
A NOVEL COMPOSITE IMMUNOTOXIN THAT SUPPRESSES
RABIES VIRUS PRODUCTION BY THE INFECTED CELLS

Tatiana Mareeva1, Celestine Wanjalla1, Matthias J. Schnell1,2,3, and Yuri Sykulev1,2,3,#
1Department of Microbiology and Immunology, Thomas Jefferson University, Philadelphia,
PA19107
2Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA19107
3Jefferson Vaccine Center, Thomas Jefferson University, Philadelphia, PA19107

Abstract
Using Strepavidin as a scaffold, we have assembled a composite immunotoxin that consists of
recombinant Pseudomonas exotoxin A subunit (PE38) and recombinant 25-D1.16 Fab fragment
which recognizes the SIINFEKL (pOV8) peptide from ovalbumin in association with H-2Kb MHC
class I protein. The composite immunotoxin exercises cytotoxicity against H-2Kb+ cells sensitized
with pOV8 peptide but not with irrelevant peptide. Specific binding of the immunotoxin to
H-2Kb+ cells infected with recombinant rabies virus (RV) expressing pOV8 epitope (RV-pOV8)
resulted in the suppression of the production of virus particles by the infected cells. This strategy
allows readily produce different immunotoxins with desired specificity by combining various
targeting and toxin molecules. The results provide a proof of concept that composite immunotoxins
can be utilized as novel immunotherapeutics to stop virus spread in the acute phase of the infection
allowing winning time for the development of protective immune response.
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1. INTRODUCTION
Although natural immune mechanisms to control viral infections are available at the host's
disposal, they are not always induced in a timely fashion to protect the host. Virus often spreads
very rapidly before the host immune system responds. Therefore, it would be beneficial to
develop therapeutics that can complement natural immunity. In particular, curbing the spread
of virus in the acute phase of the infection could help winning sufficient time to develop strong
anti-viral immune responses to control the invaders.
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Among various approaches to target unwanted cells immunotoxins have been particularly
utilized (Pastan et al., 1992; Sweeney and Murphy, 1995). All strategies that have been used
thus far are based on the production of chimeric proteins in which the targeting molecule is
fused to a toxin moiety (Kreitman et al., 1990; Williams et al., 1990a; Williams et al., 1990b;
Brinkmann et al., 1991; Puri et al., 1991; Reiter et al., 1997; Sweeney et al., 1998; Onda et al.,
2008). While some of these strategies have proved to be useful, there are several limitations
that preclude therapeutic applications of immunotoxins. The side effects include liver and
kidney toxicity and induction of neutralizing antibodies against the toxin (Bera et al., 1998).
In addition, because of their toxicity, toxins cannot be expressed in eukaryotic cells and must
be expressed in bacterial cells. Meanwhile, the expression of various targeting molecules
requires chaperone proteins to facilitate appropriate protein folding that influences their
biological activity. This is particularly true for antibodies and their fragments.

Here we describe a novel strategy in which a targeting molecule and a toxin moiety are
assembled into a composite immunotoxin on Strepavidin scaffold. This strategy permits
expression of the targeting molecule and the toxin molecule in optimal expression systems.
We utilized genes encoding heavy and light chains of TCR-like antibody 25-D1.16 recognizing
pOV8 peptide from ovalbumin in association with H-2Kb class I MHC (Porgador et al.,
1997; Mareeva et al., 2004) to produce recombinant Fab fragment in Drosophila melanogaster
cells, which was used as a targeting protein. Pseudomonas exotoxin A subunit PE38 (Pastan
et al., 1992; Pastan et al., 2006) expressed in E.coli served as a toxin subunit. We have shown
that this composite immunotoxin specifically binds to cells presenting pOV8-Kb molecules on
the cell surface. Binding of the composite immunotoxin to cells infected with recombinant RV
that expresses pOV8 epitope resulted in significant decrease of the production of virus particles
by these cells.

2. MATERIAL AND METHODS
2.1. Cells

The mouse thymoma EL4 (H-2Kb) and TAP-deficient cell line RMA-S were kindly provided
by Herman Eisen (Koch Institute for Cancer Research, M.I.T.). The cells were grown in
Dulbecco's Modified Eagles medium (DMEM) containing 10% inactivated FCS. BSR hamster
kidney cells, which are clonal derivative of BHK-21 cells were grown and infected with rabies
virus in DMEM containing 5% inactivated FCS and 1% penicillin-streptomycin as described
(Plesa et al., 2006). DH5α (Invitrogen Life Technologies, CA) and JM109 (Promega, WI)
competent cells were used for cloning and sequencing. BL21(DE3) cells (Novagen, WI) were
utilize for expression of recombinant PE38 toxin subunit. Drosophila S2 cells were obtained
from Invitrogen Life Technologies and used for expression of recombinant 25-D1.16 Fab
fragments. BRS cells (BKH clone) were grown in DMEM medium supplemented with 10%
FBS as described (Plesa et al., 2006).

2.2. Antibodies and Streptavidin
Streptavidin labeled with either Alexa Fluor® 488 or Phycoerythrin (PE) was purchased from
Molecular Probes Inc. FITC labeled goat anti-mouse Ig was from BD Biosciences; MTT
reagent was from Promega, and anti-rabies virus nuclear protein (anti RV-N) was from FDI
FUJIREBIO Diagnostics Inc. AF6-88.5.3 antibody specific for H-2Kb antigen was purchased
from AbD Serotec or produced from AF6-88.5.3 hybridoma (American Type Culture
Collection).
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2.3. Peptides
The peptide from chicken ovalbumin (257–264) SIINFEKL (pOV8) and vesicular stomatitis
virus nucleocapsid protein (52–59) RGYVYQGL (VSV) were synthesized by BioSynthesis.
Purity of the peptides was confirmed by HPLC and mass spectrometric analysis.

2.4. Construction of expression plasmids
Plasmids containing genes encoding for 3B3-PE38 immunotoxin and enzymatically inactive
mutant 3B3-PE38Asp-553 were a kind gift from Dean H. Hamer (NCI, National Institutes of
Health) (Root and Hamer, 2003). The PE38 fragment with or without inactive point mutation
was amplified by four sequential PCR reactions using the following forward primers: 5′–GCC
CAG AAG ATC GAG TGG CAC GAG AAT TCC GGA GGT CCC GAG GGC–3′
(PE38FOR-1); 5′–GGC CTG AAC GAC ATC TTC GAG GCC CAG AAG ATC GAG TGG
CAC–3′(PE38FOR-2); 5′–CAT CAC CAT CAC CAT CAC GGC CTG AAC GAC ATC TTC
GAG–3′ (PE38FOR-3) and 5′–AAT ATT ATG GCC ATG GAT CAT CAC CAT CAC CAT
CAC GGC –3′ (PE38FOR-4). The PCR product of each reaction was used as a template cDNA
for the next round of PCR. The same backward primer 5′–AAT ATT AAG CTT TTA CTT
CAG GTC CTC GCG CGG C–3′ (PE38BACK) was used for all PCR reactions. Since the
PE38 gene is a GC-rich target, Herculase Enchanced DNA Polymerase (Stratagene) in the
presence of 4% DMSO was used in PCR reactions to achieve high fidelity amplification and
high yield of PCR products. Because REDLK C-terminus of PE38 is critical for the toxin
translocation to the cytoplasm and should be preserved (Kreitman and Pastan, 1995), we fused
hexahistidine sequence in-line with the sequence (GLNDIFEAQKIEWHE) for site-specific
biotinylation by the BirA biotin ligase to the N terminus of PE38. A short linker (NS) containing
site for EcoRI restriction endonuclease (underlined) was introduced between the site of
biotinylation and PE38 fragment (Fig. S1A). The PE38 cDNA was subcloned into the bacterial
expression vector pET22b(+) downstream of PelB leader sequence at the NcoI and HindIII
restriction sites under control of T7 promoter. The vector contains the ampicillin resistance
gene to provide a selectable marker for clone selection. The final plasmid was verified by DNA
sequencing and transformed into Escherichia coli BL21(DE3) (Novagen).

Genes encoding N-terminal half (VH and CH1 domains) of the heavy chain (Fd fragment) and
the light chain of 25-D1.16 (Mareeva et al., 2004) were derived by PCR using Taq DNA
Polymerase (Eppendorf). The Fd fragment was amplified by four sequential PCR reactions.
The PCR product of each reaction was used as a template cDNA for the next PCR reaction.
The same forward primer 5′–AAT ATT TGA ATT CAC TTA GTG ATT ATG GGA TGG
AGC TGG ATC TTT CTC–3′(FdFOR) was used for each PCR reaction. The backward primers
were: 5′–GTC GTT CAG GCC GGA CAG GCC ACA ATC CCT GGG CAC–3′ (FdBACK1),
5′–CTT CTG GGC CTC GAA GAT GTC GTT CAG GCC GGA CAG GCC–3′ (FdBACK2),
5′–GAT GGT GAG ATC TCT CGT GCC ACT CGA TCT TCT GGG CCT CGA AG–3′
(FdBACK3), 5′–AAT ATT ACC GGT CTA ATG GTG ATG GTG ATG GTG AGA TC–3′
(FdBACK4). Each PCR step was used to introduce cloning sites (Sfl I and Blg II), the site for
biotinylation, and His6 tag (see Fig. S1B). The light chain was amplified by 2 sequential PCR
reactions with a single forward primer 5′–AAT ATT TGA ATT CAC TTA GTG ATT ATG
AAG TTT CCT TCT CAA CTT CTG CTC–3′ (LFOR) and two backward primers 5′–CCT
CTT CTG AGA TGA GTT TTT GTT CTG CGG CCG CAC ACT CAT TCC TGT TGA AGC
TCT TG–3′ (L-BACK1) and 5′–AAT ATT ACC GGT CTA TGC GGC CCC ATT CAG ATC
CTC TTC TGA GAT GAG TTT TTG TTC TGC–3′ (L-BACK-2). This enabled to fuse C-
terminus of the light chain with the c-myc epitope (Fig. S1C). Natural signal sequence was
introduced at the 5′ end of both Fd fragment and the light chain which were subcloned as a
EcoR I-Age I fragments into the pMT/V5-His expression vector (Invitrogen) for expression in
Schneider cells (S2). Expression of both chains was controlled by a methallothionein promoter
as previously described (Anikeeva et al., 2003a; Anikeeva et al., 2003b).
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2.5. Expression and purification of recombinant PE38 toxin
5 ml of overnight culture of E.coli BL21 (DE3) transformed with the pET22b recombinant
plasmid containing PE38 and was inoculated in 500 ml LB medium containing 100 μg/ml
ampicillin. The culture was incubated at 37°C with shaking at 200 rpm until OD600 reached
0.6–1.0. The protein expression was induced with 1mM IPTG and the culture further incubated
for 3–4 h at 30°C and 180 rpm. The culture was harvested and centrifuged at 10,000 rpm for
10 min at 4°C and the pellet was used to isolate cytoplasmic soluble protein according to the
manufacturer protocol (Novagen Inc). Briefly, the pellet was resuspended in 40 ml of lysis
buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM PMSF, aprotinin 0.1 μg/ml, leupeptin
0.5 μg/ml, pepstatin 0.07 μg/ml, iodoacetamide 55 μg/ml, 0.02% sodium azide) containing
0.25 mg/ml lysozyme and incubated for 30 min at room temperature. The suspension was
homogenized by sonication (10 × 30 msec and 10 × 50 msec) and centrifuged at 12,000 rpm
for 20 min at 4°C. The supernatant was harvested as the cytoplasmic fraction containing soluble
protein.

The protein was purified from the cell lysate by metal-chelate affinity chromatography on Ni-
NTA Agarose (Qiagen). Analysis of material eluted at 250 mM of imidazole shows that ~90%
of the material represents PE38 (data not shown). The material was further purified by size-
exclusion chromatography on Sephacryl S-200 gel filtration column to remove aggregated
material (Fig. S2A). The protein eluted in the last peak revealed a single band SDS PAGE at
approximately 45 kD (Fig S2A). The same strategy was utilized to purify the enzymatically
inactive point mutant PEAsp-553.

2.6. Expression and purification of recombinant 25-D1.16 Fab
Plasmids containing the cDNA of Fd fragment and the light chain of 25-D1.16 as well as the
plasmid containing the neomycin–resistance gene were co-transfected into Schneider cells (S2)
and the transfected cells were cultured in the presence of G418 at 500 μg/ml for about 3 weeks
to select stable polyclonal transfectants essentially as previously described (Anikeeva et al.,
2003a; Anikeeva et al., 2003b; Mareeva et al., 2004; Mareeva et al., 2008). Selected cells were
grown in Schneider's medium supplemented with 200 mM L-glutamine and 10% inactivated
FCS at the density 1–10×106 per ml and 27°C. For large-scale expression (5–10 liters) the cells
were grown in an Erlenmeyer shake flask in a serum free medium (either INSECT EXPRESS
medium (Bio Whittaker) or Sf-900 II SFM medium (Gibco)) at room temperature (23–25°C).
Protein expression was induced by 0.7 mM CuSO4 for about 56 hours at a cell density 5–
10×106 per ml. The culture supernatant was cleared by centrifugation (10 min at 800 g) and
concentrated to about 100–200 ml and then dialyzed against 50 mM PB, 0.140 M NaCl, pH
8.0 (PBS) containing 100 μM PMSF (Sigma) using a tangential flow concentrator (Pall Filtron).
Recombinant His6-tagged protein was purified by anionexchange chromatography on MonoQ
column (Amersham) and was eluted at 250 mM of imidazole. The material was further
subjected to gel-filtration on Sephacryl S200 (Amersham) to remove aggregates. A majority
of the protein was eluted from the Sephacryl S-200 column as a single peak after a peak of
aggregates (Fig. S2B). SDS PAGE analysis in non-reducing conditions showed a homogeneous
band with molecular weight corresponding single Fab fragment, i.e. 50 kD (Fig. S2B). The
specificity of the recombinant 25-D1.16 Fab was confirmed by SPR measurements of the Fab
interaction with soluble pOV8-Kb (see Fig. S3). The parameters of the interaction were
virtually identical to those previously described for the interactions of native 25-D1.16 with
pOV8-Kb protein (Fig. S3)(Mareeva et al., 2004).

2.7. 25-D1.16 Fab tetramer production and staining of live cells
Purified 25-D1.16 Fab was biotinylated using the BirA ligase enzyme according to the
manufacturer's protocol (Avidity). To assemble the Fab tetramer, nonlabeled streptavidin or
streptavidin labeled with either Alexa Fluor 488 (Str-Alexa) or Phycoerythrin (Str-PE) were

Mareeva et al. Page 4

J Immunol Methods. Author manuscript; available in PMC 2011 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



used. The labeled or non-labeled Streptavidin (1 mg/ml) was added drop-wise to biotinylated
recombinant Fab fragment (1.3 mg/ml) to achieve the final molar ratio of 1:4. The tetramer
formation was controlled by SDS PAGE (not shown). The tetramer concentration was
measured in terms of molar concentration of Streptavidin.

RMA-S or EL4 cells were pulsed with either cognate (pOV8) or irrelevant (VSV) peptide at
various concentrations for 4 h in complete medium. Cells were then washed with staining buffer
(Dilbecco's PBS containing 10% FCS) and resuspended in 100 μl of the staining buffer. 1 μg
of 25 -D1.16 Fab tetramer (1 mg/ml) was added to the cell suspension for 10–30 min on ice.
The mixture was then washed 3 times with 150 μl of the staining buffer and the cells were
analyzed by flow cytometry and confocal microscopy.

2.8. Assembly of composite immunotoxin
A single biotin was introduced at the N-terminus of the recombinant PE38 with BirA as above
and the biotinylated PE38 (1 mg/ml) was combined with the biotinylated 25-D1.16 Fab at 1:3,
1:1 or 3:1 molar ratios. Unlabeled or Alexa Fluor 488-labeled streptavidin (1 mg/ml) was added
drop-wise to the Fab/PE38 mixture over a period of 10 minutes at room temperature to a final
streptavidin : (Fab/PE38) ratio of 1:4 (v/v). The formation of composite immunotoxin (ImTx)
was controlled by SDS PAGE (Fig. 1). To produce PE-labeled ImTx, the ratio of streptavidin-
PE added to the Fab/PE38 mixture was empirically determined using SDS-PAGE. The same
procedure was used to assemble ImTx containing PE38Asp-553. Molar concentration of the
streptavidin was used to measure the composite ImTx concentration.

2.9. The cytotoxicity assay
5000 RMA-S cells in 50 μl of complete medium were aliquoted in a round-bottom 96-well
plates and were sensitized with 3 μM of cognate (pOV8) or irrelevant (VSV) peptide for 4 h
at 37°C, 5% CO2. Then equal volume of a complete medium containing ImTx at various
concentrations (from 10 pM to 1 μM) was added to each well. Complete medium without ImTx
was added to some wells, which were used as a negative control. The plates were incubated
for 42 h at 37°C in atmosphere of 5% CO2. The cell viability was evaluated by the MTS assay.
The assay is based on the ability of viable cells to convert 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, inner salt) into the aqueous
soluble formazan product by dehydrogenase enzymes found in metabolically active cells in
the presence of an electron coupling reagent phenazine methosulfate (PMS). 1 ml of MTS
solution (2 mg/ml in DPBS) were mixed with 50 μl of PMS solution (0.92 mg/ml in DPBS)
and with 4 ml of growth medium. 50 μl of this reagent was added into each well and cells were
incubated at 37°C, 5% CO2 for another 3 h. The quantity of formazan product as measured by
the level of absorbance at 490 nm is directly proportional to the number of living cells in culture.
Optical density of the samples at 490 nm was determined by Emax plate reader (Molecular
Devices).

2.10. Infection of EL4 cells with recombinant RV expressing pOV8 eptitope
We produced recombinant virus expressing pOV8 as previously described (Plesa et al.,
2006). Recovered rabies virus expressing pOV8 was used to grow a new lot of virus. Briefly,
70 – 80% confluent BSR cells were infected at a low multiplicity of infection (MOI) with
Rabies virus expressing OVA257–264 (pOV8) epitope (RV-pOV8). 2 hours post infection, the
media was aspirated and the cells were washed two times with Dulbecco's PBS devoid of
Ca2+ and Mg2+. Serum free media was then added to the cells and virus was harvested from
the culture supernatant on day 3 and day 6. Viral titers were determined on BSR cells as
described (Plesa et al., 2006). 2.5×105 EL4 cells were infected with RV-pOV8 at MOI of 5 or
10 and harvested at 48 and 72 hours post infection.
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2.11. Detection of pOVA epitope on the surface of infected cells
Expression of pOV8-Kb complexes on the surface of infected was tested by flow cytometry
using 25-D1.16 Fab/tetramer and antibodies specific for RV nucleoprotein (anti-RV-N).
Briefly, infected EL4 cells were washed with staining buffer. Cells were then incubated in
staining buffer containing 3.3 μg streptadivin per 100μl of staining buffer for 1 hour, washed
3 times with staining buffer, and incubated on ice with 25-D1.16 Fab tetramer (10 μg /ml) for
30 minutes. Cells were then washed two times in staining buffer and fixed in 100 μl of BD
cytofix buffer for 10 minutes on ice. After two washes, the cells were incubated for 30 minutes
at room temperature with labeled anti-RV-N diluted in BD cytoperm buffer containing saponin.
Following incubation, the cells were washed and resuspended in staining buffer for analysis
by flow cytometry.

2.12. One-step growth curve
EL4 cells were plated in 12-well plates at 250,000 cells/well. The cells were infected with
recombinant rabies virus expressing pOV8 at a multiplicity of infection of 3 and incubated at
37°C for 1 h. Since EL4 cells are suspension cells, they were aliquoted into 15 ml falcon tubes
and washed two times with PBS. The cells were then resuspended in 2 ml DMEM. 5 μl of
immunotoxin containing either active or inactive PE38 subunit was added to assigned wells at
time zero. 100 μl of supernatant was collected from cells at time 0, 24, 48 and 72 hours post
infection. At each time point, the cells were split at 1:2 ratio to avoid cell overgrowth. 5 μl of
the active or the inactive immunotoxin was added to the respective wells at 24 and 48 hours
post infection. The viral titers in the supernatants were determined in duplicate by infecting
BSR cells as previously described (Plesa et al., 2006).

3. RESULTS
3.1. Composite immunotoxin: assembly and analysis of the binding specificity

To assemble fluorescent-tagged immunotoxin, fluorescent-labeled streptavidin was combined
with a mixture of 25-D1.16 Fab and PE38 where the two components were present at various
molar ratios. The Fab/PE38 ratios used were 1:3, 1:1 or 3:1. The formation of composite
immunotoxin was evident from SDS PAGE analysis (Fig. 1). Addition of the Strepavidin to
equimolar Fab/PE38 mixture at 1:1 ratio led to formation of multiple ImTx species containing
variable numbers of the Fab and the PE38 arms bound to the Streptavidin scaffold (Lane 5).
As the (Fab/PE38) : Strepavidin ratio increased to 3:1, majority of the biotin binding sites of
the Strepavidin were occupied by the Fab and the PE38 biotinylated proteins resulting in the
formation of high-molecular weight ImTx species (Lane 6). At the ratio 5:1, all accessible
binding sites of the Strepavidin scaffold were engaged leaving some Fab and PE38 molecules
unbound (Lane 7). In our experiments we always used composite ImTx produced at the (Fab/
PE38) : Strepavidin 4:1 ratio. Keeping with this ratio, we utilized different ratios of biotinylated
Fab and PE38 in the mixture to vary the number of targeting 25-D1.16 moiety and of PE38
toxin subunit within the ImTx preparations.

To test the ability of fluorescent-labeled ImTx to recognize pOV8-Kb proteins on the surface
of live cells, we sensitized RMA-S cells with either cognate (pOV8) or irrelevant (VSV)
peptides. The presence of pOV8-Kb molecules of the cell surface was evident from staining
of these cells with 25-D1.16 Fab tetramer (Fig. S4A). We then let fluorescent-labeled ImTx
interact with the cells. Fig. 2 shows that the ImTx specifically bound to pOV8-Kb proteins on
RMA-S cells as established by flow cytometry (A) and fluorescent microscopy (B) analyses.
The specificity of the binding was also evident from the titration of the ImTx concentration
and the titration of pOV8 peptide added to the extracellular medium (Fig. S5).
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3.2. Composite immunotoxin exercises cytotoxicity against H-2Kb+ cells sensitized with
pOV8

The ImTx specifically bound to pOV8-Kb bearing RMA-S cells effectively killed these cells
(Fig. 3). ImTx concentration required to achieve half-maximal killing was about 4.5 nM (Fig.
3). The killing with ImTx was specific since RMA-S cells presenting VSV-Kb were not killed
(Fig. 3). The cytotoxicity was mediated by PE38 subunit of ImTx as evident from complete
lack of the cytolytic activity with ImTx containing inactive PE38Asp-553 subunit (Fig. 3).
Incubation of pOV8-sensitized RMA-S cells with PE38 tetramer in the absence of 25-D1.16
Fab did not resulted in the specific interaction with the cell surface and the cell killing (data
not shown) indicating the toxin PE38 subunit must be specifically targeted to the cell surface
protein to utilize PE38 biological activity. The engagement of pOV8-Kb molecules on the
surface of target cells with either ImTx or 25-D1.16 tetramer at 37°C initiated rapid uptake of
pOV8-Kb-bound ImTx and 25-D1.16 tetramer (see Fig. 2 and Fig. S4B), a necessary
prerequisite for the pE38 subunit to exercise its effector function (FitzGerald, 1999;Pastan et
al., 2006).

Variation of the Fab/PE38 ratio within the ImTx led to different efficiency the target cell killing
(Fig. S6). At the Fab/PE38 ratio 1:3, the immunotoxin showed maximal potential to destroy
target cells sensitized with pOV8 at saturated concentration (3×10−6 M), while the
immunotoxin containing on average 3 Fab and 1 PE38 molecules displayed the least potential
to kill. These data suggest that the amount of the toxin delivered into the target cell, but not
the number of engaged targeted molecules (pOV8-Kb) on the cell surface limit the effectiveness
of target cell lysis.

3.3. Processed pOV8 epitope is presented on the surface of target cells infected with RV-
pOV8

To evaluate the ability of ImTx to target virally infected cells, we utilized recombinant rabies
virus that express pOV8 peptide epitope, RV-pOV8 (Plesa et al., 2006). H-2Kb+ EL4 cells
were infected with RV-pOV8 or control RV virus that does not express pOV8 epitope. The
infected cells were stained with 25-D1.26 tetramer to detect the presence of pOV8-Kb

complexes on the cells surface. At the same time, the infected cells were stained intracellularly
with anti-RV-N antibody to reveal the presence of RV nucleoprotein in the cytoplasm of these
cells. Flow cytometry analysis showed that virtually all RV-N-positive cells displayed pOV8-
Kb ligand on their surface (Fig. 4). Fluorescence-tagged ImTx also specifically bound to the
infected cells, while PE38 tetramer did not (Fig. S7).

3.4. Composite immunotoxin inhibits viral replication in the infected cells
We next tested the ability of ImTx to suppress replication of the recombinant virus RV-pOV8
in the infected EL4 cells by measuring the number of viral particles released into the supernatant
using one-step growth curve approach (Plesa et al., 2006). Figure 5 shows that presence of
ImTx containing active PE38 resulted in a significant decrease of virus release by the infected
cells. In contrast, the presence of ImTx containing inactive PE38Asp-553 subunit did not
decrease RV-pOV8 virus production which was similar to that observed for RV virus
production in the absence of either active or inactive ImTx (Fig. 5). Since RV-pOV8
recombinant virus showed even slightly greater ability to replicate in the infected cells as
compared to a control RV virus expressing Gag epitope (data not shown), the data presented
clearly indicate that a composite ImTx interfered with virus production indicative of the
suppression of the virus replication in the infected cells.

That ImTx blocks protein synthesis in RV-pOV8 infected cells is evident from a significantly
lower amount of pOV8 peptide generated in the infected cells treated with the ImTx.
Consequently, the level of pOV8-Kb expression on the surface of RV-pOV8 infected cells in
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the presence of the ImTx decreased by about a hundred-fold (Fig. 6A). The decrease of the
density of pOV8-Kb complexes on RV-pOV8 infected cells was not due to the loss of the cell
surface MHC since the total level of H-2Kb class I, which restricts presentation the pOV8 and
many other endogenous peptides, on the infected cells was very similar in the presence or
absence of the ImTx (Fig. 6B).

4. DISCUSSION
Normally, virus-infected cells can be destroyed by cytotoxic T lymphocytes (CTL) that
recognize viral peptides presented by MHC proteins on the surface of infected cells. The
recognition of the peptide-MHC molecules (pMHC) is mediated by antigen-specific T-cell
receptor (TCR) that is able to discriminate between pMHC containing peptides from the virus
and those carrying peptides from indigenous (self) proteins. Success in containment of virus
infection is often determined by the outcome of the race between the development of effective
immune response and viral spread. When virus spreads faster than a strong anti-virus immune
response can be developed, it may overwhelm the host immune system leading to death in the
acute phase of the infection. At such circumstances, it seems essential to develop
immunotherapeutic interventions to decrease production of virus particles in the infected cells
and to curb the spread of the virus.

Since small peptide fragments from viral proteins displayed on the cell surface by MHC
proteins uniquely mark infected cells for recognition by TCR on T cells, we sought to utilize
TCR-like reagent, which specifically recognize a particular pMHC complexes on infected cells
as a tool to target a toxin moiety to the infected cells. We exploited 25-D1.16 monoclonal
antibody specific for pOV8-Kb complex as a targeting protein (Porgador et al., 1997).
Sequences of the heavy and light chains of this antibody have been determined and the crystal
structure of the 25-D1.16 Fab/pOV8-Kb complex has been solved (Mareeva et al., 2004;
Mareeva et al., 2008). In addition, we have recently evaluated the ability of both recombinant
25-D1.16 Fab tetramer and the monovalent Fab fragment specifically detect pOV8-Kb proteins
on the cell surface and have found that both reagents can detect the pMHC proteins at relatively
low densities (Anikeeva et al., 2009).

The pOV8 peptide epitope has been successfully used to produce various recombinant viruses
to investigate the induction of virus-specific T cell responses and the development of protective
anti-viral immunity (Brown et al., 2000; McAllister et al., 2000; Wherry et al., 2002) or
autoimmunity (Turner et al., 2008). In addition, the pOV8 epitope has also been utilized in a
model system to investigate immunization strategies in anti-cancer vaccine design (Sherritt et
al., 2001). In this study, we exploited recently developed noncytopathic recombinant rabies
virus that express pOV8; the latter is presented by H-2Kb MHC class I molecules on the surface
of the infected cells (Plesa et al., 2006). Thus, the RV-pOV8 virus is very well suited to evaluate
the virus replication over a long period of time (up to 72 hours) in the presence or absence of
the composite ImTx.

To produce a recombinant toxin moiety, we chose PE38 toxin consisting of the translocation
and ADP-ribosylation domains of Pseudomonas exotoxin A (Pastan et al., 1992). When
delivered into a cell, the toxin is translocated by retrograde transport to the cytosole and
catalyzes the irreversible ADP-ribosylation and subsequent inactivation of elongation factor 2
shutting down protein synthesis. Blocking the host protein synthesis machinery is expected to
halt the production of viral proteins resulting in a decrease of newly assembled viral particles
and spread of the virus. Indeed, we have shown that presence of the composite ImTx containing
PE38 moiety effectively suppress production of RV-pOV8 in the infected cells (Fig. 5). Our
result is consistent with previous findings showing that a recombinant chimeric immunotoxin
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containing Fv fragment of an antibody specific for HIV gp120 kills HIV-infected cells (Bera
et al., 1998) and stop spreading the virus in primary macrophages (Kennedy et al., 2006).

Instead of producing the chimeric immunotoxin, we decided to assemble targeting and toxin
subunits on Streptavidin scaffold. This strategy has several advantages. Assembly of
immunotoxin on Streptavidin scaffold does not require refolding of the fusion protein that can
result in a low yield of properly folded chimeric protein comprising of functionally active
targeting and toxin subunits. Moreover, because of its toxicity, toxin moiety should be express
in E.coli, but not in eukaryotic cells. The latter, however, may be more suitable for expression
of targeting protein. Even production of antibody fragment in E.coli, which are usually refolded
from inclusion bodies fairly well, could result in a lost of their fine specificity. In fact, our
initial attempts to produce a fusion protein containing single chain 25-D1.16 Fv fragment and
PE38 led to a loss of the ability of the Fv to discriminate pOV8 peptide bound to Kb protein
(Mareeva and Sykulev, unpublished). In addition, assembly of composite ImTx permits to vary
the ratio of targeting and toxin subunits to establish an optimal ratio required for successful
delivery of necessary amount of toxin molecules into a target cells. This may be especially
useful for targeting proteins whose intrinsic affinity for a cell surface receptor is low. For
instance, soluble peptide-MHC molecules that could be utilized to target unwanted T cells with
known specificity have typically low intrinsic affinity for TCR, and inclusion of 2 or 3 peptide-
MHC proteins along with 1–2 toxin subunits into the composite immunotoxin assembled on
Streptavidin scaffold would produce an effective tool for targeting T cells. Thus, the proposed
strategy represents a versatile system that allows combining various targeting and toxin
molecules to generate various immunotoxins with desired specificity instead of developing a
chimera protein containing both target protein and toxin subunit for every viral peptide epitope.
If necessary, multivalency of a composite ImTx can be further increased using nanoparticles
as a scaffold (Anikeeva et al., 2006; Anikeeva et al., 2008).

While immunotoxins have been previously implicated for treatment of viral infections, HIV
in particular (Bera et al., 1998), targeting a small number of infected cells that present viral
peptide epitopes at low density during chronic phase of the infection would very unlikely to
be an effective strategy leading to virus eradication. The ability to control virus production in
the acute phase of the infection using the strategy described here appears to be more promising.
The number of infected cells and the density of viral peptides on the cell surface in the acute
phase are significantly higher that increases the probability of productive ImTx encounters
with the infected cells. The proposed strategy is expected to be useful for treatment of viral
infections caused by rapidly spreading viruses such as Ebola, influenza or Variola viruses
(Sullivan et al., 2000; Feldmann et al., 2003; Amanna et al., 2006; Taubenberger and Morens,
2008) that cause death during acute phase of the infection. In the case of the highly pathogenic
avian influenza virus H5H1, there is an indication that viral pathology in humans is caused at
least in part by high level of viral replication (Taubenberger and Morens, 2008), therefore any
reduction of virus-infected cells would probably result in better outcome of the infection. It
seems, therefore, essential to develop novel immunotherapeutic interventions to curb virus
production cells infected with rapidly spread viruses. This could permit winning the time for
the immune system to develop effective anti-virus immune response. In this context, we
propose to utilize composite ImTx not to eradicate virus-infected cells, but as an effective tool
to stop virus spread in the acute phase of the infection. Since several peptide epitopes from
Variola and Ebola viruses recognizable by T cells have been identified (Drexler et al., 2003;
Sundar et al., 2007; Tang et al., 2008), it is feasible to produce TCR-like antibodies (Biddison
et al., 2003; Cohen et al., 2003) or soluble TCR with enhanced affinity (Holler et al., 2000;
Chlewicki et al., 2005) specific for these peptide epitopes in context with respected MHC
proteins paving the way to the development of composite immunotoxins to target the infected
cells.
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Figure 1. Assembly of ImTx
SDS PAGE at non-reducing condition shows that all biotinylated 25-D1.16 Fab and PE38
molecules taken at the equimolar (1:1) ratio were bound to accessible biotin binding sites of
Streptavidin. Lane 5 shows that multiple Streptavidin/Fab/PE38 species are formed at (Fab/
PE38):Streptavidin ratio 1:1. At the 3:1 ratio, mostly high molecular weight species were seen
indicating that majority of Streptavidin binding sites were occupied (Lane 6). When the ratio
was increased to 5:1, free Fab and PE38 species were present in the mixture inactive of complete
saturation of the Streptavidin binding sites (Lane 7). Lane 1, 2,3 and 4 show Streptavidin, 25-
D1.16 Fab, PE38 and a mixture of the Fab and PE38 proteins, respectively.
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Figure 2. Binding specificity of composed immunotoxin
(A) RMA-S cells sensitized with peptide pOV8 but not with VSV peptide were specifically
stained with ImTx containing Alexa Fluor 488 Streptavidin (Str-Alexa) as established by flow
cytometry analysis on Beckman Coulter FACS analyser. (B). Fluorescent microscopy of the
same cells showed that fluorescent-labeled ImTx was specifically bound to pOV8-sensitized
RMA-S cells. Representative images from 2 independent experiments are shown; interference
reflection microscopy images are on the top and fluorescent images on the bottom. The
fluorescence intensity was adjusted by subtracting cell autofluorescence (green).
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Figure 3. The cytotoxicity of composite immunotoxin
RMA-S cells sensitized with either pOV8 (▲) or VSV (●) peptide were incubated with ImTx
containing active PE38 subunit at indicated concentrations for 4 h at 37° C in atmosphere of
5% CO2; pOV8-sensitized cells were also incubated with ImTx containing inactive
PE38Asp-553 (▵). The cells viability was evaluated by the MTS assay and percent specific
cytotoxicity was determined (see Material and Methods) for each concentration of ImTx.
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Figure 4. Detection of pOV8-Kb proteins on the surface of RV-pOV8 infected EL4 cells
A. Staining with 25-D1.16 tetramer showed presence of pOV8-Kb molecules on the surface
of EL4 cells infected with RV-pOV8 but not with control RV virus. B. RV nuclear protein is
detected in the cytoplasm of EL4 cells infected with both RV-pOV8 and control RV virus.
C. The double staining of RV-pOV8- and RV-infected cells demonstrated that practically all
RV-pOV8-infected IL4 cells were pOV8-Kb positive.
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Figure 5. ImTx suppresses RV-pOV8 production by EL4 infected cells
ImTx containing active PE38 subunit as opposed to that with inactive PE38Asp-553 subunit
significantly suppressed production of recombinant RV-pOV8 virus by the infected cells. The
difference in RV-pOV8 virus particles measured in the supernatant was statistically significant
as established by Student's t-tests for paired data. *: P<0.02. Presence of ImTx in the
supernatant practically did not affect production of a control RV virus by the infected cells.
The recombinant RV that has Gag gene cloned into the backbone similar to that of RV-pOV8
was used as a control virus. The control RV-Gag virus showed somewhat impaired ability to
replicate in EL4 cells as compared to RV-pOV8 most likely due to a toxic effect of Gag protein
on the infected cells.
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Figure 6. Exposure of RV-pOV8-infected cells to ImTx results in substantial decrease of the cell
surface level of pOV8-Kb proteins while the total level of MHC class I expression remains the same
A. Left panel. EL4 cells were infected with RV-pOV8 in the presence (green) or absence (red)
of ImTx and stained with fluorescent-labeled 25-D1.16 Fab/tetramer (see Materialand Methods
for details). The level of pOV8-Kb expression of the infected cells was determined by mean
fluorescent intensity. Right panel. EL4 cells were sensitized with either pOV8 or VSV peptides
at various concentrations and the cells were stained with fluorescent-labeled 25-D1.16 Fab/
tetramer. The level of pOV8-Kb expression was evaluated by measuring MFI of the staining.
The difference in peptide concentration required to achieve levels of pOV8-Kb expression
similar to that found on RV-pOV8-infected cells in the presence or absence of ImTx (see left
panel) amounted to approximately 100 fold (indicated by errors).
B. Uninfected cells EL4 cells as well as those infected with either RV-pOV8 or control RV
viruses were incubated in the presence (green) or absence (red) of ImTx or in the presence of
ImTx containing inactive PE38Asp-553 subunit (blue) and were stained with H-2Kb-specific
AF6-88.5.3 antibodies followed by FITC-labeled anti-mouse antibody. In control experiment
the cells were incubated with FITC-labeled anti-mouse antibody only (grey). The level of
H-2Kb expression was found to be similar in all cases.
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