INFECTION AND IMMUNITY, Sept. 2005, p. 5915-5922
0019-9567/05/$08.00+0  doi:10.1128/IAI.73.9.5915-5922.2005

Vol. 73, No. 9

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Highly Immunogenic and Protective Recombinant Vaccine Candidate

Expressed in Transgenic Plants

Daniel Chargelegue,'* Pascal M. W. Drake,' Patricia Obregon,' Alessandra Prada,’
Neil Fairweather,? and Julian K-C. Ma'

Department of Cellular and Molecular Medicine, St. George’s Hospital Medical School, Cranmer Terrace, London SW17 ORE,"

and Centre for Molecular Microbiology and Infection, Department of Biological Sciences, Imperial College London,
London SW7 2AZ,* United Kingdom

Received 22 February 2005/Returned for modification 4 April 2005/Accepted 26 April 2005

Vaccine development has been hampered by difficulties in developing new and safe adjuvants, so alternative
technologies that offer new avenues forward are urgently needed. The goal of this study was to express a
monoclonal recombinant immune complex in a transgenic plant. A recombinant protein consisting of a tetanus
toxin C fragment-specific monoclonal antibody fused with the tetanus toxin C fragment was designed and
expressed. Inmune complex formation occurred between individual fusion proteins to form immune complex-
like aggregates that bound C1q and FeyRIlIa receptor and could be targeted to antigen-presenting cells. Unlike
antigen alone, the recombinant immune fusion complexes were highly immunogenic in mice and did not
require coadministration of an adjuvant (when injected subcutaneously). Indeed, these complexes elicited
antibody titers that were more than 10,000 times higher than those observed in animals immunized with the
antigen alone. Furthermore, animals immunized with only 1 pg of recombinant immune complex without
adjuvant were fully protected against lethal challenge. This the first report on the use of a genetic fusion
between antigen and antibody to ensure an optimal expression ratio between the two moieties and to obtain

fully functional recombinant immune complexes as a new vaccine model.

New reliable and affordable vaccines are urgently needed for
the control of infectious (and other) diseases, and the devel-
opment of vaccines with built-in adjuvanticity is highly desir-
able. It has been determined that the coadministration of an-
tigen with antibody in the form of immune complexes can
markedly enhance the immunogenicity of the antigen (27).
This opens the possibility of using immune complexes for vac-
cination, with the significant advantage that an additional ad-
juvant may not be required. At present, alum is the only ad-
juvant licensed for use in humans; that there is only one thus
far is a reflection of the technical difficulties inherent in adju-
vant development. Immune complexes can enhance immune
responsiveness through several mechanisms (23). They pro-
mote Fc receptor-mediated recognition by antigen-presenting
cells (3, 28). Immune complexes also activate the complement
cascade (14, 32). It has also been suggested that through bind-
ing to FcR and complement receptors, there is localization of
the complex on follicular dendritic cells (DCs) which carry
both types of receptor or that the complexes might directly
stimulate B cells via their complement receptors (10). Anti-
body binding to antigen also leads to protection of the antigen
from proteolysis extracellularly (13) and intracellularly (22),
and this can lead to modulation of antigen processing, as well
as antigen presentation (1, 5, 30). However, conventional prep-
aration of immune complexes is not applicable for vaccine
development. Indeed, it would require the in vitro mixing of
antigen and antibody at an optimum ratio, which is not easily
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reproducible. Moreover, it is necessary to use either polyclonal
antisera or cocktails of monoclonal antibodies (MAbs) to
achieve complexing. Thus, the complexity of formulation does
not lend itself to pharmaceutical development.

In the present study, we describe for the first time the pro-
duction of recombinant immune complexes (RICs). Theoreti-
cally, any eukaryotic expression system could be used; in this
case we have utilized transgenic plants. The 47-kDa tetanus
toxin fragment C (TTFC) was used as a model antigen (21).
The genetic fusion between antigen and a specific antibody was
designed to ensure an optimal expression ratio between the
two moieties and to obtain fully functional recombinant im-
mune-complexes as a new vaccine model (see Fig. 1). The
complexes utilize a MAb and bind Clq, as well as Fc receptors.
They have enhanced immunogenicity in comparison to antigen
alone and induced protective immunity in mice.

MATERIALS AND METHODS

Cloning and genetic engineering. MADb 278.02 is a murine immunoglobulin
G2a (IgG2a) that was raised against tetanus toxoid. It binds strongly to TTFC in
an enzyme-linked immunosorbent assay (ELISA; data not shown). Total RNA
from the TT-specific MADb 278.02 was kindly supplied by C. Koch and N. Kirkby.
After reverse transcription with Moloney murine leukemia virus (Stratagene),
the cDNA was used as a template for PCR cloning of the antibody light and
heavy chains.

Light chain. An ~700-bp fragment corresponding to the coding sequence for
the murine kappa light chain was generated by PCR by using Pfu polymerase
(Stratagene). The amplification was carried out by using the forward primer
5'-GTG GTA CCT CGA GCG AYA TYS WGM TSA CCC ART CT-3' with a
Xhol site and the reverse primer 5'-GGG GAG CTG GTG GTG AAT TCG
TCG ACC TTT GTC TCT AAC ACT C-3’ containing an EcoRI site and a stop
codon. The PCR product was digested with the appropriate restriction enzymes
and cloned into the pBluescript vector (Stratagene).

Heavy chain. An approximately 1.4-Kb fragment corresponding to the coding
region for the heavy chain was also generated by Pfu PCR. The amplification was
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FIG. 1. Diagrammatic representation of antigen fusion protein expressed in plants (A) and potential assembly arrangements into IgG-TTFC

fusion protein (B) and RICs (C).

carried out by using the forward primer 5'-GAC TAG TCC ATG GGC CAG
GTS MAR CTG SAG TCW G-3' with 5" Ncol and Spel sites and the reverse
primer 5'-GGA ATT CAG ATC TGC CAC CGC CTT TAC CCR GAG WCC
GGG AGA with a 5" Bglll site (that includes part of a linker sequence for
ligation with the antigen). The PCR product was first digested with Ncol and Bgl
II and then cloned into Litmus 29 vector (Novagen). The cloned product was
then digested with Spel and Bgl IT and purified for ligation with the TTFC
sequence.

TTFC. The plasmid encoding the TTFC open reading frame sequence (pTET
tac 215) was used as a template (21). Pfu PCR amplification was carried out by
using the forward primer 5'-CGA CTC GAG AAA AAC CTT GAT TGT TGG
GTC and the reverse primer 5'-CGA CTC GAG TTA GTC GTT GGT CCA
ACC TTC ATC, both with 5’-terminal Xhol restriction sites. The PCR product,

a 1.35-Kb fragment was digested with Xhol and cloned into the pBluescript
vector.

Heavy chain-TTFC fusion (HC-TTFC). The forward primer used was 5'-GGC
GGA TCC GGT GGA GGC GGT TCA GGC GGA GGT GGC TCT AAA
AAC CTT GAT TGT TGG GTC GAC with a BamHI site (including part of the
linker sequence for ligation with the antibody heavy chain), whereas the reverse
primer was the one used for TTFC alone. The linker amino acid sequence is
(GGGGS);. The PCR product was digested with BamHI and Xhol and cloned
into Litmus 29 vector. The vector was then digested with Spel and BamHI and
ligated with the Spel/Bglll heavy-chain-digested product in order to obtain a
Litmus 29 vector containing the antibody HC-TTFC fused sequences.

Each construct was confirmed by automatic sequencing and transferred to a
binary plant expression vector (pPMONS530) that contains the 35S cauliflower
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mosaic virus promoter sequence and a murine immunoglobulin leader sequence
for targeting of the transgene product to the plant endomembrane system (29).
The recombinant vector was used to transform Escherichia coli DH5a (Gibco-
BRL). Plasmid DNA was purified and introduced into Agrobacterium tumefaciens
as described previously (6).

Transformation and regeneration of transgenic plants. Using the gene con-
structs described above, transgenic plants were prepared that express TTFC,
MAD 278-02 kappa chain (K), MAb 278-02 gamma chain fusion with TTFC
(HC-TTFC), or MAD 278-02 kappa chain with gamma chain fusion with TTFC.

Leaf disks of Nicotiana tabacum (var. xanthii) were transformed as described
previously (12). The disks were incubated on medium supplemented with kana-
mycin (200 mg/liter) and carbenicillin (500 mg/liter) for regeneration of shoots,
and the shoots were transferred to root-inducing medium supplemented with
kanamycin (200 mg/liter). As soon as roots were established, plantlets were
transplanted into soil. Twenty independent, primary transformants were regen-
erated for each construct. Each plant was screened for expression of either
immunoglobulin chains or TTFC by specific ELISA. Plants expressing HC-TTFC
were cross fertilized with those expressing the light chain as described previously
(18) and screened by antigen- and antibody-specific ELISAs.

ELISA for detection of IgG2a light and heavy chains, TTFC, HC-TTFC, and
immune fusion complexes formed from IgG-TTFC in plant extracts. Young
plant leaves were homogenized on ice in phosphate-buffered saline (PBS) con-
taining 2.5% bovine serum albumin (BSA), 0.1% Tween 20, and leupeptin (10
pg/ml; Roche). After centrifugation at 13,000 X g for 2 min at 4°C, the super-
natant was collected and stored at —70°C.

Maxisorp 96-well microplates (Nunc) were coated with anti-mouse kappa
chain antiserum (Caltag), anti-mouse IgG gamma chain antiserum (The Binding
Site), sheep anti-TT antiserum (Biogenesis), or complement protein Clq (Cal-
biochem) at 7.5 pg/ml in PBS (pH 7.4) overnight at 4°C. The plates were washed
and blocked with PBS-2.5% BSA for 2 h at 37°C. After washing, the plates were
incubated with twofold dilutions of plant extract in diluting buffer (PBS, Tween
20 [0.1%], and BSA [2.5%]) overnight at 4°C. After further washing, the plates
were incubated with appropriate peroxidase-conjugated secondary antibodies—
sheep anti-mouse IgG gamma chain (The Binding Site), sheep anti-mouse IgG2a
(The Binding Site), goat anti-mouse immunoglobulin kappa chain (Caltag), or
biotinylated anti-TT (Biogenesis) antibody—in diluting buffer, for 2 h at 37°C.
When biotinylated antibodies were used, the plates were washed and incubated
with peroxidase-labeled streptavidin (Roche) for 1 h at 37°C. Enzyme activity
was detected by addition of 100 pl of substrate solution (0.01% 3,3',5,5'-tetra-
methylbenzidine and 0.004% hydrogen peroxide in citrate-phosphate buffer [pH
5.0]). After 10 min at room temperature the enzymatic reaction was stopped with
50 pl of 2 M H,SO,, and the optical density at 450 nm was determined.

ELISAs for detection of anti-TTFC antibody in immunized animals. Maxisorp
96-well microplates were coated at 5 pg/ml with recombinant TTFC produced in
E. coli overnight at 4°C. They were then washed with water and blocked with PBS
containing 2.5% BSA for 2 h at 37°C. After being washed, the plates were
incubated with two- or fivefold dilutions (starting from 1/50) of mouse sera in
diluting buffer for 2 h at 37°C and washed. The plates were incubated with
peroxidase-labeled sheep anti-mouse IgG (The Binding Site) in diluting buffer
for 2 h at 37°C. Color development and measurement of the optical density were
as described above.

Western blotting. Plant extracts or purified recombinant proteins were boiled
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (75 mM Tris-HCI [pH 6.8], 2% SDS, with or without 5% B-mer-
captoethanol). Boiled samples were separated by SDS—4 to 20% polyacrylamide
gel electrophoresis and transferred onto nitrocellulose by using a semidry blot-
ting apparatus (Hoefer). The blot was blocked with 5% nonfat dry milk in PBS
for 2 h at room temperature on a shaking table. Detection of proteins bound to
the nitrocellulose was by incubation with anti-mouse IgG (H+L), anti-mouse
IgG or anti-TT antisera diluted 1:1,000 in diluting buffer, followed by an alkaline
phosphatase-labeled donkey anti-goat or sheep secondary antiserum (Jackson
Laboratories). Visualization was with nitroblue tetrazolium-BCIP (5-bromo-4-
chloro-3-indolylphosphate) (Bio-Rad).

Purification of plant recombinant proteins. For the purification of recombi-
nant TTFC and HC-TTFC from plants, tobacco plant leaves were homogenized
on ice with extraction buffer (37.5 mM Tris-HCI [pH 7.5], 50 mM NaCl, 15 mM
EDTA, 75 mM sodium citrate, 0.2% sodium thiosulfate, 10 pg of leupeptin/ml,
and 10 pg of 4-amidinophenylmethanesulfonyl fluoride hydrochloride [APMSF]/
ml). The suspension was filtered through a sieve and centrifuged at 17,000 X g for
20 min at 4°C. The supernatant was filtered through Whatman paper No. 54, the
pH was reduced to 5.1 by the addition of 8 M acetate-NaOH buffer (pH 3.8), and
the solution was centrifuged as before. The pH of the solution was neutralized by
addition of 1.5 M Tris-HCI (pH 9.5), and ammonium sulfate was added to 16%
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saturation. After centrifugation at 17,000 X g for 20 min at 4°C, the precipitate
was discarded, ammonium sulfate was added to the supernatant to 40% satura-
tion. After 2 h at 4°C, the solution was centrifuged again, the pellet was resus-
pended in PBS to 1/5 of original volume, and the final solution was then centri-
fuged at 25,000 X g for 30 min at 4°C. The protein solution was concentrated by
ultrafiltration through a 30-kDa molecular mass cutoff membrane (Amicon) and
dialyzed overnight at 4°C against PBS. The concentrated extract was then filtered
through a 0.45-pm-pore-size filter and loaded onto an anti-mouse IgG Sepharose
column (Sigma) or an anti-TT Sepharose column (prepared with anti-TT anti-
bodies; Biogenesis). Elution was done with 0.1 M glycine-HCI (pH 2.2), and the
eluate was neutralized with 1.5 M Tris-HCI (pH 9.5).

For purification of plant IgG-TTFC, the plant extract supernatant (obtained
after the first centrifugation at 17,000 X g) was directly incubated with protein
A-Sepharose (Sigma) in batch chromatography. After being washed with PBS
and centrifugation at 100 X g for 2 min, the IgG-TTFC was eluted from the
Sepharose by addition of glycine-HCI (pH 3.0). The solution was neutralized
with 1.5 M Tris-HCI (pH 9.5).

Surface plasmon resonance interaction analysis. A biosensor (Biacore 3000;
Biacore AB, St. Albans, United Kingdom) was used to quantify the interaction
of monomeric IgG2a and IgG-TTFC immune fusion complexes to an E. coli
recombinant FcyRIIa (20). All experiments were performed with HBS-EP (10
mM HEPES [pH 7.4], 150 mM NaCl, 3.4 mM EDTA, 0.005% surfactant P20) as
a running buffer. Direct coupling of recombinant FcyRIIa on CMS sensor chips
(BIAcore AB) was performed by using the standard procedure. In brief, buffer
flow was maintained at 5 wl/min throughout the immobilization protocol. A total
of 30 pl of a mix of N-hydroxysulfosuccinimide sodium salt (NHS) and N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) (1:1) was injected. When
the surface was activated, 20 pl of FcyRITa (10 pg/ml in 10 mM acetate buffer
[pH 5.0]) was added, followed by 30 .l of 1 M ethanolamine. Using this protocol,
1,500 resonance units of receptor were immobilized onto the chip. The associ-
ation and dissociation rate constants and affinity constants of the interactions
between FeyRIIa and monomeric IgG2a or IgG-TTFC were determined over a
range of different concentrations with a buffer flow at 15 pl/min. The kinetic
parameters were determined from the sensorgrams with BIAanalysis version 3.1
software.

Cellular immunofluorescence assessment of IgG-TTFC uptake. The mouse
macrophage-like cell line J774.1 (ATCC TIB 67) was seeded (2 X 10° cells/ml)
on coverslips and grown to semiconfluence in Dulbecco minimal essential me-
dium containing 10% heat-inactivated fetal calf serum at 37°C in a humidified
atmosphere of 5% CO, in air. The cells were then incubated with 10 wg of plant
TTFC, 10 pg of MAb 278.02, 10 ng of plant HC-TTFC, or 10 g of plant
IgG-TTFC/ml for 30 min in serum-free Dulbecco modified Eagle medium me-
dium. Cells were fixed in 4% paraformaldehyde and permeabilized with 1%
Triton X-100. Cells were blocked in PBS-2% BSA and then stained with goat
anti-mouse heavy chain (Caltag) or goat anti-TT (Biogenesis) antibody (1:100 in
PBS-2% BSA-0.1% Tween), washed, and visualized with fluorescein isothiocya-
nate (FITC)-labeled anti-goat F(ab’), antiserum (1:100 in PBS-2% BSA-0.1%
Tween) by using an E500 fluorescence microscope (Nikon, Inc.) and the RT
SPOT digital camera/software package (Diagnostic Instruments).

Animals and im ization schedules. Inbred 6- to 7-week-old female BALB/c
(H-2) mice were purchased from Charles Rivers United Kingdom. Mice were
immunized at week 0 and boosted at 3 and 8 or 9 weeks by subcutaneous
injection at the base of the tail.

For the titration study, the immunizing solutions were 50 pl of PBS, a com-
mercial tetanus toxoid vaccine (Pasteur Merieux Connaught) (equivalent to 1/10
the human dose), or recombinant proteins purified from transgenic plants: TTFC
(0.1 and 1 pg) and IgG-TTFC (0.1 and 1 ng), dissolved in PBS. Serum samples
were collected at 0 (preimmune), 3, 9, and 14 weeks. Preimmune sera were used
as negative control samples in all of the analyses.

For the challenge study, immunizing solutions were 50 pl of PBS containing
either purified IgG-TTFC (1 wg) or purified MAb 278.02 (1 pg). The MAb
278.02 was purified from hybridoma cell culture supernatant by Protein G affinity
chromatography. For TT challenge, mice were injected subcutaneously 3 weeks
after the last boost in the right flank with 0.5 ml of PBS containing 50 50%
paralytic doses (PDs,) of TT and sacrificed as soon as they developed signs of
paralysis.

RESULTS

In order to generate monoclonal immune complexes, chi-
meric genes were engineered in which DNA encoding TTFC
was cloned downstream of the gene encoding the immunoglob-
ulin heavy chain from a TTFC-specific MAb (278.02) (Fig.



5918 CHARGELEGUE ET AL.

1 2 3
IgG-TTFC ¥
HC-TTFC P -—
o Loht
chain

A: Anti - Mouse IgG (H+L)

INFECT. IMMUN.

B

H

' §

-250-|
-ISG-‘
-10[!-.
5-0 B
- ooy -
v 37- 9

:
-25- '

B: Anti - TTEC

FIG. 2. Western blot of IgG-TTFC plant extract. Crude plant extract was separated by SDS-PAGE on a 4 to 20% polyacrylamide gel under
reducing and nonreducing conditions as indicated. After transfer to nitrocellulose, immunodetection was with either goat anti-mouse IgG (H+L)
antiserum (A) or rabbit anti-TT C-fragment antiserum (B), followed by the appropriate alkaline phosphatase-labeled secondary antiserum. Lanes:
1, wild-type plant; 2, IgG-TTFC plant (nonreducing); 3, IgG-TTFC plant (reducing); 4, IgG2a (100 ng); 5, TTFC (200 ng, nonreducing).

1A). The HC-TTFC fusion protein was expressed in transgenic
N. tabacum plants that were grown to maturity and cross-
fertilized with transgenic N. tabacum expressing the immuno-
globulin light (kappa) chain of MAb 278.02.

From the resulting seeds, individual transgenic plants were
screened by capture ELISAs for the expression of each of
the relevant recombinant proteins (data not shown). These
ELISAs were specific for kappa light chain, gamma heavy
chain, and HC-TTFC fusion protein as positive controls; the
parent anti-TTFC MAb (MAb 278.02) was used for heavy and
light chains ELISAs, and a mixture of TTFC antigen with MAb
278.02 was used for HC-TTFC ELISAs. A nontransformed
wild-type plant was used as the negative control in each assay.
Transgenic plants expressing kappa chain, heavy chain, and
HC-TTFC were selected.

Immunoblotting was used to determine whether assembly of
the recombinant immunoglobulin chains had occurred to form
an IgG-TTFC protein complex (depicted in Fig. 1B), and the
results from a representative plant (that was positive by ELISA
for both kappa and HC-TTFC fusion protein) are shown in
Fig. 2. Plant extracts or control reagents were electrophoresed
on a 4 to 20% gradient SDS-PAGE gel under reducing or
nonreducing conditions, transferred to nitrocellulose, and
probed with either anti-mouse IgG or anti-TTFC antisera. No
immunoreactive bands were observed by using a nontrans-
formed wild-type plant extract (lanes 1). Under nonreducing
conditions (lanes 2), a band with an approximate relative mo-
lecular weight (M,) of 250,000 was visualized both with anti-
mouse IgG and anti-TT antibodies from the IgG-TTFC plant
extract, and this was the expected size for assembled IgG-
TTFC molecules. A diagram of the predicted molecular com-
plex is shown. There was some evidence for higher-molecular-
mass species, which may correspond to formation of trimers or
tetramers. Under reducing conditions, the IgG-TTFC plant

extract contains a band at the expected relative molecular mass
(M, = 100,000) for HC-TTFC, which was detected both with
anti-mouse IgG and anti-TT specific antibodies, and a faint
band (M, = ~25,000) corresponding to the antibody light
chain that was detected by the anti-mouse IgG antiserum. A
smear of small size products is visible in Fig. 2B, lane 3; this
finding is probably due to cross-reactivity of the (non-affinity-
purified) rabbit antiserum with no specific plant proteins or
possibly to degradation of the TTFC molecule. The controls
are a monoclonal murine IgG2a antibody to demonstrate the
position of heavy and light chains on Western blot (Fig. 2A,
lane 4) and E. coli recombinant TTFC (Fig. 2B, lane 5).
Since the antibody incorporated in the IgG-TTFC fusion
molecule is specific for TTFC but the genetic fusion with an-
tigen takes place at the Fc end of the IgG, the two antigen
binding sites in each IgG-TT molecule should remain available
for binding to antigen (Fig. 1B). Thus, we sought to test the
hypothesis that larger immune complexes might form sponta-
neously in transgenic plants (as depicted in Fig. 1C). Three sets
of experiments were carried out. The first was the evaluation of
binding to Clq, the first component of the classical pathway of
the complement cascade. The Clq ELISA has been commonly
used for the detection of immune complexes in biological fluids
(31), and the results with transgenic plant extracts are shown in
Fig. 3. A number of negative controls were examined, includ-
ing extracts from nontransformed wild-type plants, transgenic
plants expressing TTFC, and transgenic plants expressing HC-
TTFC fusion protein. In addition, the anti-TTFC MAD (puri-
fied from culture supernatant) was used in the presence or
absence of an extract from a wild-type plant. As a positive
control, immune complexes were obtained by mixing a goat
polyclonal anti-TT antiserum with TTFC and MADb 278.02.
The results indicate that wild-type plant extract, TTFC, or
MADb 278.02 alone do not bind to Clq. Nor was any binding
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FIG. 3. Clq ELISA. The binding activity of plant extracts and control solutions to immobilized Clq is shown. Detection was done with a
peroxidase-labeled anti-mouse IgG antiserum. The data for six dilutions of each sample are shown.

detected in extracts from plants expressing the HC-TTFC re-
combinant fusion protein. However, a strong signal was ob-
served in the extract containing IgG-TTFC fusion complex,
indicating the formation of assembled immune-complexes. The
specificity of this ELISA for antibodies aggregated as immune
complexes was confirmed by the binding of in vitro-prepared
immune complexes.

In a second series of experiments we tested the direct inter-
action of the plant derived complexes with Fc receptor gamma
RIIa (FcyRIIa) by surface plasmon resonance. Soluble
FcyRIla was immobilized on a CMS5 sensorchip, and the in-
teraction with monomeric IgG2a or IgG-TTFC were deter-
mined over a range of five different concentrations (not
shown). The kinetic parameters, association (k,) and dissocia-
tion (k,) rate constants, and affinity constants (K = k,/k,) were
determined from the sensorgrams by using BIAanalysis version
3.1 software (BIAcore). The affinity constant for monomeric
IgG2a binding to FcyRlIla was low, i.e., (1.08 = 0.12) X 10°
M~ and was consistent with previous studies (20), whereas
the plant derived immune complexes (IgG-TTFC) displayed a
much higher affinity for the same receptor: (8.34 = 0.38) X 103
M~ !, representing an increase of almost 3 logs. This difference
can be explained by the higher functional affinity of IgG-TTFC
complexes that allow cross-linking of several Fc regions.

Finally, cellular immunofluorescence assessment of IgG-
TTFC uptake by a macrophage-like cell line was carried out.
The mouse cell line J774.1 (ATCC TIB 67) was incubated with
E. coli recombinant TTFC, MAb 278.02, plant HC-TTFC, or
plant IgG-TTFC. The cells were fixed, permeabilized, and
blocked and then stained with a goat anti-mouse heavy chain
antiserum, followed by an FITC-labeled anti-Goat F(ab’), an-
tiserum. As shown in Fig. 4, whereas IgG-TTFC binding and

uptake by J774.1 were evident after 30 min of incubation, the
uptake of the noncomplexed MAb 278.02 1gG2a alone was
negligible. Similarly, no fluorescent signal was detected for
TTFC alone or for plant HC-TTFC (data not shown). The
same results were obtained with a goat anti-TT antiserum
(Biogenesis) in place of the primary goat anti-mouse heavy-
chain antiserum for detection (data not shown).

Taken together, we conclude that these findings provide
evidence for the formation of high-molecular-size complexes
of IgG-TTFC fusion molecule in transgenic plants. Moreover,
this complexing is sufficient to promote C1q binding, binding to
Fcy RlIla, and uptake by a macrophage-like cell line in vitro.
We next extended our studies to in vivo immunization in order
to examine the immunogenicity of the antigen presented in this
form and to determine whether the recombinant monoclonal
immune fusion complexes did not require the addition of an
adjuvant to generate a protective immune response.

An immunogenicity study using purified antigens without
adjuvant was designed, and five groups of five mice were im-
munized three times with saline, TTFC, and IgG-TTFC at
different doses. As a positive control, a sixth group received 50
pl of commercial TT commercial vaccine containing alum as
adjuvant (Pasteur Merieux Connaught). Immunizations were
at 0, 3, and 9 weeks. Serum samples were taken at various
points with a final bleed at 14 weeks, and the results of the
anti-TTFC titers are presented in Fig. 5. Plant-derived TTFC
alone (without adjuvant) was poorly immunogenic. At a dose
of 1 pg, the specific IgG titer in the final bleed was approxi-
mately log,, 2.0. In comparison, 0.1 g of IgG-TTFC without
adjuvant induced similar IgG titers of log;, 4.90, and at a dose
of 1 pg of IgG-TTFC without adjuvant the IgG titer was log,,
6.08. These titers compare favorably with the group of mice
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FIG. 4. IgG-TTFC immune complex targeting to a mouse macrophage-like cell line. Uptake of 10 wg of MAb 278.02 or 10 pg of plant
IgG-TTFC/ml by the murine cell line J774.1 cell line was examined by immunofluorescence microscopy. Detection was done with a goat anti-mouse
heavy-chain antiserum and visualized with FITC-labeled anti-goat F(ab’), antiserum.

immunized with the commercial TT vaccine (which contains
alum), with an IgG titer log,, of 5.38.

In a second immunization study, we investigated whether the
induced antibody response was sufficient to protect against TT
challenge. Two groups of five mice were immunized with either
1 pg of purified IgG-TTFC or 1 g of purified MAb 278.02
without adjuvant on weeks 0, 3, and 8. At week 10, the antibody
titers in the IgG-TTFC group were similar to those observed
previously, but no anti-TTFC antibodies were detectable in the
group immunized with MAb 278.02. At week 11, the mice were
challenged subcutaneously with 50 PDs, of TT (a gift from
Thea Sesardic, NIBSC). The mice were monitored over 5 days
for signs of paralysis, which would indicate a nonimmune sta-
tus. All five mice receiving MADb 278.02 alone exhibited signs of
tetanus paralysis on day 2 that necessitated sacrifice. In con-
trast, all five mice immunized with the plant-derived IgG-
TTFC survived TT challenge completely. These results dem-

onstrate that the plant recombinant monoclonal immune
fusion complexes induce a protective antibody response in
mice. By including MAb 278.02 as the control in this experi-
ment, we excluded the possibility that the protection might be
due to passive protection from the antibody moiety of the
fusion complex. No evidence for an anti-murine IgG response
(detecting IgG1, IgG2b, or lambda binding), induced by im-
munization with IgG-TTFC was detected in any of the mice
that received IgG-TTFC preparations (data not shown).

DISCUSSION

In this study, we designed and expressed a novel form of
immunogen that auto-assembles into complexes and has prop-
erties akin to conventional immune complexes. These immu-
nogens differ from conventional immune complexes by virtue
of the genetic fusion between the antigen and antibody moi-
eties and because they incorporate a MAb. Nevertheless, the
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RICs have secondary effector functions (C1q binding, binding
to Fey receptor, and uptake by antigen-presenting cells), and
most importantly they appear to be potent immunogens. Thus,
they may have important applications in the field of vaccine
design, where it would be highly desirable to avoid the need for
an additional adjuvant.

The production of RICs utilizes transgenic plant biotechnol-
ogy and builds upon antibody expression technology that has
been in development in plants for the last 15 years. A key
requirement is the assembly of the tetrameric IgG-like com-
plex by coexpression of the light and heavy chains. This is a
chaperone-mediated process that for IgG is performed very
efficiently by plants (7, 24). Our findings suggest that the ad-
dition of an M, 50,000 protein as a C terminus fusion to the
immunoglobulin heavy chain (thereby doubling the size of the
heavy chain) does not affect the assembly process. Nor does it
affect the effector functions associated with the Fc region. The
complement component Clq is known to bind to IgG immune
complexes but not to monomeric IgG. Indeed, binding to im-
mune complexes with M.s of <600,000 is usually undetectable
(15). In the present study we demonstrated that the IgG-TTFC
fusion complexes were efficiently recognized by Clq, whereas
the monomeric MAb or HC-TTFC did not bind. Furthermore,
we have demonstrated high-affinity binding of IgG-TTFC to
soluble FcyRIla receptor, which is consistent with the forma-
tion of immune complexes. The biological activity of IgG-
TTFC complexes was also confirmed by the immunofluores-
cent uptake assay in a mouse macrophage-like cell line. This
showed that the IgG-TTFC complexes can be captured by

antigen-presenting cells. It has been suggested that plant gly-
cosylation of antibodies might adversely affect their effector
functions. Our results demonstrate that this is not the case and
that murine antibodies decorated with plant glycans can bind
complement and Fc receptors in a manner similar to that of
their mammalian counterparts.

The immunization studies demonstrated that RICs are ex-
tremely efficient at eliciting serum antibody responses, leading
to protective immunity. Moreover, we have demonstrated that
these responses can be induced without additional adjuvant,
which is consistent with our original hypothesis that immune
fusion complexes might represent attractive vaccine candi-
dates. The design of the RIC fusion molecule results in the
expression of antigen with antigen binding site at the 1:1 ratio
that is optimal for complex formation, but the intracellular
molecular assembly requirement restricts this application to
eukaryotic expression systems, such as plants.

The level of expression of the IgG-TT RICs in crude plant
extract was estimated at a minimum of 0.8% of total soluble
protein. At this stage, we have not attempted to control the size
of the immune complexes, and larger complexes are likely to
have been lost during the centrifugation steps, thus affecting
the purification yield, which we have estimated to be ca. 50%.

We believe that it may also be possible to extend the use of
RIC:s to diseases requiring cytotoxic-T-cell responses. Fey RIla
receptors, as well as novel Fcy receptors, are found on non-
antigen-presenting cells, such as endothelial cells, which can
mediate internalization of IgG (8, 9). However, there is also
mounting evidence that FcR targeting of antigen by immune
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complexes to DCs can result in cross priming of CDS cytotoxic-
T-cell responses. The phenomenon was first observed in mice
primed with cells that expressed foreign minor HC antigens
but not host major histocompatibility complex (2). More re-
cently there have been a number of reports of cross-presenta-
tion of tumor and model antigens using immune complexes
(4), which result in tumor immunity and protection (25). The
mechanism involves uptake of antigen through Fc receptors on
DCs (19, 26), leading to DC maturation, augmented CD4
priming, and preferential Th1 polarization of the immune re-
sponse, and there is not only an enhanced antibody response
but also the induction of potent CDS8 effector immunity. Thus,
there is compelling evidence that FcyR targeting by immune
complexes has the potential to accomplish several important
features of vaccine design, which include efficient antigen up-
take and antigen processing for both major histocompatibility
complex class I and II presentation for priming of CD4 and
CD8 cells.

The use of plant cells to process and assemble multimeric
complexes has progressed from IgG antibodies (11) to secre-
tory IgA antibodies (16, 17) and now to immune complexes.
This places plants in a virtually unique position as an expres-
sion system for complex proteins and opens the way for many
more “designer” proteins. For example, we envisage the use of
IgA RICs for mucosal immunization or of RICs with multiple
antigens or immunomodulatory molecules. The use of plants
also opens the way for production of these molecules at a large
scale and hopefully at an affordable cost.
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