffer (PBS) to ensure concentrations were calculated
from within the linear range of the standard curve.

The proportion of the measured concentration consisting of
SIgA decamers from 3 independent batches was then determined
using SDS-PAGE (as above) followed by Coomassie staining and
densitometric analysis (ChemiGenius2 and GeneTools, Syngene,
Cambridge, UK).

Analysis of glycan structures by LC-ESI-MS
Purified SIgA complexes were reduced using 5 mM DTT in a

0.1 M ammonium bicarbonate buffer at 56�C for 45 min fol-
lowed by S-carbamidomethylation using 25 mM iodoacetamide
in a 0.1 M ammonium bicarbonate buffer pH 8.0 at 25�C for
30 min. After precipitation using 80% acetone at 20�C for

1594 Volume 6 Issue 6mAbs



45 min, the protein was digested with 0.2 g trypsin in 0.1 M
ammonium bicarbonate buffer overnight at 37�C. After deactiva-
tion of trypsin at 96�C for 6 min, the protein was digested with
0.2 g endoproteinase GluC in 0.1 M ammonium bicarbonate
buffer overnight at 37�C. Glycopeptide analysis was performed
using reverse phase liquid chromatography–electrospray ioniza-
tion–mass spectrometry (LC-ESI-MS) as described
previously.70,72

HIV-1 Env Pseudovirus Neutralization Assay
Virus neutralisation using a luciferase-based assay in TZM.bl

cells was measured as previously described.38 The 50% inhibitory
dose (ID50) was calculated using regression analysis and corre-
sponds to the concentration of antibody that caused a 50%
reduction in the bioluminescence of the target cells in compari-
son to control cells receiving only virus (200 TCID50).

Nanoparticle tracking analysis
A suspension of HIV virions (BaL strain, clade B, inactivated

and prepared as described by Stieh et al.)73 at a dilution of
approx. 1 mg/ml (corresponding to between 1–25 £ 108 par-
ticles/ml) was monitored for aggregation in antibody solution of
between 2 and 20 mg/ml. Aggregation was measured in 1£ PBS
using nanoparticle tracking analysis (NTA; Nanosight LM10-
HS, Nanosight Ltd., Amesbury, Wiltshire). 60-second sample
videos were analyzed using the “Nanoparticle Tracking Analysis
2.0 Analysis” software version 0125.

Collection of vaginal fluid samples and antibody spike-in
experiments

The trial was conducted at the Vaccine Institute, St George’s,
University of London (SGUL). Ethical approval was gained from
NRES committee London- City and East REC ref: 13/LO/0400.
All volunteers gave fully informed written consent, and the trial
was conducted according to the UK Clinical Trials Regulations
and Good Clinical Practice guidelines. Vaginal mucus was col-
lected from mid-menstrual cycle healthy volunteers using an
Instead� SoftCupTM (Evofem Inc., San Diego, CA) menstrual

cup which was worn for one day. Mucus was removed from the
cup by centrifugation at 3,000£ g in a 50 ml FalconTM tube
(BD Biosciences), and clarified by a further centrifugation at
5,000£ g. Supernatants were collected and aliquoted into equal
volumes before being mixed with 50 mg plant 2G12 SIgA or
50 mg IgG from human plasma in a volume of less than 10 ml of
0.1£ PBS. Following the immediate collection of a 15 ml sample
(the 0-minute time-point), antibody/mucus solutions were incu-
bated at 37�C and sampled at 60, 150, 240 and 1440 minutes.
Samples were analyzed by protein gel blotting under non-reduc-
ing conditions.
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