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Antibodies are a crucial part of the body’s specific defense against infectious diseases and have con-
siderable potential as therapeutic and prophylactic agents in humans and animals. The development of
recombinant single-chain antibodies allows a genetic application strategy for prevention of infectious
diseases. To test this in a fish model, a gene construct encoding a neutralizing single-chain antibody to
the fish-pathogenic rhabdovirus VHSV (viral hemorrhagic septicemia virus) was administered to rainbow
trout by intramuscular injection of plasmid DNA. Circulating recombinant antibodies could later be
detected in the fish, and protective immunity to the viral disease was established.
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Use of recombinant single-chain antibodies for prevention or
treatment of diseases has been addressed in various studies
including neutralization of viruses™ and toxins’, cancer
immunotherapy*®, and recently also in the form of DNA vaccines
encoding anti-idiotype single-chain antibodies®. At cell culture
level, expression of virus-specific single-chain antibodies inside
host cells can interfere with virus multiplication within the cell”®.
The present study aimed to establish protection against an infec-
tious pathogen in vivo by administration of antibody genes. The
experimental model involved the fish rhabdovirus viral hemor-
rhagic septicemia virus (VHSV), with rainbow trout
(Oncorhynchus mykiss) as the host species”!. As with the morpho-
logically related mammalian rabies virus, studies have identified
the viral glycoprotein G as the target of neutralizing antibodies!!,
and adoptive transfer of immunity can be obtained by intraperi-
toneal injection of neutralizing monoclonal antibodies (MAbs)
before exposure to VHSV'2,

Gene constructs encoding single chain antibodies, with the
human Ig kappa constant domain fused to the 3" end (ScAbs)
were prepared using cDNA libraries from hybridoma cell lines
producing neutralizing antibodies to the VHSV G protein. The
variable parts of the immunoglobulin (Ig) heavy and light chain
genes were cloned” and connected by a sequence encoding a
l4—amino acid flexible spacer. A constant-domain gene of the
human Ig x-chain was added as a tag at the 3" end'%. Upon expres-
sion in bacteria, the resulting ScAbs were able to neutralize VHSV
(P. M. C., N. L. et al. unpublished data). Recombinant single-
chain neutralizing antibodies have also been reported for several
important mammalian viruses, including HIV-1 (ref. 15), rabies
virus!, and vesicular stomatitis virus (VSV)!¢, In the case of VSV,
protective activity could furthermore be demonstrated in vivo,
but because of the short half-life of the single-chain antibody
molecules in circulation, protection was obtained only when the
antibody was allowed to interact with the virus in vitro before
inoculation of the mice'. Short half-life of neutralizing single-
chain antibodies administered to mice before infection was corre-
spondingly used to explain the lack of protection against exposure
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to a lethal coronavirus'’. Here, we aimed at maintaining a stable
level of circulating ScAb within the host over a longer period of
time by inducing expression in vivo through administration of a
plasmid-borne recombinant antibody gene, rather than delivery
of the antibody itself. Such a strategy has earlier been suggested
for cancer immunotherapy* but has to our knowledge not been
reported as a prophylactic measure.

Results and discussion

Expression of antibody in vitro. A ScAb variant based on the vari-
able-domain genes from the hybridoma cell line producing neutral-
izing monoclonal antibody 3F1H10 (refs 12,13) was selected for the
experiments. To mediate secretion in fish cells, the gene sequence
encoding the signal peptide of rainbow trout transforming growth
factor B (TGF-P; ref. 18) was included at the 5" end of the ScAb
gene. The resulting construct (BU1) was inserted into a eukaryotic
expression plasmid (pcDNA3) to give pcDNA3-BU1 (Fig. 1).

In order to examine the protective effect of this construct in
vitro, monolayers of fish cell cultures were transfected with purified
plasmid DNA and five days later exposed to live VHSV. When
examined by immunofluorescence after three to five days, cultures
transfected with pcDNA3-BU1 were either uninfected or the infec-
tion was at an early stage with plaques of infected cells, compared to
the generalized infection and destruction of the cell layer found in
cultures transfected with the vector without insert (Fig. 2). Single
cells expressing ScAb could be detected in cultures transfected with
pcDNA3-BUI (Fig. 2A), but no such cells were present in cultures
transfected with pcDNA3 (Fig. 2B). Virus-neutralizing activity
with titers up to 32 in a plaque neutralization test'? could corre-
spondingly be detected in supernatants from cell cultures transfect-
ed with pcDNA3-BUI, whereas no neutralizing activity (titers
below 2) was found in supernatants from cultures transfected with
pcDNA3. Exchange of the cell culture medium shortly before inoc-
ulation with VHSV eliminated the protective effect of transfection
with pcDNA3-BU1 (data not shown). The secreted ScAbs were thus
likely to be responsible for the observed interference with virus
propagation in the cell culture.
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Figure 1. Schematic drawing of the pcDNA3-BU1 plasmid used for
expression studies in vitro and in vivo. pCMV, cytomegalovirus
promoter; BGH pA, bovine growth hormone polyadenylation signal;
Amp', gene encoding ampicillin resistance; TGF-f, trout transforming
growth factor 3; Vy, V,, variable-domain regions from hybridoma Ig
heavy- and «-light chain genes, respectively; Chum¢, constant part of
human Ig k-light chain gene.

Expression of antibody in vivo. To test the ScAb gene con-
struct in vivo, we injected rainbow trout fingerlings intramuscu-
larly with 40 pg purified plasmid. The presence of ScAbs could
later be demonstrated in muscle cells in tissue from fish injected
with pcDNA3-BU1 (Fig. 3), whereas no ScAbs were detected in
the muscles of fish injected with pcDNA3. When plasma samples
taken 12 days post injection were analyzed in an enzyme-linked
immunosorbent assay (ELISA) for ScAbs recognizing VHSV, a
positive signal was obtained only with samples from fish injected
with pcDNA3-BU1. With the corresponding ScAb expressed in
Escherichia coli as reference, the concentration of ScAb in the
trout plasma was estimated to be 0.1-0.3 pg/ml. The same plasma
samples were tested in a plaque neutralization assay'?. Samples
from 10 individuals injected with pcDNA3-BU1 all neutralized
VHSV with titers ranging between 160 and 640, whereas no neu-
tralizing activity was detected in plasma from 10 fish injected
with the control plasmid. Unlike trout serum or plasma with neu-
tralizing trout immunoglobulin'®, the neutralization was inde-
pendent of complement. To further verify that the observed activ-
ity was due to the presence of ScAbs in the plasma, a pool of plas-
ma samples from fish injected with pcDNA3-BU1 was preincu-
bated with rabbit Ig to human Ig K-chain (Ra-humx) before test-
ing in the virus neutralization assay. The ScAbs carried the con-
stant part of the human Ig x-chain as a tag, and preincubation
with Ra-humx accordingly eliminated the neutralizing activity,
whereas no effect was observed upon preincubation with normal
rabbit serum or with rabbit serum to trout Ig. For comparison,
the rabbit serum to trout Ig reduced the neutralizing activity of
the serum from a fish immunized with inactivated VHSV more
than 30-fold (Table 1). Furthermore, like the ScAb expressed in
bacteria, plasma samples from fish injected with pcDNA3-BU1
could neutralize the virulent VHSV DK-3592B isolate, but not a
neutralization escape-mutant of that isolate (DK-3592/p2) (data
not shown).

Protection against disease. When challenged with the VHSV
DK-3592B isolate 11 days after injection of plasmid DNA, most of
the fish injected with pcDNA3-BUI1 survived, whereas high mor-
talities were observed among fish injected with pcDNA3 (Fig. 4).
The specificity of the protection was verified in another experi-
ment including challenge of parallel groups of fish with VHSV
DK-3592B, the neutralization escape-mutant DK-3592B/p2
mutant, and a neutralization-resistant wild-type isolate of VHSV.
The fish were challenged 18 days post injection with DNA. The
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Figure 2. Inhibition of VHSV in cell cultures secreting ScAb. Cultures
of fish cells were transfected with pcDNA3-BU1 (A) or pcDNA3
plasmid DNA (B) before inoculation with VHSV. Three days after
inoculation the cultures were fixed and stained by dual-color
immunofluorescence. Cells expressing ScAb were detected by using
FITC-conjugated antibody (green fluorescence). Virus-infected cells
were detected by TRITC-conjugated antibody (orange-red
fluorescence). Bar corresponds to 10 um.

pcDNA3-BU1 only provided protection against the 3592B isolate
(data not shown).

Administration of an antibody gene in the form of naked DNA
does not allow intracellular interference with virus multiplication
throughout the body as reported for transformed cell cultures’, in
that only a few of the animal’s cells will take up the plasmids and
express the antibody. However, by designing the gene for secretion
of the antibody upon expression, we obtained a protective systemic
level of recombinant antibody. The use of plasmid DNA circum-
vents the potentially hazardous use of live recombinant viral vectors
often employed for transfer of antibody genes®!**. The duration of
protection was not analyzed, but between day 18 and day 39 after
injection of DNA, the plasma ScAb concentration remained stable
in unchallenged fish kept at 16°C. In tissue samples taken at day 39,
however, immunohistochemical analyses revealed the beginning of
an inflammatory response and degradation of expressing cells at the
site of injection, indicating that the ScAb-producing muscle cells
were about to be eliminated. In fish transferred to 11°C at day 18,
the plasma ScAb level at day 39 was approximately half that in the
fish kept at 16°C. Reduced temperature thus appeared to negatively
affect the balance between synthesis and clearance rate of the ScAbs.
Although single-chain antibodies have low immunogenicity, persis-

Table 1. Specific inhibition of neutralizing ScAb in trout plasma

Reagent injected Specificity of rabbit antibodies 50% plaque

into the fish? used for preincubation with trout neutralization
plasma/serumb titerc
pcDNAS3-BU1 Normal rabbit serum 640
Rabbit antibody to human Ig x-chain <40
Rabbit antibody to trout Ig 320-640
Inactive VHSV Normal rabbit serum >10,240
Rabbit antibody to human Ig x-chain >10,240
Rabbit antibody to trout Ig 320

aInjection of pcDNA3-BU1 induced synthesis of recombinant ScAb in the fish
(present work), whereas immunization with inactivated VHSV induced produc-
tion of virus-neutralizing trout Ig%.

bTrout plasma or serum was preincubated with specific rabbit antibodies
before testing for VHSV-neutralizing activity, in order to determine the identity
of the neutralizing agent.

°The 50% plaque neutralization titer of plasma/serum samples is the reciprocal
of the sample dilution reducing the number of plaque-forming units to 50%
compared to a negative control sample.
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Figure 3. Expression of ScAb fish
muscle. Immunochemical
staining of section of epaxial
muscle tissue sampled from a
fish injected with pcDNA3-BU1
12 days earlier. Presence of ScAb
(red staining) was evident in
muscle cells along the
regenerating needle track
(arrow). S, position of the spinal
cord. Bar corresponds to 200 um.

tence can probably be improved by use of species-homologous anti-
body genes. The minimal dose of the pcDNA3-BU1 construct
needed to induce protection against VHSV in the fish remains to be
determined, but will probably be above the nanogram level of plas-
mid DNA recently shown to be required for establishment of long-
lasting immunity by a traditional DNA vaccine encoding the VHSV
G protein?!. In aquaculture, future prophylactic use of antibody
genes may thus mainly be of practical interest for protection of fish
against diseases for which no suitable vaccines are available. The
technology may be used not only against viral pathogens as exem-
plified here by VHSV, but against any infection where immunity
can be established by administration of pathogen-specific mono-
clonal antibodies. One such example is the important “white spot”
disease that afflicts a wide range of cultured and ornamental fresh-
water fish species and is caused by the parasitic ciliate
Ichthyopthirius multifiliis.

From a general veterinary viewpoint, development of trans-
genics harboring protective antibody genes in their germline may
be considered. Such a strategy has already been successfully used
in plants?. If delivery of naked DNA carrying antibody genes for
immunoprophylaxis can be extended to mammals and to humans
in particular, it may provide a valuable tool for transient protec-
tion of exposed individuals against pathogens or toxins when
vaccination is not possible or not efficient (e.g., malaria, snake
venoms). Similarly, it may be possible to induce antibodies of a
desired specificity in immunodeficient individuals or in the case
of risk of certain infections such as bacterial sepsis or infections
with HIV where individuals themselves may tend to produce non-
protective antibodies?*?. Compared to the current practice of
clinical administration of antiserum or Ig from human donors or
immunized animals, use of plasmid DNA would eliminate the risk
of concomitant transfer of infections. A possible drawback is that
pathogen variability could overcome the immunity established by
a single recombinant mAb, a problem that became evident in the
virological examintions of survivors from the experiment illus-
trated in Figure 4. VHSV was isolated from some of the healthy
survivors injected with pcDNA3-BUI, and one of these re-
isolations was resistant to neutralization because of an amino
acid substitution in the central variable region of the G protein
(data not shown). To reduce the risk of insufficient protection,
then, it may be preferable to administer either genes encoding a
number of single-chain antibodies to different epitopes of the
pathogen, or possibly even an entire single-chain antibody gene
expression library toward a given pathogen. Other improvements
at the molecular level may include incorporation of biological
effector functions such as complement activation into the ScAbs.
This would be particularly important for protection against
pathogens such as Ebola virus where the subclass of the antibodies
has appeared to be critical to the efficacy of the protection®.
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Figure 4. Development of mortality following exposure to VHSV in
groups of fish injected with pcDNA3-BU1 (®) or with pcDNA3 (O) 11 days
earlier. A mock-challenged mixed group of fish was included for
determination of background mortality (A). The graphs represent the
mean of three replicate aquariums for each group.

Experimental protocol

Plasmid constructs. The ScAb gene BU1 was inserted by blunt-end ligation
between the cytomegalovirus (CMV) promoter and the bovine growth hor-
mone polyadenylation signal (BGHpA) at the EcoRI site of the pcDNA3 vec-
tor (Invitrogen, Groningen, the Netherlands). In the ScAb gene construct,
the variable-domain gene sequences of the Ig heavy chain (Vy) and the Ig
kappa light chain (V) from the 3F1H10 hybridoma'® were joined by a
42-nucleotide spacer fragment'4. The Vi domain segment was mutated in
two positions giving amino acid substitutions N35T and K64T. These substi-
tutions were based on the Vi3 domain sequence of hybridoma 3F1A2 (ref.
13). Combination of the variable domains of hybridomas 3F1H10 and
3F1A2 was found to increase the neutralizing activity of the ScAb (P.M.C.,
N.L. et al., unpublished data). The sequence encoding the trout TGF-f3 secre-
tion signal peptide!® was included at the 5" end of the gene, and the constant
part of the human Ig x-chain gene (Cyyn.«) was included as a tag at the
3” end™. The insert sequence was verified on an automatic sequencing ana-
lyzer (GenBank AF 302092). The pcDNA3 plasmid without insert was used
as negative control. Plasmid DNA for transfection and injection was purified
from overnight cultures of E. coli DH5-a. by the use of commercial kits for
anion-exchange chromatography (Qiagen, Hilden, Germany). Other molec-
ular biology procedures followed standard protocols.

Expression of ScAb in transfected cell cultures. Fish cell cultures (epithe-
lioma papulosum cyprini (EPC)) were transfected with purified plasmids in
24-well cell culture trays as described”. Five days after transfection,
100-1,000 50% tissue culture infective doses of VHSV reference strain F1
(ref. 28) was added to the wells. After incubation at 15°C for three to five
days, the culture wells were fixed in 80% cold acetone and stained by dual-
color immunofluorescence following previous procedures®. Detection of
ScAb-expressing cells was performed with rabbit Ig to human Ig k-chain
(Ra-humik; DAKO, Glostrup, Denmark) followed by fluorescein isothio-
cyanate (FITC)—conjugated swine Ig to rabbit Ig (DAKO). Detection of
VHSV-infected cells was performed with tetramethylrhodamine isothio-
cyanate (TRITC)—conjugated mAb IP5B11 recognizing the VHSV nucleo-
capsid protein®. Micrographs were made by double exposure of an ISO 1600
film using a Leitz DM epifluorescence microscope with filters for excitation
of FITC (green emission) and TRITC (red emission), respectively.

Immunohistochemical analysis for expression of ScAb in injected fish.
Twelve days after injection of plasmid DNA, 10 fish were sampled for each
plasmid construct. After killing the fish, a transverse section of muscle tissue
was excised from the site of injection. The tissue was fixed in 10% phos-
phate-buffered formalin and analyzed by immunohistochemistry following
earlier outlined procedures®. The ScAbs were detected with Ra-humxk as
primary antibody and biotinylated swine Ig to rabbit Ig (DAKO) as the sec-
ondary antibody.

Serological examination for VHSV-reactive ScAbs. Blood samples were
collected at different time points after injection of plasmid DNA from fish
not exposed to VHSV. Sampling was performed with heparin-treated capil-
lary tubes after cutting off the posterior fin of fully anesthetized fish. The fish
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were killed immediately afterward. After centrifugation at 7,000 g, plasma
samples were collected and stored at —80°C until analyzed.

Supernatants from transfected cell cultures as well as plasma samples from
DNA-injected fish were examined for anti-VHSV reactive ScAbs by a plaque
neutralization assay (50% PNT) with or without complement in the form of
normal trout serum'>*! and by ELISA. To analyze whether the virus-
neutralizing activity detected in the trout plasma by the 50% PNT assay was
due to the ScAbs produced by the fish and not by trout antibodies, a plasma
pool from 10 fish injected with pcDNA3-BU1 was preincubated with normal
rabbit serum, Ra-humk;, or rabbit serum to trout Ig (final dilution 1/100).
Preincubation time was 1 h at room temperature followed by 1 h at 4°C.
Following preincubation, VHSV (F25 variant) and complement serum were
added, followed by incubation at 4°C overnight before application on fish
cell cultures as described earlier’!. Reactivity with VHSV in ELISA was exam-
ined in 96-well plates coated with purified virus following the procedure ear-
lier outlined for mAbs!3, with the modification that horseradish peroxidase
(HRP)-conjugated Ra-humk was used for detection of bound antibody.
Quantitative comparisons of plasma ScAb levels were performed using a
sandwich ELISA with Ra-humx as the first layer, followed by dilutions of the
plasma samples, and finally HRP-conjugated Ra-humk for detection of
bound ScAb. Washing and other parameters were as described earlier for
quantification of mAbs®. As a positive reference, ScAb expressed in E. coli
and purified as described by Molloy et al.'* was used.

DNA immunoprotection trials with fish. Disease-free rainbow trout fin-
gerlings, average weight 4.5 g, were anesthetized with 0.01% benzocaine and
each given two simultaneous injections of 20 g plasmid DNA in 25 pl saline
buffer. The injections were performed with a 0.4 X 19 mm needle in the epax-
ial muscle on each side of the fish. The fish were subsequently kept in groups
of 150 individuals in 120 L tanks supplied with running tap water.

Eleven or eighteen days after injection of plasmid DNA, groups of fish
were exposed to (challenged with) VHSV by immersion in water containing
2 % 10° 50% tissue culture infective doses of virus per milliliter as outlined
elsewhere®. Challenge was performed in replicate 8 L aquariums with
25-34 fish in each. Dead fish were recorded and collected daily. Representative
samples of dead fish from all tanks were analyzed virologically for the pres-
ence of VHSV. Mean water temperature was 16°C from the time of injection
to challenge. Before challenge the fish were adapted to 11°C, and this temper-
ature was kept throughout the 20- to 22-day challenge period.
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