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ARTICLE

Retargeted oncolytic adenovirus displaying a single variable
domain of camelid heavy-chain-only antibody in a fiber protein

Elisabeth A van Erp’, Lyudmila N Kaliberova', Sergey A Kaliberov' and David T Curiel’

Conditionally replicative adenoviruses are promising agents for oncolytic virotherapy. Various approaches have been attempted
to retarget adenoviruses to tumor-specific antigens to circumvent deficiency of receptor for adenoviral binding and to provide an
additional level of tumor specificity. Functional incorporation of highly specific targeting molecules into the viral capsid can poten-
tially retarget adenoviral infection. However, conventional antibodies are not compatible with the cytoplasmic adenovirus capsid
synthesis. The goal of this study was to evaluate the utility of single variable domains derived from heavy chain camelid antibodies
for retargeting of adenovirus infection. We have combined transcriptional targeting using a tumor-specific promoter with trans-
ductional targeting through viral capsid incorporation of antihuman carcinoembryonic antigen single variable domains. Obtained
data demonstrated that employment of a single variable domain genetically incorporated into an adenovirus fiber increased
specificity of infection and efficacy of replication of single variable domain-targeted oncolytic adenovirus. The double targeting,
both transcriptional through the C-X-C chemokine receptor type 4 promoter and transductional using the single variable domain,
is a promising means to improve the therapeutic index for these advanced generation conditionally replicative adenoviruses. A
successful strategy to transductional retargeting of oncolytic adenovirus infection has not been shown before and therefore we
believe this is the first employment of transductional targeting using single variable domains derived from heavy chain camelid
antibodies to enhance specificity of conditionally replicative adenoviruses.
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INTRODUCTION
A growing body of evidence demonstrates the promise of gene
therapy and oncolytic virotherapy in preclinical and clinical studies.
Among the oncolytic viruses, adenoviruses were the first and most
frequently used vectors in clinical trials.” Recently, the first oncolytic
adenovirus H101 has been approved for the treatment of head and
neck carcinoma in combination with chemotherapy.? In most trials
with adenovirus vectors, only mild adverse events were seen and
no dose-limiting toxicity was reported. However, the antitumor effi-
cacy of these Ad vectors was only modest, therefore, improvement
of the efficacy of the treatment is needed.> Oncolytic condition-
ally replicative adenoviruses (CRAdSs) are novel therapeutic agents
for targeted-therapy based on the cytolytic effect of replicating
viruses which results in tumor cell death. Replicative specificity of
the virus is the basis for the targeted action of CRAds and results in
tumor-specific cytotoxicity. This tumor selectivity is established via
the use of tumor specific promoters (TSPs) to achieve conditional
replication. In this regard, TSPs restrict viral replication by replacing
the native viral ETa promoter. The use of TSPs in CRAd designs has
therefore represented the principle means to limit viral replication
to tumor cells.

Despite controlled replication via the above mentioned TSP
approach, off-target infection and replication may provide the basis

for limiting toxicity.* Thus, additional levels of control of virus infec-
tion and replication are therefore desirable. Another strategy to
achieve CRAd specificity is controlling adenovirus infection at the
level of target cell attachment. Transductional targeting is the strat-
egy of altering viral binding to achieve target cell specific binding.®
Importantly, such an approach could potentially synergize with
transcriptional targeting.

In this regard, adenoviral tropism is dictated by the interaction
of the adenoviral fiber with the native receptor—coxsackievirus
and adenovirus receptor (CAR).S Various approaches have been
attempted to retarget adenovirus serotype 5 (Ad5) towards cancer
cells, including the use of adaptor molecules and genetic modifi-
cations of the adenovirus capsid.”® Although the adapter approach
has proven the feasibility of retargeting adenovirus vectors, a
“single-unit” molecule is preferred for the purpose of therapeutic
use. Thus, genetic modification of the fiber potentially provides a
way to redirect the adenovirus to an alternative cellular receptor.
The goal of this study was to design, develop, and characterize a
clinically relevant oncolytic virotherapy agent. A central facet of our
approach is to confer the CRAd capacity to specifically infect tumor-
associated targets in a CAR-independent manner.

The camelid family heavy-chain-only antibodies possess ideal
characteristics for a CRAd retargeting strategy including cytosolic
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stability to allow functional incorporation into the CRAd capsid as
well as compatibility with phage biopanning selection to allow
tumor cell specificity.’ In addition, engineered single domain
antibody (sdAb) proteins have demonstrated effective targeting
in model systems.'®'" Based on these useful attributes, we have
endeavored a proof-of-principle study to evaluate the utility of
sdAb as a candidate antibody for oncolytic CRAd retargeting. In
this study, we have explored the utility of capsid incorporated
sdAb against the human carcinoembryonic antigen (hCEA) to
achieve targeted CRAd-mediated oncolysis. In addition, in order
to confer the CRAd replication specificity to cancer cells, we have
employed the promoter element of the C-X-C chemokine recep-
tor type 4 (CXCR4) gene. We evaluated CRAd vectors using a panel
of human cancer cells. Obtained data demonstrated that employ-
ment of fiber displaying anti-hCEA sdAb increased CRAd infection
in hCEA-overexpressed tumor cells. These findings highlight the
improved antitumor activities that may accrue with advancements
in the design of CRAd agents for oncolytic virotherapy and show
the first successful employment of transductional retargeting using
sdAb in a CRAd design.
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Figure 1 Validation of incorporation of sdAb-targeted chimeric fiber
protein in CRAds. (a) Simplified schematic overview of adenovirus vectors
used in this study. Only relevant genomic regions are shown. (b) Validation
of incorporation of fiber-fibritin-sdAb into the viral capsid using western
blot analysis. Equal amounts (5 x 10° vp) of purified viral particles from Ad5,
Ad.CXCR4E1 and Ad.CXCR4E1.B2 were loaded in sample buffer in each
lane without (lane 1, 3, and 6) or with boiling (lane 2, 4, and 7). Proteins
were separated on a SDS-PAGE gel followed by western blot transfer to a
PVDF membrane. Fiber protein expression was detected using antifiber
mADb. Predicted molecular weight (MW) of wild-type Ad5 fiber monomers
is 61.6kDa and MW 67.7 kDa for fiber-fibritin-sdAb. One representative of
three different experiments is shown. B, boiled; LITR, left inverted terminal
repeat; M, marker; PVDF, polyvinylidene difluoride; RITR, right inverted
terminal repeat; U, unboiled; AE1, E1 deleted.
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RESULTS
Expression of the hCEA-targeted fiber-fibritin-sdAb protein

For this study, we produced a panel of Ad5 based vectors express-
ing the E1a gene under transcriptional control of the CXCR4 pro-
moter element, including Ad.CXCR4E1 with wild-type Ad5 fiber,
Ad.CXCR4E1.B2 vector with a fiber-fibritin chimera expressing anti-
hCEA sdAb (clone B2), as well as replication-deficient recombinant
adenoviruses, Ad.CXCR4Luc and Ad.CMVLuc encoding the firefly
luciferase (Luc) gene under control of the CXCR4 or human cyto-
megalovirus (CMV) promoter, respectively. Wild-type Ad5 was used
as control virus. A simplified schematic diagram of recombinant
adenovirus genomes used in this study are shown in Figure 1a. To
confirm the incorporation of the chimeric fiber-fibritin-sdAb pro-
tein into Ad.CXCR4E1.B2, boiled and unboiled purified adenovirus
vectors were analyzed by western blotting using an antifiber mAb.
As expected, the chimeric fiber-fibritin-sdAb in Ad.CXCR4E1.B2 is
slightly larger (with predicted molecular weight 67.7 kDa for fiber-
fibritin-sdAb monomer) than the native Ad5 (molecular weight
of wild-type Ad5 fiber protein is 61.6kDa) and fiber displayed in
Ad.CXCR4E1 and Ad5. Genetic incorporation of sdAbs produced
a stable fusion with fiber-fibritin molecules that maintained the
trimerization potential of chimeric fiber-fibritin-sdAb proteins
under native conditions (Figure 1b).

Validation of vector thermostability

Next, we confirmed the structural integrity of the capsid-modified
CRAd, as modifications in fiber proteins can affect viral cap-
sid stability. Based on results of preliminary studies that show a
temperature-dependent decrease of adenovirus-mediated gene
transfer,'? the viruses were preincubated at 45 °C for different times
before infection of hCEA(+) LS174T human colorectal adenocarci-
noma cells. The relative cytotoxicity was obtained by comparing
with the cytotoxicity of untreated CRAds. The oncolytic effect of
Ad.CXCR4ET and Ad.CXCR4E1.B2 was not significantly reduced by
thermal treatment when tested up until 30 minutes incubation at
45 °C (data not shown).

Table1 Flow cytometry analysis of hCEA and hCAR surface
expression
% of positive cells
(mean of fluorescence intensity)°
Cell line hCEA hCAR
MC38 1+3(4+1) 8+7(2+2)
MC38CEA 95+8(48+19) 44+3(2+1)
LS174T 67+14(12+9) 61+17(28+16)
HS766T 35+17(9+8) 2+1(3+3)
U118MG 2+1(2+3) 2+3(5+47)
U118-hCAR 1+1(1+3) 99+5(581+76)
THLE-3 10+9(4+3) 55411 (44+17)
2Human and mouse cells were stained with saturating amounts of
antibody recognizing hCEA or hCAR and expression was evaluated
by FACS analysis. Immunoglobulin G isotype primary antibodies were
used as a negative control. Data are the means + SD of three or four
independent experiments.
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Figure2 Evaluation of binding specificity of sdAb-targeted CRAds. MC38
and MC38CEA murine colon adenocarcinoma cells were incubated
with 1x10° vp per cell of the indicated vector for 1 hour. Total DNA was
isolated and hexon gene copy number was obtained using quantitative
PCR. Data are presented as mean + SD (*P < 0.01 versus MC38 cells).

Ad.CXCR4E1.B2 demonstrates hCEA-selective binding

To evaluate specificity of Ad.CXCR4E1.B2 transduction, MC38
and MC38CEA murine colon adenocarcinoma cells were used.
As expected, FACS analysis showed no hCAR expression in both
cell lines and no hCEA expression in the MC38 cells (Table 1
and Supplementary Figure S1a) in contrast to the high levels of
hCEA expression in MC38CEA cells (Table 1 and Supplementary
Figure S1b). Both cell lines were infected with Ad.CXCR4E1.B2 or
Ad.CXCRA4ET1 for 1 hour, washed, total DNA was extracted and sub-
jected to quantitative real-time PCR (gPCR) analysis. Cell binding
by Ad.CXCR4E1.B2 was strongly enhanced in the hCEA expressing
MC38CEA cells compared to the control vector, while both CRAds
had limited binding to the hCEA(-)/hCAR(-) MC38 cell line. As
shown in Figure 2, Ad.CXCR4E1.B2 binding to hCEA(+) MC38CEA
cells was significantly higher (about 25-fold; P < 0.01) compared to
binding to the hCEA(-) MC38 cells. In contrast, Ad.CXCR4ET with
wild-type Ad5 fiber demonstrated negligible change in binding to
MC38CEA cells in comparison with MC38 cells. Also, MC38 cell bind-
ing by Ad.CXCR4E1.B2 was slightly higher (about twofold) compared
to Ad.CXCR4E1, probably due to structural difference of wild-type
Ad5 fiber and fiber-fibritin fusion proteins. Thus, Ad.CXCR4E1.B2
demonstrates hCEA-specific cell binding validating that specificity
of the B2 sdAb is maintained in the CRAd context.

Evidence of CRAd replication in a human colorectal
adenocarcinoma cell line

To evaluate whether sdAb-targeted CRAds are able to replicate
after infection of hCEA(+) cells, a replication assay was performed.
CXCR4 promoter activity was evaluated for different cell lines by
infection with Ad.CMVLuc and Ad.CXCR4Luc, encoding the Luc
gene under control of the CMV or CXCR4 promoter, respectively
(Figure 3a). Levels of Luc expression varied in different cell lines in
proportion to viral doses of infection (results not shown). Infection
with Ad.CXCR4Luc yielded lower Luc expression in comparison with
Ad.CMVLuc. Additionally, we calculated ratios of Luc expression
in cancer cells following Ad.CMVLuc and Ad.CXCR4Luc infection.
Average ratios for all the individual sets of numbers for differ-
ent cancer cells were compared. As shown in Figure 3b, HS766T
cells demonstrated high CXCR4-to-CMV ratio of Luc expression in
comparison with LS174T and THLE-3 cells, whereas U118MG and
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U118-hCAR cells showed the lowest CXCR4-to-CMV ratios. Thus, all
tested cells demonstrated levels of CXCR4 activity suitable to facili-
tate replication of CXCR4-driven CRAdS.

FACS analysis of human colorectal adenocarcinoma LS174T
cells revealed relatively high levels of hCAR and hCEA expression
(Table 1 and Supplementary Figure S1c). Taking into consideration
the results of previous experiments, LS174T cells were selected
for subsequent evaluation of Ad.CXCR4E1.B2 and Ad.CXCR4E1
replication. For this study, LS174T cells were infected with either
Ad.CXCR4E1.B2 or Ad.CXCR4E1, then cells and media were collected
at 1, 24,48, 76, and 120 hours after infection. Replication was mea-
sured by evaluating the presence of the adenoviral hexon gene
with gPCR. Both vectors show efficient replication, with the hexon
gene copy number increasing ~1,000-fold in the first 24 hours after
infection (Figure 3c). Thus, these data demonstrate that retargeting
through incorporation of sdAb allows Ad.CXCR4E1.B2 to replicate in
tumor cells. Of note, the level of replication achieved compared to
Ad.CXCR4E1 with wild-type fiber.

Ad.CXCR4E1.B2 selectively induces tumor cell lysis

To evaluate whether specific replication in hCEA positive, CXCR4 posi-
tive tumor cells resulted in subsequent cytolysis by Ad.CXCR4E1.B2,
a cytotoxicity assay was performed. Different cancer cell lines were
evaluated for hCAR and hCEA surface expression using FACS analysis
(Table 1 and Supplementary Figure S1c-f). Based on these findings,
colorectal adenocarcinoma LS174T, pancreatic carcinoma HS766T, gli-
oma U118MG and U118-hCAR cells were infected with Ad.CXCR4E1.
B2, Ad.CXCR4E1 or wild-type Ad5. Five days after infection viable
cells were evaluated using a crystal violet staining assay. As shown in
Figure 4, infection with Ad.CXCR4E1.B2 resulted in increased cytotox-
icity in hCEA(+) LS174T and HS766T cells in comparison with hCEA(-)
U118MG and U118-hCAR cells, while the control Ad.CXCR4E1 and
wild-type Ad5 viruses were able to produce cell killing in hCAR(+)
LS174T and U118-hCAR cells. In contrast, no cytolysis for either of the
vectors was observed in human glioma U118MG cells deficient for
hCEA and hCAR expression (Figure 4). Of interest, Ad.CXCR4E1 infec-
tion resulted in a modest increase of HS766T cell killing in comparison
with UT118MG cells (both cell lines demonstrate a low levels of hCAR
expression), probably due to different levels of CXCR4 promoter activ-
ity in these cells, CXCR4-to-CMV ratio of Luc expression in HS766T
and UT18MG cells was 0.14+0.009 and 0.02+0.011, respectively
(Figure 3b). Taken together, these findings indicate that infection with
Ad.CXCR4E1.B2 induces efficient cytolysis uniquely in hCEA express-
ing tumor cells.

Ad.CXCR4E1.B2 adds an additional level of specificity to limit
off-target cytotoxicity in normal cells in vitro

For this analysis, we evaluated the hCAR and hCEA surface expres-
sion of normal immortalized liver THLE-3 cells using FACS. As shown
in Table 1, THLE-3 cells resembled a “normal cell phenotype”: hCAR
positive and hCEA negative. To demonstrate the additional level
of specificity of sdAb-targeted CRAds compared to wild-type fiber
containing CRAdSs, THLE-3 cells were infected with increasing con-
centrations of either Ad.CXCR4E1.B2 or Ad.CXCR4E1. Cytotoxicity
was determined five days after infection, using a crystal violet
staining. As shown in Figure 5, in contrast to the CAR-dependent
Ad.CXCR4E1 vector, Ad.CXCR4E1.B2 demonstrated low levels of
cytotoxicity at all indicated concentrations. These data indicate that
the sdAb-mediated transductional retargeting adds an additional
level of specificity to CRAdSs, thereby limiting off-target cytotoxicity.
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In vitro characterization of CRAd replication. (a) Relative Luc expression following infection of human cancer cells with either Ad.CMVLuc

or Ad.CXCR4Luc. Luciferase activity was measured in cell lysates at 48 hours after infection. Data are presented as mean + SD. RLUs, relative light
units. (b) The CXCR4-to-CMV ratios of Luc expression in human cells following infection with Ad.CMVLuc or Ad.CXCR4Luc. Data points represent the
mean + SD of a representative experiment. (c) Evaluation of CRAd replication. Human colorectal adenocarcinoma LS174T cells were infected with
1x10° vp per cell and harvested on indicated time points. Total DNA was isolated and hexon gene copy number was obtained using quantitative PCR.

Data are presented as mean + SD.

Cytotoxicity by Ad.CXCR4E1.B2 is hCAR-independent and inhibited
by soluble hCEA

To demonstrate that Ad.CXCR4E1.B2 infection is hCAR-independent
and hCEA-dependent, competition experiments were performed.
Preincubation of tumor cells with soluble Ad5 knob protein was not
able to block tumor cell cytolysis in Ad.CXCR4E1.B2 infected cells.
However, cytotoxicity of control Ad.CXCR4E1 vector was efficiently
blocked by incubation with the Ad5 knob protein (Figure 6a).
Preincubation of the vectors with hCEA protein was able to effi-
ciently block tumor cell death for Ad.CXCR4E1.B2 but not for control
Ad.CXCR4E1 vector (Figure 6b). Collectively, these data show that
Ad.CXCR4E1.B2 has enhanced tumor specificity for hCEA positive
tumor cell lines compared to endogenous targeted CRAds and is
able to cause subsequent oncolysis.

DISCUSSION

Avery promising targeted oncolytic therapy for the treatment of neo-
plastic diseases is the utilization of CRAd agents. CRAds can only rep-
licate in tumor cells; however, their target cell binding still depends
on the native tropism of the virus. In this early proof-of-concept
study, we evaluated the utility of employing novel anti-hCEA came-
lid single domain antibodies for transductional targeting of oncolytic

Molecular Therapy — Oncolytics (2015) 15001

CRAd agents. To develop a hCEA-targeted recombinant CRAd vector,
an anti-hCEA sdAb was genetically incorporated into a deknobbed
Ad5 fiber-fibritin protein. Additionally, the CXCR4 promoter was
employed for conditional replication of the CRAd. We found that
the fiber-fibritin-sdAb chimera used in this study did not disrupt the
trimerization capability of the adenovirus fiber and the hCEA antigen
recognition. We demonstrated the ability of an anti-hCEA sdAb fused
to a fiber-fibritin chimera to provide specific targeting and efficient
oncolysis of hCEA-expressing tumor cells.

Over the last decades, substantial progress has been made in
approaches to improve CRAd specificity. These efforts for devel-
opment of oncolytic virotherapy agents can be illustrated by the
transcriptional and transductional approaches used for targeting
of CRAd vectors. CRAds were first based on deletion of mutation of
early E7 genes, which allowed replication in specific tumors only.'3-'>
The firstimprovements embodied the use of tumor specific promot-
ers (TSPs).'*’” The most important characteristics of these promot-
ers are their “tumor on” and “liver off” expression profile.’”® Although
several of these promoters have been identified and used in a CRAd
setting, the provided level of tumor cell specificity may not be suf-
ficient. To this end, mRNA translation has been exploited as an addi-
tional strategy to control CRAd replication. The use of long, highly

© 2015 The American Society of Gene & Cell Therapy
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Figure5 hCEA-targeted CRAd does not kill immortalized normal liver
cells. Human immortalized normal liver THLE-3 cells were infected with
increasing concentrations of either Ad.CXCR4E1.B2 or control vector
Ad.CXCR4E1. Cytotoxicity was determined at 120 hours after infection
using a crystal violet staining assay. Number of viable cells is given as
percentage of the cell number of uninfected samples.

structured untranslated regions (UTR) in the adenoviral genome
allows viral translation only in tumor cells with upregulated trans-
lation factors.” Other research groups have recently exploited the
use of miRNA to limit off-target adenoviral replication.?**' However,
even though these approaches have been able to partially restrict
viral tropism, off-target toxicity remains an important issue to be
solved in the field. A successful strategy to transductional retarget
CRAds has not been shown before and therefore we believe this is
the first employment of transductional targeting to enhance CRAd
specificity.

The means to transductional retarget the CRAd has been feasi-
bilized by two approaches recently developed. The first embodies
a fiber modification which maintains trimerization of the fiber and
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Figure 6 Ad.CXCR4E1.B2 induces hCEA-dependent and hCAR-
independent oncolysis. (@) Human colorectal adenocarcinoma LS174T
cells were preincubated with soluble Ad5 knob protein at indicated
concentrations and infected with 2x 10° vp per cell of Ad.CXCR4E1.B2
or Ad.CXCRA4E1. Cytotoxicity was determined at 120 hours after infection
using a crystal violet staining assay. Number of viable cells is given
as percentage of the cell number of uninfected samples. Data are
presented as mean £ SD (*P < 0.01 versus no treatment). (b) Inhibition of
Ad.CXCR4E1.B2 mediated cytotoxicity. Ad.CXCR4E1.B2 and Ad.CXCR4E1
were incubated with hCEA at indicated concentrations. LS174T cells
were infected with 2 x 10° vp per cell of Ad.CXCR4E1.B2 or Ad.CXCR4E1.
Cytotoxicity was determined at 120 hours after infection using a crystal
violet staining assay. Number of viable cells is given as percentage of
the cell number of uninfected samples. Data are presented as mean + SD
(*P < 0.05 versus uninfected).

allows incorporation of large and complex targeting moieties.??
However, conventional antibodies are shown to be incompatible
with capsid formation and therefore unsuitable as targeting moi-
eties.” In this regard, we employed a distinct antibody species
derived from the camelid family which consist of a heavy chain only.
The single variable domain of these antibodies, also called single
domain antibody (sdAb), is highly stable in the cytosolic environ-
ment. On this basis, we produced a replication-deficient adenoviral
vector retargeted by an anti-hCEA-sdAb and showed hCEA-specific
and hCAR-independentinfection.'' This breakthrough preceded our
current study and allowed us to test this system in a CRAd context.

The expression profile of hCEA which is up-regulated in a
wide range of malignant tumors, including colon, gastric, lung,
breast, and pancreatic cancer’*? makes this protein an attractive
tumor-cell specific target for oncolytic virotherapy. To initially vali-
date the compatibility of this transductional retargeting in CRAds
with a transcriptional targeting approach, we derived an infectivity-
enhanced CRAd with replicative specificity achieved by replacement
of the adenoviral E7a promoter with the CXCR4 promoter element.
It was shown that CXCR4, a cell surface chemokine receptor, is
implicated in the growth, invasion, angiogenesis, and metastasis
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(reviewed in refs. 28,29). In this study, we show that genetic incorpo-
ration of a hCEA-specific sdAb in the viral capsid of CRAds provides
an additional level of specificity for tumor cell targeting. Our study
confirmed that transductional targeting resulted in hCEA-depen-
dentbinding. Next, we compared replication with a control CRAd dis-
playing the native Ad5 fiber in the permissive hCEA(+) and hCAR(+)
human colorectal adenocarcinoma LS174T cell line. Ad.CXCR4E1.B2
and control vector Ad.CXCR4E1 displayed a similar replication
pattern, showing that genetic incorporation of the sdAb in the
CRAd viral capsid did not impede replication. To confirm whether
Ad.CXCR4E1.B2 replication led to tumor cell death, cytotoxicity
assays were performed. We characterized hCAR and hCEA expres-
sion in different tumor cell lines and tested cytotoxicity in hCAR(+),
hCEA(+), as well as a double positive and double negative cells.
Obtained data demonstrate that the hCEA-targeted Ad.CXCR4E1.B2
is able to produce cytotoxicity in hCEA(+) cancer cells, irrespective
of the hCAR-status of the cells, in contrast to the wild-type Ad5 and
Ad.CXCR4E1 which induced cell killing of hCAR(+) cells. Also, the
results of the in vitro inhibition assay confirmed hCEA-dependent
and hCAR-independent Ad.CXCR4E1.B2-mediated cytolysis.

We hypothesize that the addition of sdAb-based transductional
targeting will improve the tumor cell selectivity and efficacy of
the transcriptional restricted CRAd agent thereby allowing its
progress into development for oncolytic virotherapy. Thus, a
major goal of this study was to construct an sdAb targeted CRAd
agent, based upon the Ad.CXCR4E1 viral backbone, and to vali-
date its targeting specificity for CEA(+) cancer cells in vitro. Our
experiments sought to test specific replication and subsequent
cytotoxicity of our sdAb-targeted CRAd in a permissive in vitro
setting. However, additional in vivo experiments that are beyond
the scope of this study are required to investigate the biodistribu-
tion of sdAb-targeted CRAds and optimize tumor-specific target-
ing of oncolytic virotherapy. The ultimate read out would be to
test the off-target effect of our system in a replication permissive
in vivo model for CRAdSs. Syrian golden hamsters are known to be
a permissive model to study CRAd targeting.*® However, antibod-
ies for this species are not available yet. Therefore, our approach
cannot be tested in an adequate in vivo model system at this
stage, but this would be of great interest as soon as the required
methods are available.

Although Ad.CXCR4E1.B2 is promising as an agent to achieve
selective targeting and replication in specific target cells, further
optimization of our sdAb-targeted CRAd may be required to obtain
a suitable viral vector for therapeutic use in humans. Foremost, sys-
temic delivery is desired in the clinical setting, as patients may have
tumors that are inaccessible or are already metastatic at the time
of detection. The major problem of systemic adenoviral delivery is
sequestration of the virus by the liver3' Several studies have shown
that this off-target effect is not abolished by hCAR detargeting and
interactions of the hexon capsid protein with blood factors seem to
be involved.??3 It was shown that substitution of the Ad5 hypervari-
able region 7 (HVR7) with HVR7 from adenovirus serotype 3 (Ad3)
decreased liver tropism following systemic administration.>* Also,
shielding of the viral capsid using monovalent (e.g., PEG) or multi-
valent (e.g., HPMA) polymers has been proposed to circumvent liver
sequestration.®® The hexon interaction with blood factors is not the
only way of adenoviral lever sequestration. The RGD motif present
in the penton base is thought to facilitate binding to liver sinusoidal
endothelial cells (LSECs).3¢ Therefore, the next step in this retargeted
virus design would include both hexon and penton base modifica-
tions against liver sequestration.
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In conclusion, we successfully developed a transductional retar-
geted Ad.CXCR4E1.B2 vector, providing an additional level of speci-
ficity over early generation CRAd vectors. Ad.CXCR4E1.B2 is able to
efficiently kill tumor cells overexpressing hCEA. To our knowledge,
thisis the first time that infection and replication of an sdAb-targeted
CRAd is shown. The application of this additional level of transduc-
tional control allows specific targeting of tumor cells and limits
off-target toxicity. The double targeting employing transcriptional
and transductional approaches is a promising means to improve
the therapeutic index for these advanced generation CRAds. This
study, therefore, highlights an important improvement in CRAd
design for future applications in cancer therapy.

MATERIALS AND METHODS
Adenoviral vectors

The fiber-fibritin-hCEA protein was created as described before." Shortly,
alpacas were immunized with soluble human CEA (ProNique Scientific,
Castle Rock, CO) and sdAbs against hCEA were acquired by phage biopan-
ning. Of all screened sdAb clones B2 was the most efficient in binding hCEA.
B2 was fused in single open reading frame with a chimeric fiber-fibritin
protein which contained the N-terminal Ad5 fiber tail region fused to the
trimerizing domain of the fibritin protein of bacteriophage T4 followed by a
peptide linker (G-G-G-S) connected to the B2 sdAb as described previously.??
The fiber-fibritin-B2 (FFB2) protein was retrieved from pKan566FFB2 using
EcoR | and Sal | restriction sites. Recombinant adenovirus genomes were
generated by homologous DNA recombination in E. coli BJ5183 between
the restricted FFB2 and Ad5 fiber gene deleted pVK500C.CXCRA4ET1, result-
ing in pVK500C.CXCR4E1.B2. Insertion of the fiber gene was confirmed by
PCR and partial sequence analysis. The plasmid was linearized using Pac |
restriction and transfected into 293F28 cells using SuperFect Transfection
Reagent (Qiagen, Chatsworth, CA). 293F28 cells stably express the native
Ad5 fiber; therefore, a mixture of fibers was present on the viruses rescued at
this point. After an additional round of amplification in 293F28 cells, viruses
were amplified in Ad5-fiber negative HEK293 cells to obtain viral particles
containing only the B2-fiber. Viruses were propagated in HEK293 cells and
purified twice by CsCl gradient centrifugation. Viral particles were dialyzed
against 10% glycerol in phosphate-buffered saline (PBS). Viral particles (vp)
were quantified by measuring absorbance of the dissociated virusat A, . nm
using a conversion factor of 1.1x 10" vp per absorbance unit.

The Ad.CXCR4E1 conditionally replicative vector and replication deficient
Ad.CMVLuc and Ad.CXCR4Luc vectors were created as described before."
Wild-type Ad5 was kindly provided by Dr H Ugai (Washington University in
St Louis, St Louis, MO). A schematic overview of the vectors used in this study
is presented in Figure 1a.

Cell lines

Human colorectal adenocarcinoma LS174T and human glioma U118MG
cells were purchased from ATCC (Manassas, VA). Human pancreatic car-
cinoma HS766T cells were kindly provided by Dr PG Oliver (University of
Alabama at Birmingham, Birmingham, AL). Human glioma U118-hCAR
cells expressing hCAR were kindly provided by Dr JT Douglas (University of
Alabama at Birmingham). For propagation of our vector we used HEK293
cells, purchased from Microbix Biosystems (Mississauga, Ontario, Canada),
and 293F28 cells expressing wild-type Ad5 fiber protein, which have been
described previously?” All abovementioned cell lines were cultured in
DMEM/F12 (Mediatech, Nerndon, VA) medium supplemented with 10% FBS,
100 IU/ml penicillin and 100 pg/ml streptomycin.

The murine colon adenocarcinoma MC38 and MC38CEA cells have been
described previously.?® MC38CEA cells expressing hCEA were generated by
retroviral transduction with hCEA ¢cDNA. MC38 and MC38CEA cells were
provided by Dr HR Herschman (University of California, Los Angeles, CA)
and cultured in DMEM medium supplemented with 10% FBS, 0.1 mmol/I
NaPyruvate, 100 IU/ml penicillin, and 100 pg/ml streptomycin.

Immortalized primary human liver THLE-3 cells were purchased from
ATCC and cultured in accordance with vendor instructions.

FACS analysis

To determine the levels of hCEA surface expression, approximately 1x10°
cells were collected, washed with PBS, and stained with anti-hCEA rabbit
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19G (Millipore, Billerica, MA) and antirabbit FITC-labeled goat IgG (Millipore)
for 1 hour at 4 °C. Levels of hCAR surface expression were measured with
anti-hCAR mAb (RcmB), kindly provided by Dr J Douglas (University of
Alabama at Birmingham) and antimouse FITC-labeled goat IgG (Molecular
Probes, Eugene, OR). Mouse IgG1 negative control (Millipore) and rabbit IgG
isotype control (Thermo Scientific, Rockford, IL) were used as isotype con-
trols. After washing in PBS for three times, cells were resuspended in FACS
buffer. Approximately 1x10* cells were illuminated at 488 nm, detecting
fluorescence in the FITC (525/20 nm) channel.

Western blotting assay

Fiber-fibritin-B2 expression was evaluated by western blot. Samples con-
taining 5x 10° viral particles were preincubated in Laemmli sample buffer
for 10 minutes at 99 °C or 25 °C for seminative conditions. Proteins were
separated using a 4-20% gradient polyacrylamide Precise Protein gel
(Thermo Scientific, Wilmington, DE). The proteins were blotted onto poly-
vinylidene difluoride (PVDF) membranes and developed with the Sigma
FAST 3,3’-diaminobenzidine system (Sigma-Aldrich, St Louis, MO) according
to the manufacturer’s protocol. Anti-Ad5 fiber mAb (4D2, Thermo Scientific)
and goat-anti-mouse Ig-HRP (DakoCytomation Denmark A/S, Glostrup,
Denmark) were used for Ad5 fiber protein detection.

Luciferase assay

Cells were seeded at 5x 10* cells per well in a 24-well plate and grown over-
night. The next day, medium was removed and cells were infected with
1x103% vp per cell of Ad.CMVLuc or Ad.CXCR4Luc in triplicate. After 1 hour,
cell culture medium was removed and fresh medium was added. After 48
hours, medium was removed, and cells were lysed. The Luciferase Assay
System (Promega, Madison, WI) and Femtomaster FB12 luminometer (Zylux,
Oak Ridge, TN) were used for Luc activity evaluation. Luc activity was nor-
malized by the protein concentration of the cell lysate using DC Protein
Assay (Bio-Rad, Hercules, CA). Data expressed as relative light units (RLU) per
1x10* cells.

Crystal violet cell viability assay

For the measurement of cell viability, cell culture medium was removed after
a given time point and surviving cells were fixed and stained with 1% crystal
violet (Sigma-Aldrich, St Louis, MO) in 70% ethanol for at least 3 hours at
25 °C. The plates were extensively washed in tap-water, air-dried and opti-
cal density was measured at 595 nm using an EL 800 Universal Microplate
Reader (BIO-TEK Instruments, Winooski, VT). The percentage viable cells was
calculated for infected cells relative to uninfected cells.

Thermostability assay

Cells were seeded 2x10* cells per well in a 96-well plate and grown over-
night. Cells were infected with 2 x 10% vp per cell of Ad.CXCR4E1.B2 or control
vector Ad.CXCR4E1 which were incubated at 45 °C for 0, 10, 20, 30, or 40
minutes beforehand. After 72 hours, cell culture medium was removed and
surviving cells were fixed and stained with 1% crystal violet and the percent-
age viable cells was calculated for infected cells relative to uninfected cells
as described above.

In vitro binding assay

Cells were seeded 3x 10° cells per well in a six-well tissue culture plate and
grown overnight.The next day medium was removed and cells were infected
with 1x10° vp per cell of Ad.CXCR4E1 or Ad.CXCR4E1.B2. After incubation at
37 °C for 1 hour, cells were washed in PBS and collected by trypsinization.
The DNA was isolated from the cells using a QlAamp DNA mini Kit (Qiagen,
Chatsworth, CA).

Ad5 hexon expression was measured using quantitative real-time PCR.
Serial tenfold dilutions (from 1x10° to 10 viral particles per reaction) of
viral control DNA were included to establish a standard curve. The follow-
ing primers were used for Ad5 hexon gene detection: Ad5Hexon-fwd: 5-TAC
GCA CGA CGT GAC CAC A-3’, Ad5Hexon-rev: 5-ATC CTC ACG GTC CAC AGG
G-3’ and the following TagMan probe was used: Ad5Hexon-probe: 5’-6FAM-
ACC GGT CCC AGC GTT TCA CGC-BHQ1-3’. Mouse B-actin gene expression
was used to normalize the samples. The following mouse B-actin probes
were used: mpB-actin-fwd: 5-AGC TGG AGG ACT TCC GAG ACT-3", mp-actin-
rev: 5-TGG CAC TTC TCC TGC ACC TT-3’, and mp-actin-probe: 5’-HEX-TAG
ACG CCT GCA CAA GCC GCC-BHQT-3".
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In each reaction, 20 ng of total DNA was added to a total of 10 pl of reac-
tion mixture containing 2x Fast Start TagMan Probe Master Mix (Roche
Applied Science, Indianapolis, IN), 333 nmol/l of each primer and fluorogenic
probe. Reactions were carried out in triplicates in a 96-well reaction plate
(PE Applied Biosystems, Grand Island, NY) in a spectrofluorimetric thermal
cycler (LightCycler 480 Real-Time PCR system, Roche Applied Science). The
following program was used: denaturation (2 minutes at 95 °C) and amplifi-
cation with 45 cycles (15 seconds at 90 °C and 60 seconds at 60 °C). The level
of binding to MC38 and MC38CEA cells was determined as the Ad hexon
gene copy number per 20 ng total DNA.

Quantitative virus replication

Cells were seeded at 3x10° cells per well in six-well tissue culture plates
and grown overnight. The next day medium was removed and cells were
infected with 1x 10° vp per cell of Ad.CXCR4E1 or Ad.CXCR4E1.B2. After incu-
bation at 37 °C for 1 hour, the medium was replaced. Cells were harvested
1, 24, 48, 72, and 120 hours after infection, subjected to three freeze-thaw
cycles and centrifuged at 5,000 RPM for 5 minutes. DNA from infected cells
was isolated using QlAamp DNA Mini Kit (Qiagen, Chatsworth, CA). qPCR
was performed as described above. Human B-actin gene expression was
used to normalize the samples. The following human B-actin primers and
probes were used: B-actin-fwd: 5’GAG GCA TCC TCA CCC TGA AG-3’, B-actin
rev: 5'TCC ATC TCG CAG TTG GT-3’, and B-actin probe: 5"-HEX-CCC CATCGA
GCA CGG CAT CG-BHQ1-3".

In vitro cytotoxicity assay

To measure cytotoxicity of the sdAb-retargeted CRAd, cells were seeded into
96-well tissue culture plates at 5x 10° cells per well, incubated for 24 hours
and infected with CRAd vectors at 1x 10° vp per cell. After 120 hours, cell cul-
ture medium was removed and surviving cells were fixed and stained with
1% crystal violet and measured as described above.

Competitive inhibition assay

To block hCAR specific transduction, cells were seeded 1x 10° cells per well
in a 24-well tissue culture plate and incubated after one day with 100 or
200 pg/ml of soluble Ad5 knob protein for 1 hour at 4 °C before infection
with Ad.CXCR4E1.B2 or Ad.CXCR4E1 at 2x 10° vp per cell. After 120 hours,
the cells were stained with crystal violet as described above. To block hCEA
specific transduction, cells were seeded 1x10° cells per well in a 24-well
tissue culture plate. Both Ad.CXCR4E1.B2 and Ad.CXCR4E1 were incubated
with 0.3, 1, 3, or 10 pg/ml of recombinant hCEA protein (ab742, Abcam,
Cambridge, MA) for 30 minutes at room temperature. Afterwards cells were
infected with the virus-hCEA mixture at 2x 10° vp per cell. After 120 hours,
the cells were stained with crystal violet as described above.

Statistical analysis

In experiments where triplicates were run to reduce measurement error, the
statistical analyses were conducted on the mean triplicate value. All error
terms are expressed as the standard deviation of the mean. Significance lev-
els for comparison of differences between groups in the in vitro experiments
were analyzed by the Student’s t-test. The differences were considered sig-
nificant when P value was <0.05. All reported P values are two-sided.
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