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Vectorization in an oncolytic vaccinia virus of an antibody, a Fab and a scFv against
programmed cell death -1 (PD-1) allows their intratumoral delivery and an improved
tumor-growth inhibition
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ABSTRACT
We report here the successful vectorization of a hamster monoclonal IgG (namely J43) recognizing the
murine Programmed cell death-1 (mPD-1) in Western Reserve (WR) oncolytic vaccinia virus. Three forms of
mPD-1 binders have been inserted into the virus: whole antibody (mAb), Fragment antigen-binding (Fab)
or single-chain variable fragment (scFv). MAb, Fab and scFv were produced and assembled with the
expected patterns in supernatants of cells infected by the recombinant viruses. The three purified mPD-1
binders were able to block the binding of mPD-1 ligand to mPD-1 in vitro. Moreover, mAb was detected in
tumor and in serum of C57BL/6 mice when the recombinant WR-mAb was injected intratumorally (IT) in
B16F10 and MCA 205 tumors. The concentration of circulating mAb detected after IT injection was up to
1,900-fold higher than the level obtained after a subcutaneous (SC) injection (i.e., without tumor)
confirming the virus tropism for tumoral cells and/or microenvironment. Moreover, the overall tumoral
accumulation of the mAb was higher and lasted longer after IT injection of WR-mAb1, than after IT
administration of 10 mg of J43. The IT injection of viruses induced a massive infiltration of immune cells
including activated lymphocytes (CD8C and CD4C). Interestingly, in the MCA 205 tumor model, WR-mAb1
and WR-scFv induced a therapeutic control of tumor growth similar to unarmed WR combined to
systemically administered J43 and superior to that obtained with an unarmed WR. These results pave the
way for next generation of oncolytic vaccinia armed with immunomodulatory therapeutic proteins such as
mAbs.

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; APC, antigen presenting cells; CDC, complement
directed cytotoxicity; CEF, chicken embryo fibroblast; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; DC, den-
dritic cells; ECL, enhanced chemiluminescence; ELISA, Enzyme-linked immunosorbent assay; Fab, Fragment antigen-
binding; GM-CSF, granulocyte/macrophage-colony stimulating factor; HC, heavy chain; HRP, horseradish peroxidase;
ICI, immune checkpoint inhibitors; IgG, immunoglobulin G; IT, intratumorally; LC, light chain; mAb, monoclonal anti-
body; MOI, multiplicity of infection; MVA, modified vaccinia Ankara virus; PD-1, programmed cell death- 1; PD-L1,
programmed death-ligand-1; PFU, plaque forming unit; Q-PCR, quantitative polymerase chain reaction; RR, ribonu-
cleotide reductase; SC, subcutaneously; scFv, single-chain variable Fragment; SEC, size exclusion chromatography;
TAA, tumor-associated antigen; TK, thymidine kinase; TME, tumor microenvironment; VEGF, vascular endothelial
growth factor; VGF, virus growth factor; VH, variable domain of heavy chain; VL, variable domain of light chain; WB,
Western blot; WR, Western Reserve (strain of Vaccinia virus)
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Introduction

Oncolytic viruses belong to different groups of viruses that
share the properties to preferentially target and destroy tumoral
cells. Some of those oncolytic viruses are currently evaluated for
their safety and efficacy to treat several cancers in different

clinical trials.1 The leading product: ImlygicTM (a modified her-
pes simplex virus 1 expressing human granulocyte-macrophage
colony-stimulating factor, GM-CSF) has been recently
approved by the FDA for treatment of unresectable cutaneous,
subcutaneous and nodal lesions in patients with melanoma
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recurrent after initial surgery.2 Vaccinia viruses also have pro-
vided several promising oncolytic candidates such as JX-594
(SillaJen/Transgene), GL-ONC1 (Genelux), TG6002 (Trans-
gene) and vvDD-CDSR (University of Pittsburgh). These onco-
lytic vaccinia viruses originate from different strains and carry
different genomic modifications (i.e., deletions with or without
insertion of transgenes).

Some deletions of viral genes are necessary to improve the
safety profile of the virus, by restricting its amplification into
actively dividing cells only, including tumor cells.3 Oncolytic
vaccinia viruses can also be modified to express a transgene
(armed virus) that either increases their safety profile or enhan-
ces their oncolytic efficiency.4 For example, TG6002 is a double
deleted thymidine kinase (TK-), ribonucleotide reductase (RR-)
Copenhagen vaccinia virus strain encoding an enzyme (FCU1)
that transform the anti-fungal prodrug 5-fluorocytosine (5-FC)
into the cytotoxic 5-Fluorouracil (5-FU).5 The double deletion
restricts the replication of the virus to cells containing a high
pool of nucleotides (dividing cells). Therefore, TG6002 is
unable to replicate in resting cells contrary to tumor cells that
are permissive and destroyed by the virus.6 Another example of
oncolytic vaccinia virus is JX-594 (Pexa-Vec) that is currently
evaluated in several clinical trials for treatment of different solid
tumors.4 JX-594 is a TK- Wyeth vaccinia virus that expresses
both human GM-CSF and bacterial b-galactosidase. GM-CSF
is produced in the tumor where it stimulates the immune sys-
tem and b-galactosidase is used as marker to monitor the viral
replication.

In immuno-competent pre-clinical models, treatment of a
tumor by an oncolytic vaccinia virus leads from partial to total
regression depending of the host, the nature of the tumor, the
dose and route of administration, the strain and the modifica-
tions of the virus and the associated treatments. These anti-
tumoral effects of oncolytic vaccinia virus are mainly due to a
combination of at least three recognized activities: (i) direct
lysis or triggered apoptosis of infected tumor cells; (ii) disrup-
tion of tumor-associated vasculature by destruction of peri-
tumoral endothelial cells and (iii) elicitation of an immune
response against tumor cells.6,7,8,9 Concerning the latter point,
virus replication stimulates the innate immune system by
inducing an immunogenic cell death that is recognized by, and
activates, neighboring professional antigen presenting cells
(APC) such as dendritic cells (DC).10 The presentation of
tumor-associated antigen (TAA) by these activated APC leads
to an enhanced adaptive immune response against tumor cells
that in turn participates in tumor destruction.11

Moreover, oncolytic vaccinia virus has also been combined
with successes in pre-clinical experiments with standard thera-
peutic treatment of cancer such as chemotherapy, radiotherapy,
thermotherapy and immunotherapy.4 Immunotherapies are
particularly interesting because of the potential additive or syn-
ergistic activities between an oncolytic virus that primes an
immune response against the tumor cells, and immunomodula-
tion molecules (such as mAbs) that sustain and/or amplify this
response.

Accordingly, John et al.12 reported the combination of a vac-
cinia virus WR TK-, virus growth factor (VGF)- with an agonist
mAb recognizing the T cell co-stimulation molecule 4-1BB
(CD137). Crosslinking of CD137 with an agonist mAb induces

proliferation, survival and activation of both CD8C and CD4C

T cells. In a murine model of breast carcinoma, intratumoral
(IT) injections of vaccinia virus combined with systemic
administrations of agonist anti-CD137 had a better antitumoral
effect than any of the treatment alone. Moreover, Rojas et al.13

have demonstrated recently in different murine tumor models
that combination of a vaccinia virus WR (TK-, B18R-) with an
antagonist mAb recognizing the cytotoxic T-lymphocyte-asso-
ciated protein 4 (CTLA-4), provided a better antitumoral
response than either of the treatment alone. Antibodies against
the checkpoint molecules PD-1 (Programmed cell death 1),
CTLA-4 or PD-L1 (PD-1 ligand 1) are the most documented
immune checkpoint inhibitors (ICI) both in pre-clinical and
clinical studies.14 PD-1 or CTLA-4 ligations, by their respective
ligands, on the surface of the activated T cells inhibit their acti-
vation and proliferation in lymphoid organ and in tumor
microenvironment. Therefore, mAbs that block the interaction
of PD-1 or CTLA-4 with their ligands stimulate proliferation of
T cells and then enhance the immune response.15

These results paved the way to test more combinations of
vaccinia oncolytic virus with other immunomodulatory anti-
bodies or equivalent molecules (e.g., either antagonists of ICI,
or agonists of co-stimulatory molecules). Even if these combi-
nations prove to be pre-clinically advantageous, their medical
implementations could be hampered by the development cost
associated with the two drugs and would be limited to antibod-
ies or molecules that are already on the market.

One alternative to combination therapy could be the vectori-
zation of mAbs (or equivalent molecules) into oncolytic vac-
cinia viruses. Vectorization consists in the insertion of
sequences coding for the two chains of a monoclonal antibody
(or equivalent molecule) into the virus genome under the con-
trol of vaccinia promoters. Therefore, the production of “bind-
ers” (i.e., mAb, Fab, scFv, ligand…) would occur concomitantly
with virus replication and mainly in the tumor. However, to
validate this approach, several key questions remain to be
addressed such as (i) the kind of molecule that can be vector-
ized; (ii) the functionality of produced binders; (iii) the dura-
tion and the amount of vectorized binder that can be produced
in vivo in an immuno-competent host; and (iv) the putative
competitive therapeutic advantage of this armed virus in com-
parison to its parental counterpart.

We present here experimental results providing answers to
the above questions. This article focuses on the vectorization, of
mAb, Fab and scFv forms of an anti mPD-1 antibody in a vac-
cinia virus. These three forms of binders have been chosen as
they offer different properties that could have an impact on the
expected antitumoral effect. Mab are bivalent and therefore bind
to target with an increased apparent affinity (avidity effect),
whereas scFv and Fab are mainly monovalent. Mab have an Fc
that is responsible for high circulating half-life but also for the
engagement of complement and recruitment of killer cells (phe-
nomenon known as, Complement directed cytotoxicity, CDC
and Antibody-dependent cellular cytotoxicity, ADCC, respec-
tively). Mab are much bigger than scFv or Fab (150 vs. 25 or
50 kDa) and therefore their diffusion into the tumor could be
limited by their size. Mab have also complex heterotetrameric
structure that may impair their level of expression compared to
scFv that are monomeric and Fab that are dimeric.
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This article presents the vectorization in vaccinia virus of
mAb, Fab, and scFv recognizing mPD-1. MAb, Fab, and scFv
have been produced in vitro upon infection of permissive cells
by the corresponding recombinant viruses. These molecules
have been purified and characterized as functional (i.e., inhibit
the PD-L1/PD-1 interaction). The kinetic of expression of the
mAb in mice after IT injection of vaccinia virus carrying the
sequences coding for the anti-PD-1 heavy and light chains was
also investigated. Finally, in an immunocompetent murine
model, the antitumoral efficacy of the unarmed virus, com-
bined or not, with an anti-mPD-1 was compared with that of
armed vaccinia viruses encoding for either mAb or scFv against
mPD1. In this model, armed viruses were found as efficient as

the combination of unarmed virus with anti-mPD-1 mAb, in
term of effect on tumor growth and survival.

Results

Recombinant mAb, Fab and scFv, vectorized in WR
vaccinia virus, are secreted and correctly assembled

J43 mAb DNA sequence was designed using the publically
available partially disclosed sequences of heavy and light chain
(patent US 7,858,746 B2). The partial sequences were com-
pleted by the constant heavy chain of anti-CD79b mAb and the
signal sequence of the light chain of anti-CD79b mAb.

Five WR recombinant vaccinia viruses were constructed by
insertion at the TK locus of either the light and heavy chains
(mAb and Fab) or the corresponding scFv (Fig. 1). In the case
of mAb and Fab, two versions were constructed with the heavy
and the light chain under the control of either pH5R or p7.5K
promoters (i.e., WR-mAb1, WR-mAb2, WR-Fab1 and WR-
Fab2). The WR strain was chosen for its ability to better propa-
gate in murine cells in comparison to other vaccinia virus
strains. All the WR virus presented in this article were also
deleted of the ribonucleotide reductase gene (RR-).

In order to select the combination chain/promoter that
allows the best expression of the mAb and Fab, with a correct
assembly, Chicken Embryo Fibroblasts (CEF) were infected
with the two versions of recombinant virus and cell superna-
tants analyzed by immunoblot, with a polyclonal anti-hamster
IgG. Gel electrophoresis was performed in non-reducing condi-
tions to preserve the assembly of light and heavy chains and to
allow an optimal detection (i.e., the polyclonal antibody used
for detection did not recognized reduced IgG and Fab chains).

Fig. 2A demonstrates that WR-mAb1 and WR-mAb2 were
equally able (in roughly same quantities) to generate a molecule
with an assembly pattern comparable to that of commercial J43

Figure 1. Schematic representation of the expression cassettes inserted in TK
locus of the five WR vaccinia virus candidates constructed for this study. The
insertion of cassettes disrupted the TK gene. The RR gene (not shown here)
was also deleted in all the virus used in this study. For mAb and Fab each
chain (heavy and light) is under the control of a different and independent
promoter (namely p7.5K or pH5R) with their own strengths (i.e., level of pro-
tein expression). Mab corresponds to the whole molecule with two heavy
and two light chains assembled to form a bivalent molecule 2 £ (Light C
Heavy). Fab corresponds to one light chain assembled with one heavy chain
lacking their dimerization domains (i.e., hinge and Fc). Fab is a monovalent
molecule. ScFv corresponds to the genetic fusion of VH to VL via a poly-GS
linker. ScFv is monovalent molecule but a fraction of it can dimerize to form
a divalent molecule. The variable and the constant domains of the light and
heavy chains are represented with hatched and plain patterns, respectively.

Figure 2. Expression of mAb, Fab and scFv by infected CEF. CEF in six wells plate were infected at MOI 0.2 by either WR (TK- RR-: negative Control: lanes 1 and 7),
WR-mAb1 (lane 2), WR-mAb2 (lane 3), WR-Fab2 (lanes 4 and 9), WR-Fab1 (lanes 5 and 10) and WR-scFv (lane 8). After 24 h of infection the culture supernatants were
collected and loaded on SDS-PAGE in non-reducing (A) or reducing conditions (B). Commercially available J43 was also loaded (lane 6) as a reference. After transfer onto
PVDF membrane, mAb, Fab and scFv were detected using either an anti-hamster IgG (A) or an anti-Histidine tag (B). M: molecular markers. Arrow: putative dimeric light
chain. Arrow head: correctly assembled Fab.
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(i.e., an apparent size corresponding to two heavy and two light
chains linked together). However, in case of WR-mAb2, an
extra band between 43 and 55 kDa was clearly visible (lane 3).
A band, in the same position, with the same intensity, was also
clearly visible in case of WR-Fab2 (lane 4). WR-mAb2 and
WR-Fab2 viruses have in common the same light chain under
the same strong promoter (pH5R). Moreover, it is well known
that antibody light chain can assemble in homodimers when
overexpressed.16 This extra band, migrating between 43 and
55 kDa, could correspond to the light chain disulfide cross-
linked homodimers with a theoretical mass of 47 kDa.

Fig. 2A also demonstrates that the WR-Fab1 produced the
highest amount of correctly assembled Fab without any detect-
able misassembled by-product (lane 5).

In the case of WR-Fab1 & 2 and WR-scFv, cell supernatants
were analyzed by immunoblot (gel electrophoresis in reducing
conditions) with an anti-His tag to detect either the tagged scFv
or the tagged heavy chain fragment of the Fab. Fig. 2B demon-
strates that the scFv was expressed at the expected size (i.e
27.5 kDa) and that infection by WR-Fab1 generated a larger
amount of heavy chain fragment than infection by WR-Fab2.
These expression tests were also performed using two mamma-
lian cell lines (BHK-21 and A549) and provided similar results
(data not shown). All together, these results showed that
infected cells secreted mAb, Fab and scFv at detectable levels
and, for some constructions, with the expected light and heavy
chain assembly. WR-mAb1 and WR-Fab1 were selected for
further experiments, as the expression pattern of their trans-
genes was closer to the expected ones than those of WR-mAb2
and WR-Fab2.

The replicative and oncolytic abilities of WR-mAb1, WR-
Fab1 and WR-scFv were compared to those of the parental
virus (WR) to assess the impact of the different transgenes on
the virus properties. Three cells lines were used: BHK-21 as
permissive and production cell line, B16F10 and MCA 205 as
murine tumor cell lines (melanoma and fibrosarcoma

respectively). Figs. 3A–C demonstrates that on the three cell
lines tested, none of the transgenes had a significant impact on
the viral replication. It is noteworthy that the replication of WR
viruses was similar in BHK-21 and MCA 205 but significantly
slower in B16F10 (even if at 72H post-infection the same pla-
teau of virus titer is reached for the three cell lines. Fig. 3D).
The oncolytic activity of the different viruses was evaluated in
the three cell lines at two MOI. Because of the intrinsic variabil-
ity of the virus titration assay, two oncolytic activities are con-
sidered different when at least one log difference is observed
between them (i.e., same cell viability observed for the two
viruses but at MOI different by at least 10-fold). According to
this standard, neither the different transgenes nor the addition
of J43 monoclonal antibody in culture medium had a signifi-
cant impact on the oncolytic activity of the WR vaccinia virus
tested (Figs. 3E–G; Fig. S1). Moreover, oncolytic sensitivity of
the three tested cell lines follows the same pattern as the repli-
cation results, with BHK-21 and MCA 205 cell lines being the
most sensitive to oncolysis and B16F10 the most resistant. The
relative resistance of B16F10 compared to MCA 205 and BHK-
21 did not result in a reduced amount of produced mAb1, indi-
cating that WR-mAb1 is clearly infecting and replicating in
B16F10 (Fig. 3H).

Purification and characterization of recombinant mAb1,
Fab1 and scFv expressed by WR-infected cells

Recombinant mAb1, Fab1 and scFv from pooled supernatants of
WR-infected CEF were successfully purified to homogeneity by
affinity chromatography followed by size exclusion chromatogra-
phy (SEC). This expression/purification process was repeated once
for mAb1 and Fab1 (batches 1 and 2). None of the three purified
proteins contained significant amount of aggregated material. ScFv
eluted in two separated peaks on gel filtration (Fig. 4A). The peak
that eluted first (peak 1) had a surface 7-fold lower than the second
one (peak 2). Peak 1 and peak 2 could correspond, respectively, to

Figure 3. In vitro replication and oncolytic activities of the different viruses. Replication of WR-mAb1, WR-Fab1, WR-scFv and WR, and their effects on cell viability, have
been assessed on MCA 205, B16F10 and BHK-21 cell lines. The virus replication was monitored over time by q-PCR after an initial infection at MOI 10¡2 on BHK-21 (A),
B16F10 (B) and MCA 205 (C). The replication of WR-mAb1 on the three cell lines was compared and shown in panel D. Cell viability of BHK-21 (E), B16F10 (F) and MCA
205 (G) was measured using trypan blue exclusion assay after 5 d post-infection with the different viruses and at two MOI (10¡2 and 10¡3). MAb1 concentration in
supernatants collected 5 d post-infection was determined using a quantitative hamster IgG ELISA (H). Represented values are the mean (C/¡ standard deviation) of at
least three measurements (see material and methods for details).
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dimeric and monomeric scFv. Purified mAb and scFv loaded, on
SDS-PAGE, displayed the expected band pattern in both non-
reducing and reducing conditions without any visible contaminant
(Fig. 4B). Recovered quantities and concentrations for each purifi-
cation are summarized in Table 1. The purified molecules were
used as standard on SDS-PAGE to quantify by fluorescence the
corresponding protein in the supernatants of infected CEF (i.e.,
starting material of the purifications). Results are summarized in
Fig. 4C that shows that the scFv was expressed at the highest
amount (»2 and 9-fold in mass or »4 and 54-fold in mole com-
pared, respectively, with Fab andmAb).

The glycosylation of the Fc part of a mAb plays an impor-
tant role in its ADCC and CDC potencies. Therefore, glycosyla-
tion of the purified mAb1, J43 and Rituximab (as reference)
was analyzed by LC-MS/MS after trypsin digestion of the anti-
bodies (mass of the glycosylated peptides). The results show
that the glycosylation profiles of recombinant mAb1, commer-
cial J43 and Rituximab were comparable (Fig. S2). This result
indicates that in these conditions (i.e., hamster IgG vectorized
in WR vaccinia virus and expressed by infected CEF) the
glycosylation of Fc was similar to the one observed for a human
IgG expressed by a stably transfected Chinese Hamster Ovary
(CHO) cell line (i.e., Rituximab).17

Recombinant mAb, Fab and scFv are functional

In order to verify that the purified recombinant mAb1, Fab1
and scFv were able to bind to mPD-1, these molecules were
incubated with T lymphoma-derived EL4 cells that spontane-
ously display mPD-1 at their surface. The binding of anti-PD-1
molecules to cells was analyzed by flow cytometry. Fig. 5A
shows that recombinant mAb1, Fab1 and scFv efficiently label
the murine T lymphocyte cell line.

Figure 4. Characterization and quantification of mAb, Fab and scFv purified from supernatants of infected CEF. Size exclusion chromatography profile of scFv after the
affinity chromatography step (A). ScFv eluting from the Ni affinity column was pooled and loaded of Superdex 75 10/300 equilibrated in PBS. Absorbance at 280 nm and
elution volume were recorded. Area of peak 2 was about 7-fold area of peak 1. V0 is the void volume of the column. SDS-PAGE profiles of purified recombinant mAb1
and scFv in reducing and non-reducing conditions (B). 1 mg of purified recombinant mAb1 and scFv were loaded on SDS-PAGE in reducing (R) and non-reducing (NR)
conditions. J43 (BioXcell) was loaded as reference in the case of mAb1. Quantification of mAb, Fab and scFv in supernatants of the infected cells (C). Supernatants of
infected CEF were recovered 48 h after infection and loaded on stain-free SDS-PAGE together with corresponding purified and quantified molecules as standards. Fluores-
cence intensity of the bands of interest was measured for each supernatant. Quantity of produced protein was determined using the fluorescence of standards as refer-
ence. Represented values are the mean (C/¡ standard deviation) of three measurements.

Table 1. Quantities and concentrations of purified recombinant mAb1, Fab1 and
scFv recovered from supernatants of WR-infected CEF.

Virus/batch Conc (mg/mL) Total quantity (mg)

WR-scFv peak 1 22 28
WR-scFv peak 2 143 287
WR-Fab1 batch1 51 30
WR-Fab1 batch2 33 56
WR-mAb1 batch1 33 13
WR-mAb1 batch2 34 32
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J43 has been selected for vectorization because it inhibits the
interaction of mPD-1 with mPD-L1.18 Therefore, two competi-
tive assays were designed to determine if the recombinant
mAb1, Fab1 and scFv, expressed by recombinant WR vaccinia
viruses infected CEF, were functional. The first assay was an
ELISA in which the binding of labeled mPD-L1 to immobilized
mPD-1-Fc was monitored. The second assay is a flow cytome-
try assay in which the binding of unlabeled mPD-L1 to EL4
cells was monitored. In both assays, the three forms of blocker
tested were able to inhibit the interaction mPD-1/PD-L1 in a
dose-dependent manner (Figs. 5B and C). Dimeric formats
(either mAb1 or scFv peak1) were more potent competitor
than their monomeric counterpart formats (Fab1 or scFv
peak2) indicating the importance of avidity in the interaction.
Interestingly, the purified recombinant mAb1 appeared in both
assays to be more potent than the commercial mAb used as
positive control indicating that the design of mAb1 from par-
tial J43 sequence and anti-CD79b hamster IgG was correct.
Note that Fab does not have any advantage over scFv (either
in produced quantity or affinity for mPD-1). Therefore, the
characterization of WR-Fab1 was not pursued.

All together these data demonstrate that the vectorization in
WR vaccinia virus of the three forms of anti-mPD-1 has yielded
to functional molecules.

Vectorization of mAb1 in WR allows its intratumoral
expression

In order to determine if the vectorized mAb could be produced in
vivo, mice with and without subcutaneous B16F10 or MCA 205
tumors were injected with WR-mAb1 (vehicle and WR were also
injected as negative controls for B16F10 and MCA 205 models,
respectively). Viruses were injected either SC (without tumor) or
IT. In the case of B16F10 model, the virus was injected once
whereas in the MCA 205 model it was administered twice (3 d
apart). As a benchmark, 10mg of commercial J43 was also injected
IT. Virus intratumoral replication was assessed at different time
points, by q-PCR on a dedicated experiment in the MCA 205
model. Concentration of mAb was measured at different time
points, both in serum and in tumor after a gentle homogenization
to preserve cells integrity (interstitial fluid). All the negative control
samples (vehicle in case of B16F10 or unarmed vector in case of
MCA 205) did not yield any detectable hamster IgG (i.e., concen-
tration below LOD). Fig. 6 shows that when WR-mAb1 was
injected IT, mAb1 was detected in tumor from day 1 to day 11 with
the highest concentrations reached at D3 (for MCA 205, before the
second injection) or D5 (for B16F10). The concentrations of mAb1
in serum followed the same trend as in tumor with peaks of accu-
mulation at D3 or D5 depending on the model. However, in

Figure 5. Binding of the purified recombinant mAb1, Fab1, scFv to mPD-1. Binding of purified mAb1, Fab1 and scFv to mPD-1-positive EL4 cells (A). Murine T lymphoma
EL4 cells were incubated with commercially available J43 (positive control), hamster IgG (negative control), Fab1, monomeric scFv, mCD80-hFc-6xHis (His-tagged positive
control, CD80 binds to PD-L1 expressed by EL4 cells) or hErbB2-hFc-6xHis (His-tagged negative control). Binding of mAbs and 6xHis-tagged proteins was detected by
flow cytometry using either FITC-conjugated mouse anti-hamster IgG antibody or PE-conjugated mouse anti-His tag antibody. Competition between purified recombinant
mAb1, Fab1, scFv (monomeric and dimeric fractions), J43 and mPD-L1 (B and C). Binding of biotinylated mPD-L1-hFc to immobilized mPD-1, or binding of unlabeled
mPD-L1-hFc to EL4 cells, in presence of increasing concentrations of competitors (J43, mAb1, Fab1, scFv) or negative control (Hamster IgG) was measured in ELISA (B) or
flow cytometry (C) assays. PD-L1 was detected using either streptavidin-HRP or anti-human-Fc-PE. The signal obtained with the lowest concentration of hamster IgG was
set as 100%. Represented values are the mean of two normalized measurements.
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contrast to the situation in tumor, significant amounts of mAb1 in
serum were no more detected after day 5. Interestingly, when the
recombinant virus was injected by IT route, the concentration of
mAb1 in serum was up to 68 (MCA 205) or 1,900 (for B16F10)
times higher than the concentration measured when WR-mAb1
was injected SC (i.e., without tumor). These results strongly sup-
port the concept of preferential virus replication in tumor. The
maximum concentration of mAb1 either in serum or in tumor was
higher in the case of the B16F10 model after a single injection than
in the case of MCA 205 model with two injections. This result
could reflect the difference of antibody productivity observed in
vitro with the two cell lines (Fig. 3H, MOI 10¡2), but could be also
explained by a difference of tumor mass, and structure, at the first
injection (»600 vs. »170 mg for, respectively, B16F10 and MCA
205).

The pharmacokinetics and biodistribution of the antibody
after a single IT injection of either J43 or WR-mAb1 are very
different. In the case of the IT injection of 10 mg of J43 the
maximum concentration is logically measured in plasma and
in tumor the day following the injection (D1 for B16F10 or D1
and D5 for MCA 205). In contrast, in the case of the IT injec-
tion of WR-mAb1, these maximum concentrations are reached
at D3 or D5, and mirror the virus replication (Fig. S3). More-
over, at all time points except D1, mAb1 concentrations in

tumor after virus treatment were much higher than the concen-
tration of J43 after IT injection of 10 mg. Finally, the mAb dis-
tribution in tumor was assessed by the ratio: [mAb in tumor]/
[mAb in serum] at all time points. These tumor accumulation
ratios (Table 2) were much higher, for both models and for all
time points, after WR-mAb1 than after J43 IT injection illus-
trating a continuous in situ production in case of treatment
with the recombinant virus.

These data together demonstrate that vectorization of mAb1
in WR allowed a production of significant amount of the anti-
body mainly in tumor. The IT accumulation of mAb1, after

Figure 6. In vivo expression ofmAb1 after injection ofWR-mAb1. C57BL/6micewere implanted SCwith either 3 105 B16F10 (A, C) or 8 105MCA 205 cells (B, D).When tumors reached
100–200 mm2 (B16F10) or 40–60 mm2 (MCA 205), 107 pfu of WR-mAb1 or WR (negative control) or J43 (BioXcell, 10 mg) were injected IT. For mice without tumor, viruses were
injected S.C. at the same time points. For MCA 205 tumors only, a second injection of the virus was performed 3 d after the first one. Blood, and tumors of three mice were collected
at each time point i.e.: Days 1, 3 (MCA 205 only), 5, 7 (MCA 205 only) and 11 after virus or antibody injections. Concentrations of recombinant mAb or J43 were measured in tumor
homogenates (A, B) or in sera (C, D) by sandwich ELISA using anti-hamster IgG antibodies and J43 as standard. The limit of quantification (LOQD 2-fold the mean of blanks) of the
ELISA was 2 ng/mL. The negative controls had no detectable hamster IgG (i.e., concentrations below the LOQ). The mean and the standard deviation of three measurements are
represented.

Table 2. Tumor/Serum ratio of concentrations of hamster IgG after I.T. injection of
either J43 (BioXcell) or WR-mAb1. If one of the concentrations was below the LOQ,
LOQ was used to calculate the ratio which appears in the table labeled with �. (NA:
not applicable, ND: not detected, i.e., both concentrations in tumor and serum
were below LOQ).

Day post-injection

Models treatments 1 3 5 7 11

B16F10 J43 0.6 NA 0.2 NA 3�

WR-mAb1 31 NA 4 NA 605�

MCA 205 J43 0.2 0.1 0.1 4� ND
WR-mAb1 8 13 51 84� 132�
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administration of WR-mAb1, was much higher and lasted lon-
ger than after injection of 10 mg of the equivalent protein.

Vectorization of mAb1 and scFv improved the antitumoral
efficacy of WR vaccinia virus in the MCA 205 model

In order to determine whether the IT expression of vectorized
mAb1, or scFv, could improve the antitumoral efficacy of WR
vaccinia virus, the two candidates were tested in two syngeneic
tumor models (melanoma: B16F10, fibrosarcoma: MCA 205),
where WR oncolytic treatments have effects both on tumor
growth and survival. For both models, the tumor growth was
measured and compared to those of groups of animals treated
with an unarmed WR or a combination of an unarmed WR
with J43 (MCA 205 model only). As expected for both models,
the IT injections of parental WR inhibited the growth of the
tumor (Fig. 7A and Fig. S4A) and improved the survival of the
treated animals in case of the B16F10 (Fig. 7B; Fig. S4B). But,
in the case of B16F10, neither WR-mAb1 nor WR-scFv, pro-
vided an improved antitumoral activity or survival compared
to the parental unarmed WR (Fig. S4A and B). However it is
worth to note that in B16F10, the systemic administration of
anti-mPD-1 in combination with IT injections of WR did not
improve the tumor-growth inhibition of the virus treatment
alone (data not shown) indicating that this model is not

suitable for the evaluation of the WR candidates encoding dif-
ferent forms of anti-mPD-1 molecules. In contrast, MCA 205
model has shown to respond to both WR and J43 with at least
an additive effect in case of combination (Fig. 7A). Interest-
ingly, in this permissive model, WR-mAb1 and WR-scFv had
an antitumoral efficacy comparable to the combination WR/
monoclonal J43 indicating that the levels of intratumoral
expression of mAb1 or scFv were sufficient to get the efficacy
obtained with large dose of systemic administration (3 £
250 mg) of J43. Moreover, inhibition of MCA 205 tumor
growth translated into a significantly enhanced survival in case
of WR-mAb1 treatment compared to either WR or J43 alone
(Fig. 7B). This gain of survival (vs. WR or J43 alone) achieved
with WR-mAb1 was comparable to the one reached with the
combination WR/J43.

These results together demonstrated that vectorization of an
anti-PD-1 monoclonal or scFv in an oncolytic WR vaccinia
virus is as efficient as the combination of an “unarmed” WR
with systemic administrations of anti-PD-1 antibody.

IT injection of WR oncolytic virus induced a massive
infiltration of immune cells

Intratumoral injection into established MCA 205 tumors in
C57BL/6 mice of both empty WR and WR-mAb1 significantly

Figure 7. WR-mAb1 and WR-scFv have an improved tumor-growth inhibition activity compared to WR parental virus. MCA 205 tumors were implanted in C57BL/6
(n D 12) and treated as described in Fig. 6. Tumor growth was monitored by measuring length and width of the tumor over time. Mice were euthanized when tumor
surface reached 300 mm2. Results are represented as the mean tumor size (A) or as survival percentage (B). Data from two combined experiments are shown. Statistical
analysis were performed using a log-rank test to compare the effects of different viruses, pairwise comparison were adjusted with Tukey’s correction and a mixed model was
used to evaluate the impact of the viruses on the evolution over time of the tumor size. Hochberg’s multiple tests correction was used. ���p < 0.001, ns non-significant.
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altered lymphocyte populations within the tumor microenvi-
ronment (TME) 7 d post-initiation of WR treatment. WR
increased numbers of CD3C TILs, intratumoral CD4C T cells
and CD8C T cells (Fig. 8A). In contrast, the number of regula-
tory CD4C Foxp3C T cells drastically decreased on WR treat-
ment, this translated into a significant WR-induced increase in
the CD8C T cell/Foxp3C T cell ratio (Fig. 8B). We also studied
the intracellular expressions of tumor necrosis factor-a (TNFa)
and interferon-gamma (IFNg) in intratumoral CD8C T cells
showing an increase of the number of activated T cells into the
tumor after the virus treatment (Fig. 8C). Moreover, we
observed an upregulation of the expression of the immune
checkpoint PD-1 on CD3C lymphoid cells following WR treat-
ment (Fig. 8D). Overall, IT injection of WR vaccinia virus
induced a dramatic infiltration of activated T cells. Neverthe-
less, there was no significant difference in the measured param-
eters at the time point of the sampling, between the treatments
with WR and WR-mAb1 vaccinia viruses.

Discussion

We report here, the detailed characterization and comparison
of scFv, Fab and antibody forms of a monoclonal anti-murine
PD-1 (J43) successfully vectorized in an attenuated WR strain
of vaccinia virus. The impact of the promoter strength on
chains assembly of mAb and Fab was evaluated and showed
that, at least for this antibody, the strongest promoter has to
drive the heavy chain expression. The selected viruses (WR-
mAb1, WR-Fab1 and WR-scFv) had similar replicative and
oncolytic properties in vitro compared to the parental
“unarmed” virus (i.e., WR). The level of expression of the three
forms of anti-mPD-1, mAb1, Fab1 and scFv, were also

measured in supernatant of infected CEF, scFv being the most
expressed. Recombinant Mab, Fab and scFv were purified to
homogeneity with the expected light and heavy chain assembly
for the mAb1 (not evaluated on Fab1). In vitro assays, using
either recombinant mPD-1 or mPD-1-positive cells, have dem-
onstrated that the three purified forms of blocker were func-
tional, i.e., able to block the binding of mPD-L1 to mPD-1.
Moreover, we have demonstrated that mAb1 was expressed
and accumulated preferentially in tumor when WR-mAb1 was
injected IT in two tumor models. In one model, MCA 205, that
responds to both vaccinia virus oncolysis and anti-PD-1
treatment, the IT injection of WR-mAb1 and WR-scFv had a
comparable antitumoral efficacy and similar to the one of the
combination of unarmed WR combined with systemic admin-
istration of monoclonal anti-mPD-1. This latest result indicates
that the in vivo expression of the mAb1 and scFv into the
tumor met at least the minimum quantity, quality and duration
required for an antitumoral activity.

None of the immunological parameters measured, at the time
point studied (4 d post-virus injection), and in theMCA 205model
could explain the difference of efficacy between WR and WR-
mAb1 virus. More immunological parameters and/or more time
point need to be explored to link the better efficacy of WR-mAb1
to an immunological mechanism of action.

We have previously published the expression of functional
mAb via the vectorization in either a Copenhagen vaccinia
virus 19 or in a modified vaccinia Ankara virus (MVA).20 These
two publications reported that mAb could be correctly assem-
bled and secreted in the context of a vaccinia virus-infected
cells. Frentzen et al.21 have previously reported the vectoriza-
tion in vaccinia virus and the in vitro and in vivo expression of
a scFv against murine and human vascular endothelial growth

Figure 8. Characterization of the tumor-infiltrating immune cells. MCA 205 tumors were implanted in C57BL/6 (n D 5) and treated as described in Fig. 6. Four days after
the last injection of WR, tumors were processed for flow cytometry determination of the number of CD3C, CD4C, and CD8C T cells (A). The ratio of CD8C T cells to Treg
cells (B) and the number of CD8C IFNgC TNFaC T cells (C) is also shown. The expression of the immune checkpoint PD-1 was also determined (D).
�p < 0.05 by Mann-Whitney test.
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factor (VEGF). The anti-VEGF-scFv armed vaccinia virus had a
better antitumoral efficacy than the corresponding unarmed
vector in two models of human tumor-bearing nude mice.
Moreover, the detection in serum of the anti-VEGF-scFv (up to
1.4 mg/mL) was reported up to 37 d post-virus single injection.
The main difference between our experimental settings and the
ones from Frentzen et al.21 is the use of wild-type immunocom-
petent versus Nude mice models, respectively. In Nude mice,
the multiplication of virus is not restrained by a functional
adaptive immune system as in a wild-type immunocompetent
mice. Therefore, the expression of the transgene carried by an
armed oncolytic vaccinia virus can last longer in Nude than in
wild-type mice. Since PD-1 is expressed at the surface of T lym-
phocytes, Nude mice were not appropriate, in our case, as an
animal model to demonstrate the activities of our anti-mPD-1-
armed oncolytic vaccinia viruses. Successful vectorization of
antibodies or antibody derived forms have been reported for
other oncolytic viruses such as measles 22 or adenovirus.23

Engeland et al.22 reported the vectorization of scFv-Fc fusions
against either CTLA-4 or PD-L1, with an antitumor activities
enhanced compared to the parental virus in a murine syngeneic
B16-CD20 model. Dias et al.23 have vectorized an anti-CTLA-4
antibody (light and heavy chains) in an oncolytic adenovirus
and tested its antitumoral activity in two xenograft models (i.e.,
Nude mice-bearing human tumor cells expressing CTLA-4). In
these conditions, the anti-CTLA-4 antibody does not have any
immunological activity but its binding to tumor cells could
enhance the oncolysis or the apoptosis triggered by the virus.
Indeed, anti-CTLA-4-armed adenovirus had an improved anti-
tumoral effect in one of the two models tested. Note that vac-
cinia virus has an advantage over measles or adenovirus as it
can tolerate the insertion of large DNA fragments (up to 25 kb)
and therefore could express several transgenes (antibodies,
enzymes, cytokines…) simultaneously.

Interestingly, in our case, the accumulation in the tumor of
mAb1 produced after WR-mAb1 IT injection was higher and last
longer than in the case of IT administration of 10mg of J43 (at least
fromD1 to D11 or D5 to D11 according to the considered model).
Intratumoral delivery of low doses of some therapeuticmonoclonal
antibodies have been proven to be as efficient as higher quantities
systemically administrated (see ref.24 for review). For example,
Marabelle et al.25 have described a similar therapeutic effect of a
cocktail of two monoclonal antibodies recognizing OX40 and
CTLA-4 in combination with CpG injected IT and at a dose 100-
fold lower than the same antibodies injected systemically. More-
over, Palazon et al.26 have demonstrated in a CT26 murine tumor
model that three IT injections of 5 mg of an agonist anti-CD137
were sufficient to generate an antitumoral response and an
improved survival. This IT treatment led also to the regression of
distant tumor nodules indicating the elicitation of systemic rather
than local antitumoral immune response. Interestingly, the authors
have shown that at these doses, the anti-CD137 mAb did not have
the liver toxicity otherwise observed with a systemic administration
of 3£100mg of the same antibody. The anti-CTLA-4 monoclonal
Ipilimumab, which has some toxicity drawbacks, is currently evalu-
ated in clinic through IT delivery of low doses (10 or 25 mg i.e.,
»10 to 20-fold lower than the intravenously doses usually adminis-
tered in clinical oncology) and in combination with CpG in
patients with low grade B-cell lymphoma and with a second

measurable disease site to assess abscopal effects (see clinical trial:
NCT02254772 for details). Together these results demonstrate that
relatively low doses of IT delivered antibodies can have significant
antitumoral activity and could be an alternative to systemic admin-
istration in case of toxicity issues.

As described above vectorization into an oncolytic vaccinia
virus can be used to deliver into tumor significant therapeutic doses
of monoclonal antibodies and therefore could be an alternative to
combination therapy (unarmed oncolytic virus C monoclonal
antibody). Nevertheless, vectorization strategy has some drawbacks
over combinations (systemic or IT combinations): (i) The level and
duration of expression is strictly dependent of the virus replication
and therefore are not easily controllable. (ii) The target is reached
only in tumor vicinity. Targets that need to be neutralized system-
atically are not suitable for this application. (iii) Some antibody/
therapeutic protein could inhibit the viral multiplication when vec-
torized but not when combined (because in case of combination,
administrations of therapeutic molecule and oncolytic virus can be
separated). This has been observed by Rojas et al.,13 who have
demonstrated that for an optimal combination, an anti-CTLA-4
mAb had to be administrated once the replication of a vaccinia
oncolytic virus has begun to wane i.e., 3 d after virus injection.

However, we believe that these drawbacks could be overcome by
several key advantages: (i) Vectorization offers a solution for bio-
therapeutics (monoclonal antibody or protein) with toxicity issue.
If IT route is chosen to minimize the toxicity, the vectorization
would allow a sustained in situ production of the drug avoiding the
need of repeated injections of the biotherapeutic. Moreover, vecto-
rization allows a systemic treatment of biotherapeutic with toxicity
issues. Given the natural tropism of oncolytic vaccinia virus for
tumor cells, the virus could be injected intravenously and then
reach several distant tumor sites where it will selectively replicate.
Vectorization allows drug delivery to restricted multiple sites, and
therefore limits the toxicity inherent with a systemic administra-
tion. (ii) The vectorization can be applied to antibody or proteins at
any stage of development and ultimately implies the approval of a
single product (i.e., armed oncolytic virus) while combination ther-
apy is restricted to already approved drugs or necessitate the devel-
opment and approval of two products. Therefore, vectorization
strategy could spare some tremendous efforts necessary for the
drug approval of a biotherapeutic molecule that is not yet on the
market. (iii) Vectorization would decrease the costs of treatment
andmanufacturing (one drug instead of two).

We believe that vectorization of complex biomolecules such
as antibodies will complete, in the near future, the arsenal of
payload that can be expressed by an oncolytic vaccinia virus in
clinic. New generation of oncolytic vaccinia virus expressing
several transgenes simultaneously may also provide enhanced
therapeutic/toxicity ratio to the patients.

Material and methods

Animal models

This study was conducted in compliance with CEE directive
2010/63/UE of 22th September 2010 and the French d�ecret n�

2013–118 of 1st February 2013.
Six weeks old female C57BL/6 were obtained from Charles

River. Animals were acclimatized in the study room of a
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specific pathogen free (SPF) animal facility, at minima one
week before the start of the experiment in order to ensure their
suitability for the study.

WR constructions

Sequences coding for the hamster J43 monoclonal antibody
anti-PD-1 were partially disclosed in patent US 7,858,746 B2
which showed the sequence of the variable domain (VH) of the
heavy chain (HC) and the sequence of the light chain (LC).
The sequence of VH showed high homology with the HC of
anti-CD79b hamster IgG (accession number AGH06135.1).
Thus, the sequence retained for cloning of the HC was the vari-
able domain of J43 and the constant domains of anti CD79b.
The light chain of J43 was cloned with signal sequence from
the light chain (LC) of anti CD79b antibody (accession number
AGH06134.1). Both chains were generated by synthetic way
(Geneart: Regensburg, Germany) and were put under the con-
trol of the vaccinia viral promoters pH5R 27 or p7.5K 28 which
have slightly different strengths (as defined by the level of pro-
tein expression). Further to “whole” antibody constructs
(mAb), antigen binding fragments (Fab) with a 6 His tag at the
C-terminus of the HC fragment as well as a C-terminus His-
tagged single-chain fragment variable (scFv) were constructed.
In the case of scFv, the VH was fused to the variable domain
(VL) of the LC with a GS spacer between them. For mAb and
Fab, two versions were generated that differ by the promoter
used to express each chain (either pH5R or p7.5K; Fig. 1).

All recombinant WRs are derivatives of Western Reserve strain
deleted in ribonucleotide reductase (RR) I4L gene. The WR shuttle
plasmid, pTG18496, contains the pH5R promoter, surrounded by
portions of the vaccinia virus J1R and J3R genes (sequences from nt
80219 to 80723 and from nt 81258 to 81756 relative to WR
sequence, Genbank: NC_006998); which allows homologous
recombination into these loci and deletion of J2R (TK: thymidine
kinase) gene. The expression cassettes were cloned in head to-tail
manner into the pTG18496 transfer vector by standard cloning
techniques. Recombinant WR was then generated as previously
described.6 Briefly, CEF (Chicken Embryo Fibroblasts) cells were
infected with WRTG18674 (RR deleted) at a multiplicity of infec-
tion (MOI) of 0.05 and transfected with the recombinant shuttle
plasmid. Selection of TK- plaques was done after infection of the
TK- deficient 143B cells in selection medium containing 5-bromo-
20-deoxyuridine at final concentration of 150mg/mL (Sigma). Posi-
tive TK- plaques were isolated and selected for a second cycle in
143B cells in presence of 5-bromo-2�-dexoyuridine. Final recombi-
nant WR viruses were amplified in BHK-21 cells and virus stocks
were titrated on CEF by plaque assay. The features of the five
recombinant WR vaccinia virus generated in this publication are
summarized below (see also Fig. 1): WR-mAb1 corresponding to
pH5R-HC/p7.5K-LC; WR-mAb2 corresponding to pH5R-LC/
p7.5K-HC; WR-Fab1 corresponding to pH5R-VH-CH1-6His/
p7.5K-LC; WR-Fab2 corresponding to pH5R-LC/p7.5K-VH-
CH1-6His; WR-scFv corresponding to pH5R-VH-gs-VL-6His.
WR corresponding to parental TK- and RR- vector (i.e., “empty”
virus) was also used in this publication as benchmark. The recom-
binant proteins encoded by the transgenes are named respectively
mAb1 forWR-mAb1, Fab2 forWR-Fab2 etc.

In vitro and in vivo virus titration by q-PCR

For in vitro experiments: 105 cells per well of MCA 205, B16F10
and BHK-21 cells were plated in six-well culture dishes in 2 mL
of culture medium and infected with WR, WR-mAb1, WR-
Fab1 or WR-scFv at an MOI of 10¡2. At indicated time points,
cells and medium were harvested and frozen at ¡80�C until
use. Cell suspensions were thawed and sonicated, and 100 mL
was treated with 5 units of benzonase (Novagen) to eliminate
non-encapsidated DNA. Benzonase was then inactivated by
addition of EDTA (27 mM final) and the virus capsids were
disrupted by addition of an equal volume of Tris 20 mM,
EDTA 10 mM, SDS 1 % pH7.4 followed by 160 mg of Protein-
ase K (Qiagen) and an incubation of 30 min at 65�C. Proteinase
K was then inactivated by an incubation of 15 min at 95�C. The
samples were stored at ¡20�C until q-PCR analysis.

For in vivo experiments: Tumors were collected, frozen in liquid
N2 and stored at¡80�C until use. Tumors were thawed and trans-
ferred in GentleMACS M–type tubes (Miltenyi) containing
600mL/30 mg of tumor of lysis Buffer (i.e., RLT buffer) fromQIA-
GEN kit (Allprep DNA/RNA/Protein Mini kit). Tumors were
mechanically dissociated and the lysates were kept at ¡80�C until
analysis. Lysates were thawed and centrifuged at 10,000 g during
3min, and the DNAwas extracted from the supernatants following
the protocol provided by QIAGEN’s kit. The samples were stored
at¡20�C until q-PCR analysis.

The q-PCR assay used, was an absolute quantification using
purified and quantified MVA DNA as standard. Standard curve
was performed by a series of dilutions from 106 to 102 copies of
MVA genome. A set of oligonucleotides primers and probe that
hybridize into the gene encoding for the secreted chemokine-bind-
ing protein (SCBP) of MVA were designed as following: forward
primer 5�-CGATGATGGAGTAATAAGTGGTAGGA-3�; reverse
primer 5�-CACCGACCGATGATAAGATTTG-3�; probe 5�FAM—
ACTGATTCCACCTCGGG—3�MGB/NFQ. The Quantitect Mul-
tiplex PCR kit from Qiagen was used to perform the q-PCR
reactions on either 7500 real time system from Applied Biosystem
(SDS software v2.0.6.) or on BIORAD q PCRCFX96model.

Viability assay

To determine the oncolytic activity of the different WR viruses
over MCA 205, B16F10 and BHK-21 cells, a total of 5 £ 104

cells per well were plated in six-well culture dishes in 2 mL of
culture medium and infected with either WR, WR-mAb1, WR-
mAb2 or WR-scFv at an MOI of either 10¡2 or 10¡3. Each con-
dition was performed in triplicate. Five days after infection, cell
viability was determined by trypan blue exclusion with a cell
counter (Vi-Cell, Beckman coulter). The condition of untreated
cells was used to set the 100% of viability. At least the results of
two experiments were pooled.

Western Blot analysis

Monolayers of CEF cells were infected at a MOI of 0.2 with
WR-mAb1, WR-mAb2, WR-Fab1, WR-Fab2, WR-scFv or WR.
Twenty four hours after infection, cell culture supernatants
were centrifuged 5 min at 16,000 g. Twenty five microliters of
supernatant were prepared in Laemmli buffer in either
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reducing (5% b-mercaptoethanol) or non-reducing condition.
Monoclonal commercial J43 (BioXcell) was used as reference
molecule. Samples were loaded onto a Criterion TGX Stain free
PrecastGel 4–15% polyacrylamide gel. Proteins were then
transferred onto a PVDF membrane using the Trans-blot
Turbo system (Transblot Turbo Transfer pack Biorad) with the
preprogrammed protocol: High MW: 10 min; 2.5 A constant;
up to 25 V. Membranes were saturated overnight at 4�C in
blocking solution (PBS: 8 mM NaPO4, 2 mM KPO4, 154 mM
NaCl pH 7.2, supplemented with 0.05% Tween20, 5% Nonfat
dry milk Biorad). Horseradish peroxidase (HRP) conjugated
goat anti Armenian Hamster IgG (Jackson Immunoresearch)
at 80 ng/mL was used to immunodetect J43 and mAb1. Penta-
His (recognizing 5 histidine tag, Qiagen) at 100 ng/mL followed
by a HRP conjugated Polyclonal Rabbit anti mouse Ig (Dako)
were used to immunodetect Fab or scFv. Amersham ECL Prime
Western Blotting detection reagents and Molecular Imager
ChemiDOCTM XRS were used to capture chemiluminescence.

mAb, Fab and scFv purifications

Eighteen F175 flasks containing about 8 £ 107 CEF/flask were
infected at a MOI of 0.2 with either WR-mAb1, WR-Fab1 or
WR-scFv for 48 h. The pool of culture media (�350 mL) was
centrifuged at 12,000 g, 30 min at 4�C to remove most of debris
and viruses. The supernatant was then filtered through 0.2 mm
filters and stored at ¡20�C until use. After thawing, the super-
natant was filtered again as described above. The purification
was performed on either 1 mL HisTrapTM FF (GE healthcare)
for Fab and scFv or on 1 mL HiTrap rProtein A FF (GE health-
care) for mAb. Before loading, both HisTrap and HiTrap rPro-
tein A columns were equilibrated in PBS. Before column-
loading, 500 mM NaCl and 20 mM Imidazole were added to
Fab and scFv supernatants. The loaded columns were washed
with 10 column volumes (CV) of PBS, 20 mM Imidazole (in
case of Fab and scFv) or PBS (in case of mAb) until OD280 nm
reached base line. Captured material was eluted in 0.25 mL
fractions with 250–500 mM Imidazole (scFv); 100–500 mM
Imidazole (Fab); or 0.1 M citric acid/ 0.2 M Na2HPO4 pH 3
(mAb). The proteins were further purified by SEC using either
Superdex 75 10/300 (GE Healthcare) for Fab and scFv or
Superdex 200 10/300 for mAb, equilibrated in PBS. The protein
concentration of the pools (mAb, Fab, scFv) were determined
by measuring absorbance at 280 nm (Nanodrop 2000 spectro-
photometer) and by using an extinction coefficient calculated
from primary structure (Protparam program, at expazy.org:
1.51, 1.63 and 1.73 mL.mg¡1.cm¡1 for, respectively, mAb, Fab
and scFv).

Quantification of mAb, Fab and scFv in supernatant of
infected CEF

The supernatants of infected CEF (i.e., corresponding to start-
ing material of purification) were loaded on Criterion TGX
Stain free PrecastGel 4–15%. The trihalo compounds contained
in gels reacts with tryptophan (W) residues in a UV-induced
reaction to produce fluorescence signal proportional to the
quantity of the loaded protein (if the protein contains at least
one W). After electrophoresis the fluorescence profiles were

visualized with the Molecular imager ChemiDOCTM XRS
using Image Lab Software (Biorad). For each culture superna-
tant (i.e., mAb, Fab, scFv), an appropriate standard range pre-
pared with the purified molecule was loaded on the same gel at
different known concentrations. The volume and intensity of
fluorescence signals of sample bands were measured and pro-
tein quantity was deduced using the standard curve.

ELISA

Quantitation ELISA
For measurement of J43 a quantitative sandwich ELISA was
developed. Ninety six wells plates (Nunc immune plate Maxi-
sorp) were coated with 80 ng of goat anti-hamster IgG (South-
ern Biotech) in 100 mL of coating solution (0.05 M Na
carbonate pH 9.6, Sigma), overnight at 4�C. Plates were then
incubated 1h at RT with 200 mL/well of blocking solution
(PBS/0.05% Tween20, 5% Non-Fat Dry Milk). A standard
curve of J43 (BioXcell, gel filtrated in PBS) was prepared from
500 to 0.244 ng/mL in 50% mouse serum and 100 mL/well were
added in duplicate to the microplate. Samples were diluted at
least 2-fold in the same diluent as the standards and 100 mL
were added to the plates and were incubated 2 h at 37�C.
Microplates were developed by 100 mL of HRP conjugated goat
anti-armenian Hamster IgG at 80 ng/mL followed by 100 mL of
3,3�,5,5�-t�etram�ethylbenzidine (TMB, Sigma). The reaction was
stopped with 100 mL/well of 2 M H2SO4 and the absorbance
was measured at 450 nm with a plate reader (TECAN Infinite
M200 PRO). The absorbance values were transferred into
the software GraphPadPrism and samples concentrations were
back-calculated using the standard curve fitted with five
parameters. The limit of quantification (LOQ D 2-fold the
mean of blank) of the ELISA was 2 ng/mL.

Competition ELISA
Solutions and conditions, not otherwise specified, were the
same as for quantitation ELISA described above. Plates were
coated with 100 mL/well of 1 mg/mL of mPD-1-Fc as described
above. Two-fold serial dilutions of the competitors (i.e., com-
mercial J43, isotype control or samples) were performed into
the plate and in blocking buffer. PD-L1-Biot (R&D Systems
protein biotinylated in house) diluted to 0.2 mg/mL in blocking
buffer was added to all wells (100 mL/well) and incubated 1.5 h
at 37�C. One hundred mL of streptavidin-conjugated horserad-
ish peroxidase (Southern Biotech) diluted 1/5,000 were added
to the wells and incubated 1 h at 37�C. The plates were devel-
oped and read as above.

Flow cytometry
To assess the binding of the different WR-encoded molecules to
cell-surface PD-1, 1 or 5 £ 105 murine T lymphoma EL4 cells
were incubated for 45 min on ice with 100 mL of either mAb1
(5 mg/mL), commercially available J43 as positive control
(5 mg/mL, BioXCell), hamster IgG as negative control (5 mg/
mL, BioXCell), Fab1 (5 mg/mL), monomeric scFv (2.5 mg/mL),
mCD80-hFc-6xHis as His-tagged positive control(10 mg/mL,
R&D Systems) or hErbB2-hFc-6xHis as His-tagged negative
control (20 mg/mL, R&D Systems) and washed. Binding of
mAbs and 6 x His-tagged proteins was detected by incubating
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cells with either 100 mL of FITC-conjugated mouse anti-ham-
ster IgG antibody (10 mg/mL, BD PharMingen) or PE-conju-
gated mouse anti-His tag antibody (1/10 dilution, Miltenyi
Biotec) for 45 min on ice. Fluorescence intensity was measured
on a NaviosTM flow cytometer (Beckman Coulter). Data were
analyzed using Kaluza 1.2 software (Beckman Coulter).

To assess the blocking activity of WR-encoded molecules on
PD-L1 binding to cell-surface PD-1, 105 EL4 cells were co-incu-
bated with mPD-L1-hFc (2 mg/mL, R&D Systems) and increas-
ing concentrations of the different competitive proteins
(mAb1, Fab1, monomeric or dimeric scFv, positive control J43
or negative control hamster IgG) in 100 mL for 45 min on ice.
After washing, PD-L1 binding was detected using a PE-labeled
mouse anti-hIgG Fc (5 mg/mL, BioLegend) and the mean fluo-
rescence intensity (MFI) was measured for duplicate samples as
described above.

In vivo expression of vectorized mAb
B16F10 (murine melanoma) cells (3 £ 105) or MCA 205 (fibro-
sarcoma) cells (8 £ 105) were injected subcutaneously (SC) into
the right flank. When the tumor surface reached 40–60 (MCA
205) or 50–70 mm2 (B16F10), WR-mAb1 (107 pfu), WR-scFv
(107 pfu), WR (107 pfu, for MCA 205 model only), anti-PD1
antibody (J43, BioXcell, 10 mg), or Vehicle (for B16F10 model
only) were injected into the tumor. For MCA 205 model only, a
second injection of the virus and/or of the antibody was per-
formed 3 d after the first injection. For mice without tumor,
virus was injected SC at the same time points.

Blood, and tumors of three mice were sampled at different
time points (day 1, 3, 5, 7 and 11 in the MCA 205 model and
day 1, 5 and 11 in the B16F10 model). Blood was stored at 4�C
during 8 h and the serum was collected after two centrifuga-
tions at 10,000 g during 2 min and stored at ¡20�C until analy-
sis. Tumors were isolated, cut into small pieces and transferred
in GentleMACS C–type tubes (Miltenyi) containing 2 mL
(MCA 205 model) or 3 mL (B16F10 model) of PBS. Tumors
were mechanically dissociated and after centrifugation at 300 g
for 7 min, supernatant was recovered and kept at ¡20�C.
Before analysis, samples were centrifuged at 10,000 g for
20 min and supernatants were recovered.

In vivo therapeutic activity of vectorized mAb
For the MCA 205 tumor model, 8 £ 105 MCA 205 cells (in
100 mL PBS) were injected SC into the right flanks of mice.
When tumor surface reached between 40 and 60 mm2, mice
were injected with vehicle (IT, 50 mL), WR-mAb1 (IT, 107 pfu/
50 mL), WR-scFv (IT, 107 pfu/50 mL), WR (IT, 107 pfu/50 mL),
or J43 antibody (IP, 250 mg/100 mL) or with the combination
of WR-empty (IT, 107 pfu/50 mL) and J43 (IP, 250 mg/100 mL).
Injections of virus were repeated once 3 d after the first injec-
tion (at D3) and injections of antibody were repeated twice at
D3 and at D6. Tumor surfaces were monitored two or three
times per week by caliper measurements. Mice were sacrificed
when tumor size reached 300 mm2.

Statistics on tumor volumes and survival (n D12 mice/
group) were performed. A log-rank test was used to compare
the effects of different viruses, pairwise comparison were
adjusted with Tukey’s correction and a mixed model was used
to evaluate the impact of the viruses on the evolution over time

of the tumor size. Hochberg’s multiple tests correction was
used.

Intratumoral infiltration of immune cells

Seven days after the start of the treatment, tumors were har-
vested, cut into small pieces and digested in RPMI-1640
medium containing Liberase at 25 mg/mL (Roche, Boulogne-
Billancourt, France) and DNase1 at 150 UI/mL (Roche) for
30 min at 37�C. The mixture was subsequently passaged
through a 100 mm cell strainer. 2 £ 106 tumor cells were prein-
cubated with purified anti-mouse CD16/CD32 (93; eBioscience,
San Diego, CA, USA) for 15 min at 4�C, before surface staining.
For surface staining, cell suspensions were stained with anti-
CD45 (30-F11; eBioscience), anti-CD3 (145-2C11; BD Bio-
sciences), anti-CD4 (GK1.5; eBioscience), anti-CD8 (53–6.7;
eBioscience), anti-CD25 (PC61.5.3; eBioscience), anti-PD1
(29F.1A12; Biolegend), and respective isotype antibodies. For
intracellular transcription factor staining, surface-stained cells
were fixed and permeabilized using the Foxp3/Transcription
Factor Staining Buffer Set (eBioscience), according to the man-
ufacturer’s protocol, and stained using anti-Foxp3 (FJK-16s,
eBioscience). For intracellular staining of IFNg and TNFa, cells
were stimulated in vitro with 50 ng/mL phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich) and 1 mg/mL ionomycin
(Sigma-Aldrich) in the presence of Golgi Plug (BD Biosciences)
for 4 h and then surface stained as aforementioned. Surface-
stained cells were then fixed and permeabilized using BD Cyto-
fix/Cytoperm (BD Biosciences) according to the manufacturer’s
protocol and stained with anti-IFNg (XMG1.2; eBioscience)
and anti-TNFa (MP6-XT22; Biolegend) and respective isotype
antibodies. A FACS� Canto flow cytometer (BD Biosciences)
was used for eight-color flow cytometry acquisition. Analyses
were performed using FACS� Diva software.
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