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Despite years of research dedicated to preventing the sexual transmission of herpes simplex virus 2 (HSV-2), there is still no pro-
tective vaccine or microbicide against one of the most common sexually transmitted infections in the world. Using a phage dis-
play library constructed from a llama immunized with recombinant HSV-2 glycoprotein D, we identified a single-domain anti-
body VHH, R33, which binds to the viral surface glycoprotein D. Although R33 does not demonstrate any HSV-2 neutralization
activity in vitro, when expressed with the cytotoxic domain of exotoxin A, the resulting immunotoxin (R33Exo0A) specifically and

potently kills HSV-2-infected cells, with a 50% neutralizing dilution (IC;,) of 6.7 nM. We propose that R33ExoA could be used
clinically to prevent transmission of HSV-2 through killing of virus-producing epithelial cells during virus reactivation. R33
could also potentially be used to deliver other cytotoxic effectors to HSV-2-infected cells.

H erpes simplex virus 2 (HSV-2) is one of the most prevalent
sexually transmitted infections (STIs) in the world and in-
fects approximately 16% of people ages 15 to 49 (1). While gener-
ally not life threatening, HSV-2 can have severe sequelae in immu-
nocompromised individuals and in infants (2). Additionally,
HSV-2 infection is associated with a significantly increased risk of
acquisition of human immunodeficiency virus type 1 (HIV-1) (3,
4). Complicating the effort to prevent transmission, a large pro-
portion of HSV-2 primary infections and reactivations are sub-
clinical, so asymptomatic individuals may still transmit the virus
(5, 6). Vaccine strategies to prevent HSV-2 transmission have not
been broadly protective, and condoms are not always effective at
preventing transmission (7, 8). These failures have generated re-
newed interest in alternative prevention strategies.

Members of the camelid family (camels, llamas, and alpacas)
can produce antibodies lacking light chains and CH1 domains (9).
The variable domains of these heavy-chain-only antibodies,
termed VHH, represent the smallest naturally occurring func-
tional domain of the antibody molecule. They demonstrate the
same antigen binding capability as full-length antibodies yet are
typically approximately 15 kDa in size (9). When cloned and pu-
rified as monomeric domains, VHH demonstrate remarkable sta-
bility under a wide range of denaturing, temperature, and pH
conditions (10). VHH exhibit increased solubility compared to
full-length antibodies or other antibody fragments, and very high
expression levels have been achieved in Escherichia coli, yeast, and
tobacco expression systems (11-13). The human immune system
is unlikely to react to VHH due to a high degree of sequence
homology among mammalian variable domains, and VHH have
been shown not to be immunogenic in mice (14). As a result of
their small size, VHH have enhanced tissue penetration (14), and
an extended CDR3 loop may allow VHH access to cryptic epitopes
in enzymatically active sites that are unavailable for binding by
full-length antibodies (15, 16).

We have sought to exploit these properties of VHH to develop
a reagent that could be applied intravaginally for prophylaxis or
treatment of HSV-2 infection. Several groups have previously
demonstrated that antibodies directed against glycoprotein D of
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HSV-2 (gD2), a glycoprotein expressed on the surface of the vi-
rion that is required for entry into cells, can be applied vaginally to
protect against genital HSV-2 infection in animal models (17-19).
Based on previously published protocols describing the immuni-
zation of llamas or alpacas to obtain an antigen-specific VHH
(20-22), we immunized a llama with recombinant gD2 and cre-
ated a phage library displaying the VHH repertoire of the immu-
nized animal. We identified a VHH, termed R33, which specifi-
cally binds to gD2 but fails to neutralize the virus. However, fusion
of R33 to the cytotoxic domain of Pseudomonas aeruginosa exo-
toxin A yielded an immunotoxin which, unlike antivirals targeting
HSV-2, was highly efficient in killing virus-infected cells. The po-
tential therapeutic implications of these findings are discussed.

MATERIALS AND METHODS

Expression and purification of recombinant gD2 in Pichia pastoris. Us-
ing genomic DNA from HSV-2 (strain 186) as a template, we amplified
DNA encoding amino acids 1 to 314 of gD2 (ectodomain) from the viral
genome using the primers CCCGAATTCACCATGAAATACGCCTTAG
CAGACCCCTCG (forward) and ATTGCGGCCGCGTTAATGGTGATG
GTGATGGTGCGGGTTGCTGGGGGC (reverse), which introduced a
His tag at the C terminus. The gD2 sequence was cloned into the expres-
sion vector pPIC9 and transformed into Pichia pastoris by electropora-
tion. Recombinant gD2 was expressed in P. pastoris using a previously
published protocol (23) and purified with Ni-nitrilotriacetic acid (NTA)

Received 2 July 2014 Returned for modification 2 September 2014
Accepted 31 October 2014

Accepted manuscript posted online 10 November 2014

Citation Geoghegan EM, Zhang H, Desai PJ, Biragyn A, Markham RB. 2015.
Antiviral activity of a single-domain antibody immunotoxin binding to
glycoprotein D of herpes simplex virus 2. Antimicrob Agents Chemother 59:527—
535.doi:10.1128/AAC.03818-14.

Address correspondence to Richard B. Markham, rmarkhal@jhu.edu.

* Present address: Eileen M. Geoghegan, Laboratory of Cellular Oncology, Center
for Cancer Research, National Cancer Institute, Bethesda, Maryland, USA.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AAC.03818-14

aacasm.org 527


http://dx.doi.org/10.1128/AAC.03818-14
http://dx.doi.org/10.1128/AAC.03818-14
http://aac.asm.org

Geoghegan et al.

Superflow resin (Qiagen, Valencia, CA) using the manufacturer’s proto-
col. Recombinant gD2 was eluted from the resin with elution buffer (250
mM imidazole in phosphate-buffered saline [PBS]), filtered through a
0.22-pm filter, and dialyzed overnight against PBS. The protein concen-
tration was measured using a Bradford assay (Bio-Rad, Hercules, CA),
and protein samples were separated by SDS-PAGE for visualization with
Coomassie brilliant blue staining. The purified protein was detected with
gD-specific antibodies by enzyme-linked immunosorbent assay (ELISA)
and Western blotting using standard protocols. Antibodies used included
R45 (rabbit polyclonal; a gift from R. Eisenberg and G. Cohen, University
of Pennsylvania, Philadelphia, PA), HSV8 (human monoclonal; a gift
from L. Zeitlin, Mapp BioPharmaceuticals, San Diego, CA), DL6 (mouse
monoclonal; Santa Cruz Biotechnology, Dallas, TX), and anti-His (mouse
monoclonal; Sigma-Aldrich, St. Louis, MO).

Llama immunizations. Llama immunizations were performed by Tri-
ple J Farms in Bellingham, WA (protocol 110, approved by Triple ] Farms
TACUC, USDA registration number 91-R-0054) in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The llama Rayo was immu-
nized on days 0, 21, 42, and 63. Each immunization included 0.5 mg of
¢D2, mixed with complete Freund’s adjuvant for the first injection and
incomplete Freund’s adjuvant for subsequent injections. Prior to the first
immunization and following each immunization, ~20 ml of serum was
collected to monitor for the presence of anti-gD2 antibody. After the
fourth immunization, 500 ml of blood was taken from the llama and
peripheral blood mononuclear cells (PBMCs) were purified using a
Ficoll-Paque Plus gradient (GE Healthcare Life Sciences, Piscataway,
NJ). PBMCs were aliquoted and frozen at —80C until further use.

Llama serum ELISA. Nunc MaxiSorp ELISA plates (Thermo Fisher
Scientific Inc., Waltham, MA) were coated with 100 pl of gD2 at 10 ug/ml
and incubated overnight (ON) at 4°C. The plate was blocked with 2%
bovine serum albumin (BSA) in PBS for 30 min at room temperature
(RT). Freshly thawed serum samples were diluted in PBS and added in
duplicate to wells for 1 h at RT. Wells were washed 5 times with 200 pl
PBS-0.05% Tween (PBS-T) per well, horseradish peroxidase (HRP)-con-
jugated anti-llama secondary antibody (Bethyl Laboratories, Inc.) was
diluted 1:10,000 in PBS-T, and 100 wl was added to wells for 1 h at RT.
Wells were washed 5 times with 200 I PBS-T per well and developed with
200 pl 2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) ELISA
HRP substrate (KPL, Gaithersburg, MD). The plate was read at 405 nm
using a BioTek (Winooski, VT) Synergy HT plate reader.

Amplification of VHH regions and construction of T7 phage display
library. Using PBMCs that were isolated from the llama following the
final immunization, RNA was extracted using an RNeasy minikit (Qiagen,
Valencia, CA) and reverse transcribed into cDNA (SuperScript II reverse
transcriptase; Invitrogen, Carlsbad, CA). Nested PCR was performed to
amplify the VHH regions from the cDNA using primers that bind to the
conserved regions flanking the VHH genes. The first round of PCR was
performed with primers as previously published (24), while the second
round of primers introduced the appropriate restriction sites for ligation
into the phage genome. The VHH band of ~450 bp was gel extracted and
ligated into predigested T7 phage vector arms as described in the manu-
facturer’s handbook (Novagen Inc., Madison, WI). The ligation reaction
mixture was packaged into the phage according to the manufacturer’s
protocol, and the titer was determined to assess the diversity of the pack-
aged library prior to amplification. After amplification, the library was
aliquoted and stored at —80°C until further use. VHH expressed on the
phage surface are referred to as VHH-phage.

Biopanning of VHH/T?7 library against gD2 and isolation of VHH
sequences. For the first round of biopanning, 10° PFU from the phage
library was added to a well coated with 0.5 g gD2 and incubated at room
temperature for 1 h. Wells were then washed 10 times with shaking for 1
min with Tris-buffered saline (TBS) with 0.05% Tween (TBS-T) and 10
times with TBS. Bound phage were eluted using 200 pl of 1% SDS in TBS
incubated on wells for 1 h at room temperature. A sample of the eluted
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phage was used to determine the titer of phage present, and the remaining
eluted phage were added to 50 ml of E. coli strain BLT5403 grown in
LB-ampicillin at an optical density at 600 nm (ODyy,) of 0.5 and shaken at
37°C until lysis occurred. The titer of this phage lysate was determined,
and it was used as the input for the next round of biopanning, which was
carried out using the same procedure. Additional rounds of biopanning
were performed against gD2, and individual plaques from the phage elu-
tion after the sixth round of biopanning were picked, amplified, and tested
in an ELISA to confirm gD2-binding capability. Nunc MaxiSorp ELISA
plates (Thermo Fisher Scientific Inc., Waltham, MA) were coated with 0.5
g gD2 per well and incubated ON at 4°C. The plate was blocked for 1 h
with 2% BSA in PBS, and then 10° PFU of each phage clone was added in
duplicate and incubated at RT for 1 h. After removal of phage, the plate
was washed 5 times with 200 .l PBS-T per well. Anti-T7 tail fiber mono-
clonal antibody (GE Healthcare Life Sciences, Piscataway, NJ) was diluted
to 1:1,000 and added at 100 p.l to each well for 1 h at RT. After washing the
plate 5 times with 200 wl PBS-T per well, HRP-conjugated anti-mouse
IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA) was
added at 1:3,000 in 100 pl and incubated at RT for 1 h. After a final wash,
5 times with 200 .l PBS-T per well, 200 wl of ABTS ELISA HRP substrate
(KPL, Gaithersburg, MD) was added. The plate was read at 405 nm using
a BioTek (Winooski, VT) Synergy HT plate reader.

Cloning and expression of VHH in E. coli. VHH sequences were
amplified from VHH-phage by PCR and cloned into the expression plas-
mid pET-47b (Novagen Inc., Madison, WI). To create a bivalent VHH
construct (bvR33), another primer set was used to amplify a second R33
sequence and incorporate a GS linker between the two R33 sequences. The
VHH constructs were transformed into E. coli BL21(DE3) competent cells
(New England BioLabs, Ipswich, MA). An osmotic shock protocol was
utilized to purify the soluble VHH from the periplasmic space, as de-
scribed by Graef et al. (25). Briefly, an ON 30-ml midscale culture was
diluted in 450 ml Terrific broth and grown at 25°C for 3 h. Cells were
induced at 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) (Lab
Scientific, Inc., Highlands, NJ) and grown for an additional 3 h at 25°C.
After centrifugation, the cell pellet was lysed in Tris-sucrose buffer with
lysozyme. Contents of periplasmic space were separated from cellular de-
bris by centrifugation, and Ni-NTA Agarose (Qiagen, Valencia, CA) was
added to the supernatant ON with rocking at 4°C. Agarose was collected
by centrifugation and washed, and protein was eluted by addition of 3 ml
elution buffer. Eluted VHH were dialyzed against PBS with 1 mM dithio-
threitol (DTT) with at least 4 buffer changes. VHH were concentrated
using an Amicon Ultra-15 centrifugal filter unit (EMD Millipore, Bil-
lerica, MA) and centrifuged at 16,000 X g for 10 min to remove precipi-
tated protein, and the protein concentration was measured by Bradford
assay (Bio-Rad, Hercules, CA). Protein samples were separated by SDS-
PAGE for visualization with Coomassie brilliant blue staining.

Flow cytometry to validate VHH binding to cell surface-expressed
gD2. Z4/6 cells (gift from D. Johnson, Oregon Health and Science Uni-
versity) are a derivative of L cells that stably express gD2 at the cell surface
(26). Nearly confluent z4/6 cells were trypsinized, washed once with PBS,
and resuspended at 0.5 X 10° cells/ml. Five hundred microliters of cells
were aliquoted, centrifuged at 500 X g for 5 min, resuspended with 1 ml
1% BSA-PBS, and incubated at 37°C for 30 min for blocking. Samples
were centrifuged at 500 X g for 5 min, resuspended in VHH or DL6
antibody (Santa Cruz Biotechnology, Dallas, TX) diluted in 1% BSA-PBS,
and incubated for 1 h at 4°C. Cells were washed twice with 2 ml PBS and
resuspended in a fluorescein isothiocyanate (FITC)-conjugated anti-His
antibody for VHH detection (Abcam, Cambridge, MA) or FITC-conju-
gated anti-mouse secondary antibody for DL6 detection (Jackson Immu-
noResearch, West Grove, PA) diluted in 1% BSA-PBS for 30 min at 4°C,
followed by a final wash with 2 ml PBS. Samples were run on a Becton-
Dickinson FACSCalibur cytometer, and data were analyzed using the soft-
ware program Flow]Jo (Tree Star Inc., Ashland, OR).

HSV-2 neutralization assay with VHH. Vero cells (ATCC CCL-81;
ATCC, Manassas, VA) were plated in Falcon 12-well trays (Thermo Fisher
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Scientific Inc., Waltham, MA) at 4 X 10° cells per tray and incubated ON
at 37°C. VHH samples were serially diluted in Dulbecco’s modified Eagle
medium (DMEM)-2% FBS with HSV-2 G (ATCC VR-734; ATCC, Ma-
nassas, VA) at 5 X 10° PFU/ml, and all dilutions were incubated at 37°C
for 1 h. Medium was removed from the Vero cells, and 100 wl of VHH
dilutions with virus were added in duplicate to cells for 1 h at 37°C, with
gentle shaking every 10 min to distribute liquid over cells. Cells were
overlaid with 2 ml of 2% methylcellulose overlay—5% FBS in DMEM
(Cellgro, Manassas, VA). Trays were incubated for 3 days at 37°C and
stained with crystal violet, and plaques were counted.

Expression, purification, and refolding of immunotoxins. The pre-
viously published exotoxin A sequence HA22 (27) with point mutations
to remove immunogenic human B-cell epitopes (28) was synthesized
(GenScript, Inc., Piscataway, NJ) and cloned in frame to the C terminus of
the VHH (R33 and P10), already present in the pET-47b vector, to create
R33Ex0A and P10ExoA. Expression, purification, and refolding of immu-
notoxin proteins were performed based on a previously published proto-
col by Buchner et al. (29). Briefly, large-scale cultures (800 ml) of trans-
formed BL21(DE3) cells (New England BioLabs, Ipswich, MA) were
grown to an OD, of 0.6 and induced with 1 mM with IPTG (Lab Scien-
tific, Inc., Highlands, NJ) for 3 h at 37°C. After cells were harvested and
lysed under denaturing conditions (6 M guanidine hydrochloride
[GuHCl]), Ni-NTA agarose (Qiagen, Valencia, CA) was added to the
clarified lysate to purify the His-tagged immunotoxin. After washing, im-
munotoxin protein was eluted (8 M urea, 250 mM imidazole, 50 mM
NaH,PO,, 500 mM NaCl, 300 mM DTT), diluted 1:100 in refolding buf-
fer (100 mM Tris, 500 mM r-arginine, 8 mM oxidized glutathione, and 2
mM EDTA), and incubated at 10°C overnight. After completion of the
refolding reaction, the refolded immunotoxin was concentrated using an
Amicon Ultra-15 centrifugal filter unit (EMD Millipore, Billerica, MA),
and buffer exchange was performed by repeatedly bringing up the volume
of the concentrated protein with PBS. The final volume of the protein was
brought to ~1 ml, and it was aliquoted and frozen at —80°C until use. The
protein concentration was measured using a Bradford assay (Bio-Rad,
Hercules, CA), and protein samples were separated by SDS-PAGE for
visualization with Coomassie brilliant blue staining.

ELISA: binding of VHH and immunotoxins to gD2. ELISAs were
performed to determine if the purified VHH and immunotoxins were
capable of binding to gD2. Nunc ELISA plates were coated with dilutions
of VHH and immunotoxins, and after a blocking step, dilutions of puri-
fied gD2 were added to wells in duplicate. After a washing step of 5 times
with PBS-T wash buffer, the anti-gD antibody DL6 (Santa Cruz Biotech-
nology, Dallas, TX) was added at 1:1,000 for 1 h. Wells were washed again,
and HRP-conjugated anti-mouse (Sigma-Aldrich, St. Louis, MO) was
added at 1:3,000 for 1 h. A final wash step was performed, and the plate
was developed by adding 100 pl/well ABTS ELISA HRP substrate (KPL,
Gaithersburg, MD). The plate was read at 405 nm using a BioTek (Win-
ooski, VT) Synergy HT plate reader.

Toxicity assay. The CellTiter 96 AQueous One solution cell prolifer-
ation assay was used to determine toxicity of VHH-ExoA for cell lines, and
the assay was carried out using the protocol recommended by the manu-
facturer (Promega, Madison, WI). Z4/6 cells (26), expressing gD2 at the
cell surface, and Vero cells were plated in 96-well trays at 3 X 10 cells/well
overnight. The following day, dilutions of the VHH-Exo0A proteins were
added to wells and incubated overnight. About 16 h after the addition of
protein, 20 wl of the CellTiter 96 AQueous One solution reagent was
added to each well and incubated for 4 h at 37°C. The plate was read at 490
nm using a BioTek (Winooski, VT) Synergy HT plate reader. Higher OD
values indicate greater cell viability and therefore less toxicity.

In vitro infectious center assay (ICA). Vero cells were plated in 12-
well trays at 3 X 10° cells/well and after 24 h were infected with HSV-2 G
(ATCC VR-734; ATCC, Manassas, VA) at 500 PFU/well. Following the
1-h adsorption time, dilutions of the VHH or VHH immunotoxins were
added to wells in duplicate, and complete medium (5% FBS-DMEM;
CellGro, Manassas, VA) was added to bring the volume up to 700 pl per
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FIG 1 Production and purification of gD2. (A) DNA encoding gD2 was am-
plified by PCR from the HSV-2 strain186 genome. (B and C) Purified gD2
from P. pastoris was separated by SDS-PAGE and stained with Coomassie
brilliant blue (B) or detected with a polyclonal anti-gD2 antibody (R45) by
Western blotting (C). The left lanes of all three gels are molecular markers,
while right lanes show a single amplified PCR product (A), purified gD2 (B), or
immunoreactive gD2 (C). (D) In an ELISA, gD2 was recognized by a panel of
anti-gD2 antibodies: R45 (1:5,000), HSV8 (1:5,000), DL6 (1:1,000), and anti-
His (1:1,000). As controls, wells were coated with gD2, and only HRP-conju-
gated secondary antibody (anti-rabbit for R45, anti-human for HSV8, and
anti-mouse for DL6 and anti-His) was added. Error bars represent maximum
and minimum values.

well. About 16 h later, supernatant was removed, and cells were
trypsinized briefly with 250 wl trypsin-EDTA (CellGro, Manassas, VA)
before adding an equal volume of complete medium. Cells were centri-
fuged at 500 X g for 5 min to pellet cells and then resuspended in 200 .l of
complete medium. A 10-fold dilution series from 1:10 to 1:1,000 of the
infected Vero cells was made in uninfected Vero cells harvested the same
day (resuspended at 6 X 10 cells/ml), and 0.5 ml of the dilution series was
added in duplicate to wells of a 12-well tray. Cells were overlaid with 0.5%
methylcellulose-5% FBS to bring the volume to 1 ml. After 2 days, cells
were stained with crystal violet and plaques were counted.

Statistical analysis. For the neutralization assays, the significance of
the difference in plaque numbers was calculated using an analysis of vari-
ance (ANOVA) test, with a Bonferroni correction (STATA Corp., College
Station, TX). Prism software (Graphpad) was used to calculate a variable-
slope sigmoidal dose-response curve to determine the 50% neutralizing
dilution (IC,,) and the 95% confidence interval for the antibodies tested
in the neutralization assays and ICAs.

RESULTS

Construction of VHH-phage library and biopanning against
gD2. Recombinant gD2 was amplified from the viral genome (Fig.
1A), expressed in P. pastoris, and purified as previously published
(23). The size and purity of purified gD2 were verified by separa-
tion with SDS-PAGE and Coomassie staining (Fig. 1B) and by
Western blotting using R45, a polyclonal anti-gD antibody (Fig.
1C). A band of approximately 48 kDa was detected by both meth-
ods, somewhat smeared due to the variable glycosylation pattern
from P. pastoris, as has been reported previously (23). The antige-
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FIG 2 Reactivity of sera from llamas immunized with gD. A 1:100 dilution of
sera collected before the initiation of immunization (naive) and after the sec-
ond through fourth immunizations (Im. #2 to #4) was serially diluted 10-fold
and tested in an ELISA for reactivity to gD2. The llama sera from Immuniza-
tions 2 to 4 demonstrate higher reactivity to gD2 than naive sera, demonstrat-
ing that the llama mounted an antibody response against the gD2 immuniza-
tions. Data represent the averages from three wells, and error bars are standard
deviations.

nicity of the purified protein was verified by ELISA using a panel of
conformational and nonconformational anti-gD2 antibodies
(Fig. 1D).

A llama was immunized four times with gD2, and the induc-
tion of anti-gD2 antibodies was monitored by ELISA. As shown in
Fig. 2, the llama serum demonstrated notable reactivity to gD2
following the second immunization compared to results for se-
rum collected prior to immunization (naive), with the highest
reactivity occurring after the fourth immunization. The llama se-
rum was tested in an HSV-2 neutralization assay and failed to
neutralize the virus (data not shown). PBMCs were separated
from whole blood following the final immunization, and RNA
purified from these cells was used as the template for cONA. VHH
genes were amplified from the cDNA using primers published by
Arbabi Ghahroudi et al. (24) and ligated into the T7 phage vector
to generate a library with an initial diversity of 3.9 X 107 PFU.
Using protocols recommended by the manufacturer, the VHH-
phage library was panned against gD2 immobilized in wells of a
96-well plate. After the first round of biopanning, the titer of
eluted phage increased stepwise following each round of biopan-
ning, indicating a gradual enrichment for VHH-phage binding to
gD2 (data not shown). Individual plaques from the phage eluted

after the sixth round of biopanning were picked and amplified for
analysis. Sixty VHH-phage clones were amplified and tested in an
ELISA to determine reactivity to gD2. Of the 60 VHH-phage
tested, 56 reacted to gD2 by ELISA (data not shown), and it was
determined by sequencing that 91% of these sequences were iden-
tical, a VHH clone we termed R33. The VHH-phage clone P10 was
amplified from a VHH phage library derived from a different
llama prior to any biopanning for use as a negative-control VHH
that did not bind to gD2. The specificity of P10 is undetermined.
The VHH sequences are shown in Fig. 3C.

VHH binding to gD2 and HSV-2 neutralization assay. To
further validate the VHH sequences, they were recloned, ex-
pressed, and purified from E. coli using an osmotic shock proce-
dure described by others (25). The purified VHH proteins were
separated by SDS-PAGE for Coomassie staining to determine size
and purity (Fig. 3A). In an ELISA with recombinant gD2 protein-
coated plates, R33 but not P10 was able to bind to gD2 (see Fig.
7A). Using a cell line that expresses gD2 at the cell surface, z4/6
cells (26), flow cytometry was used to confirm that R33 and bvR33
could recognize gD2 that is expressed at the surface of the cell, as it
would be in an infected cell (Fig. 4). R33 and bvR33 did not dem-
onstrate any reactivity to the parental L cell line, which does not
express gD2 (data not shown). While a known neutralizing anti-
body, HSV8 (17), demonstrated potent neutralization activity
(ICs4, 1.501M; 95% confidence interval [CI], 0.8 to 2.5 nM) against
HSV-2in a neutralization assay, R33 and bivalent R33 were unable
to neutralize the virus at any of the concentrations tested, and an
ICs, could not be calculated (Fig. 5A and B).

Specific toxicity of R33ExoA for gD2-expressing cells. We
next tested the efficacy and specificity of the immunotoxin. To do
this, we used a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay
with z4/6 cells that express gD2, as well as Vero cells, which do not
express gD2. Itis known that expression of gD2 by Z4/6 cells is not
uniform (26), as staining with the anti-gD antibody DL6 shows
(Fig. 4). The levels of gD2 expression, however, should be suffi-
cient to determine if R33Ex0A can exert a cytotoxic effect on cells
expressing gD2. Figure 6 demonstrates that cytotoxic activity of
R33Exo0A affects only z4/6 cells and not the parental cell line. Non-
gD2-binding P10ExoA has no cytotoxic effect on either cell line
compared to results with cells treated with medium alone.
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FIG 3 Purification of VHH and immunotoxins and comparison of sequences from VHH of different specificities. (A and B) Representative gels that demon-
strated the size and purity of purified R33 and bvR33(A) or R33Ex0A and P10ExoA (B). (C) R33 and P10 amino acid sequences. VHH genes, originally amplified
from the variable region of heavy-chain-only antibodies, were sequenced from VHH-phage clones and aligned to determine unique VHH sequences identified
from the gD2 biopanning process. R33 is able to bind gD2, while P10 is a negative-control VHH that does not bind gD2.
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FIG 4 Binding of R33 and bvR33 VHH to surface-expressed gD2 on z4/6 cells. z4/6 cells (surface expression of gD2) were stained with various VHH (R33, P10,
and bvR33) and detected using fluorescence-activated cell sorting (FACS) by a FITC-conjugated anti-His secondary antibody, demonstrating that R33 and bvR33
but not P10 can bind to gD2. DL6 was used as a positive control to verify that gD2 was expressed, and a secondary antibody control (anti-His) with no VHH or
primary antibody was also used as a negative control.

toxin A, might still be effective in targeting HSV-2-infected cells.
The immunotoxins were purified and refolded based on protocols
published by Buchner et al. (29). R33Ex0A was still able to bind
gD2 at levels comparable to those with R33 alone, while P10 and

In vitro activity of anti-gD2 immunotoxin. Although mon-
ovalent and bivalent versions of R33 were ineffective at neutraliz-
ing HSV-2, we next sought to examine whether the anti-gD2
VHH, when fused to the cytotoxic domain of P. aeruginosa exo-
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FIG 5 HSV-2 neutralization assay. Virus was incubated with dilutions of R33 and HSV8 (known neutralizing antibody) (A) or R33, bvR33, and P10 (B) and then
plated on Vero cells to assay for HSV-2 neutralizing activity. While HSV8 is capable of neutralizing HSV-2 (ICs, of 1.5 nM), R33 and bvR33 do not differ from
P10 in terms of inhibiting viral infection. Each dilution was assayed in duplicate, and error bars represent maximum and minimum plaque numbers. These
graphs are representative of at least three independent experiments, and results are expressed as percent inhibition compared to plaque numbers from untreated
virus. Statistical significance compared to results for untreated virus was calculated by ANOVA and is indicated by asterisks (P < 0.05).
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FIG 6 Specific toxicity of R33ExoA for gD2-expressing cells. Dilutions of
immunotoxins were added to Vero cells (A) or z4/6 cells (B), and their cyto-
toxicity was measured using an MTS assay. While R33ExoA demonstrates
cytotoxic activity against gD2-expressing cell lines (IC5, = 0.5 nM) (95% CI,
0.1810 to 1.403), P10ExoA does not. Neither immunotoxin demonstrates ac-
tivity against Vero cells, which do not express gD2. Dilutions of each protein
were added to wells in triplicate, and error bars represent standard deviations.

P10ExoA had no gD2 binding activity (Fig. 7A). To test the cyto-
toxic effect of R33ExoA on HSV-2-infected cells, an infectious
center assay (ICA) was performed. After a 1-h virus adsorption on
Vero cells, dilutions of R33, R33Ex0A, and P10ExoA were added,
and the infection was allowed to proceed for roughly 16 h. Cells
were harvested at this time, mixed with uninfected Vero cells, and
then diluted and plated so that the number of infectious centers
could be quantified. R33Exo0A consistently demonstrated potent
antiviral activity compared to those of R33 and P10ExoA, which
had no antiviral activity (Fig. 7B). Multiple repetitions of the ICA
revealed that the IC,, of R33Ex0A is approximately 6.7 nM (95%
CI, 4.8 to 9.4 nM), while the IC5, of P10Ex0A could not be calcu-
lated.

DISCUSSION

After immunizing a llama with recombinant gD2 and creating a
T7 phage library displaying the VHH antibody repertoire of the
immunized llama, a VHH that binds to gD2 was identified after
multiple rounds of biopanning. This VHH, termed R33, was able
to bind gD2 when expressed and purified from E. coli but was not
able to neutralize HSV-2 in vitro. Bivalent R33 was also unable to
neutralize the virus. Creation of a single domain antibody immu-
notoxin by expression of R33 with the cytotoxic domain of exo-
toxin A from Pseudomonas aeruginosa resulted in specific and po-
tent killing of HSV-2-infected cells in vitro with an ICs, of 6.7 nM
(95% CI, 4.8 to 9.4 nM). R33 has no activity in the infectious
center assay, indicating that the antiviral activity exhibited by
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FIG 7 (A) R33 and R33Exo0A bind to recombinant gD2. An ELISA in which
wells were coated with the indicated VHH or VHH immunotoxin, and gD2
was added to assay for their ability to bind gD2, was performed. While R33 and
R33Ex0A are able to bind to recombinant gD2, neither P10 nor P10ExoA
demonstrates any reactivity. The graph is representative of three separate ex-
periments. Each dilution was assayed in duplicate, and error bars represent
maximum and minimum values. (B) R33Exo0A antiviral activity in infectious
center assay (ICA). An ICA with dilutions of R33ExoA and P10Exo shows that
only R33Ex0A has antiviral activity, with an IC5, of 6.7 nM. This is a represen-
tative graph from six independent experiments. Error bars represent standard
errors of the means.
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R33Ex0A is due to the immunotoxin portion of the molecule
rather than the antibody portion.

The majority of previous immunotoxin research has focused
on targeting blood cancers, in which case the immunotoxin treat-
ment is administered intravenously for systemic distribution to
reach the circulating cancer cells (30-33). Additionally, the can-
didate immunotoxins that have been published directed against
viruses such as HIV-1 (34, 35), Kaposi’s sarcoma-associated her-
pesvirus (KSHV) (36, 37), rabies virus (38), or human cytomega-
lovirus (39) would also require systemic treatment. To our knowl-
edge, the immunotoxin described here represents the first
immunotoxin designed for targeting a pathogen at a mucosal site
of infection. Therefore, there are many unknown variables that
could affect the efficacy of the R33ExoA immunotoxin when it is
administered within the genital tract. The mouse model, while an
important tool in evaluating HSV-2 microbicide or antiviral can-
didates, may not be representative of humans, particularly due to
the differences in pH in the mouse and human vagina (40). As a
result, further in vitro studies evaluating the activity of R33ExoA
under the lower-pH conditions found in the human vagina, for
example, should be undertaken. In this regard, having a VHH as
the antibody portion of the immunotoxin may be advantageous
due to its stability at a wide range of temperatures and pHs (41).

One of the potential disadvantages that has emerged during
systemic administration of immunotoxin for treatment of cancer
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is the development of an antibody response against the immuno-
toxin, which reduces its therapeutic efficacy (42—44). Several dif-
ferent approaches have been tried to reduce the immunogenicity
of the exotoxin component while maintaining its efficacy (28, 30,
45-47). The construct used in these studies introduced amino acid
substitutions into the immunotoxin which were designed to elim-
inate potential B cell epitopes (28) and which did not alter the
ability of the immunotoxin to kill infected cells. Given the gener-
ally attenuated immune response in the female genital tract due to
the need for tolerance of the major histocompatibility complex
(MHC)-incompatible fetus or semen (48), it is possible that
within this setting the immunotoxin would not elicit the problem-
atic immune response that limits other immunotoxin therapies.

Therapeutic and prophylactic intervention in the HSV-2 infec-
tion cycle has primarily targeted the infectious virus or its intra-
cellular replication cycle. The use of a toxin that interrupts protein
synthesis within infected eukaryotic cells represents a novel ap-
proach to blocking the infection by targeting the sites from which
virus disseminates upon initial exposure and, potentially, the res-
ervoirs from which virus reactivates. The expression of gD2 on the
surface of epithelial cells upon infection will make these cells sus-
ceptible to the gD2-binding R33ExoA immunotoxin. Given its
efficacy at very low concentrations, application prior to inter-
course or through continuous secretion from genetically engi-
neered commensal genital flora could provide sufficient levels of
the immunotoxin to achieve a level of protection not observed
with the use of antivirals alone (49). Similar delivery methods for
other antivirals have been used successfully to prevent STT trans-
mission in various model systems (50, 51).

In a vaginal HSV-2 infection, virus is shed essentially continu-
ously (52) and from multiple locations throughout the genital
tract (53). During reactivation, the virus is released from infected
neurons, leading to infection of the adjacent epithelial cells (54).
The majority of viral shedding originates with these infected epi-
thelial cells (54), which, as in the case of new infection, could be
targeted by R33Exo0A through the cells’ surface gD2 expression. As
aresult, a potential use of this immunotoxin is in the context of an
HSV-2-discordant couple hoping to prevent transmission to the
uninfected partner. Because shedding episodes are frequent and
subclinical shedding accounts for 80% of shedding, it is unrealistic
to rely on avoidance of sexual contact during times of shedding as
a means to prevent transmission (55). While oral antiviral drugs
such as valacyclovir decrease viral shedding, they do not com-
pletely eliminate viral shedding or prevent transmission (49).
Daily application of this immunotoxin formulated as a microbi-
cide could help suppress the amount of virus shed by the infected
partner and therefore decrease the chance of transmission to the
uninfected partner. Immunotoxins targeting KSHV through
binding of surface glycoproteins were tested in combination with
nucleoside analog antivirals and demonstrated greater efficacy
with combination treatment than with immunotoxin treatment
alone (36, 37). R33Ex0A treatment in combination with oral an-
tiviral drugs could potentially maintain the amount of virus shed
below the level estimated to be needed for transmission (55). In a
newly acquired HSV-2 infection, R33Ex0A could also be used to
limit the number of latently infected neurons, thereby reducing
future shedding and occurrence of ulcers following reactivation.

The frequency with which genital herpes infections have been
attributed to HSV-1 has been increasing in recent years (56).
While this immunotoxin was not tested for antiviral activity
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against HSV-1, recent studies indicate a high degree of cross-im-
munoreactivity between gD from the two viruses (57), consistent
with the >88% sequence identity of the gD ectodomains from
HSV-1 and HSV-2 (58, 59).

Conceptually, it is also possible that this immunotoxin could
be used to kill infected neurons in the genital tract, thereby elim-
inating the latent viral reservoir. While the penetrative capability
of R33ExoA through the vaginal epithelium is unknown,
R33Ex0A could potentially target infected neurons which express
gD2 upon reactivation of the virus, neurons which, based on in
vitro studies (60), are already dysfunctional.

While it is significant that we have demonstrated that an anti-
gD2 VHH can be used as the antibody portion of an immunotoxin
to specifically target HSV-2-infected cells, there are several caveats
that must be addressed before its clinical application as a micro-
bicide or antiviral treatment is undertaken. Although the apopto-
sis that results from internalization of exotoxin A is a noninflam-
matory process (61), the effect of vaginal treatment with R33ExoA
must be further studied to determine if it could possibly lead to
inflammation or the infiltration of immune cells, which could
facilitate the transmission of other STIs, particularly HIV-1 (62).
This risk would have to be weighed against the demonstrated abil-
ity of HSV-2 to promote transmission of other STIs, including
HIV-1 (63). Also, since infected cells, such as dendritic cells, in-
volved in the generation of the adaptive immune response might
be targeted by this immunotoxin, the possibility that this treat-
ment might prevent development of a protective adaptive im-
mune response must be considered. However, recent studies have
indicated that once infected, dendritic cells, as is the case for neu-
rons, become dysfunctional. It is therefore unclear if further im-
munologic compromise would result from elimination of gD-ex-
pressing antigen-presenting cells (64).

Given the progress that cancer immunotoxins have made in
terms of efficacy and safety, there is reason for optimism that a
similar strategy could be used to prevent or treat HVS-2 infec-
tions. E. coli and yeast expression systems have been used to gen-
erate standard antibody-based expression systems (65, 66) with
production of sufficient material for use in clinical trials (67).
Further, reports of efficient production of VHH in yeast and insect
cell expression systems support the potential commercial devel-
opment of this type of antibody for therapeutic or prophylactic
indications, obviating the concerns associated with bacterial and
mammalian expression systems (68, 69).

Beyond the described potential applications, this study dem-
onstrates that R33 is able to specifically deliver an effector mole-
cule to HSV-2-infected cells. This VHH could be expressed with a
myriad of other effectors for their delivery to HSV-2-infected cells,
potentially greatly increasing the repertoire of tools to treat or
prevent HSV-2 infection.
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