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Crosstalk Between Immune Cell and Oncolytic
Vaccinia Therapy Enhances Tumor Trafficking and
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The combination of an oncolytic virus, that directly
destroys tumor cells and mediates an acute immune
response, with an immune cell therapy, capable of fur-
ther enlisting and enhancing the host immune response,
has the potential to create a potent therapeutic effect.
We have previously developed several strategies for opti-
mizing the delivery of oncolytic vaccinia virus vectors to
their tumor targets, including the use of immune cell-
based carrier vehicles and the incorporation of mutations
that increase production of the enveloped form of vac-
cinia (extracellular enveloped viral (EEV)) that is better
adapted to spread within a host. Here, we initially com-
bine these approaches to create a novel therapeutic, con-
sisting of an immune cell (cytokine-induced killer, CIK)
preloaded with an oncolytic virus that is EEV enhanced.
This resulted in direct interaction between the viral and
immune cell components with each assisting the other in
directing the therapy to the tumor and so enhancing the
antitumor effects. This effect could be further improved
through CCL5 expression from the virus. The resulting
multicomponent therapy displays the ability for syner-
gistic crosstalk between components, so significantly
enhancing tumor trafficking and antitumor effects.
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INTRODUCTION
Although evasion of immune destruction represents an emerging
hallmark of cancer,' cancer’s suppressive effects on the immune
system are typically reversible. Biological therapies of cancer
therefore have the potential to not only directly target the tumor,
but also to reprogram the patient’s immune response to help rec-
ognize malignant cells as foreign. However, to successfully achieve
this goal will likely require the simultaneous targeting of multiple
immune pathways, meaning that approaches that have a single
mechanism of action are unlikely to succeed. Instead combina-
tions of multi-mechanistic biological therapies represent the most
promising approach.

It has been demonstrated in both preclinical and clinical stud-
ies that oncolytic viruses such as those based on vaccinia virus

mediate an acute viral infection selectively within the tumor with
lysis of tumor cells leading to release of tumor-associated anti-
gens and other danger signals, localized transient reductions in
immune suppressive cell types, and recruitment of natural killer
(NK), dendritic cell, and T cells into the tumor environment.>!¢
Further, the combination of oncolytic viruses with immune cell
therapies can lead to even greater targeting of localized immune
suppression and systemic immune activation.-2

We have previously looked to improve the systemic delivery
and intertumoral spread of oncolytic vaccinia through several dis-
tinct approaches. In one such approach, an immune cell therapy
(such as cytokine-induced killer (CIK) cells) that can efficiently
traffic to the tumor target was pre-infected with the viral therapy
and used as a delivery vehicle in a “Trojan Horse” approach.” It
was further demonstrated that as the CIK-delivered vaccinia virus
infected the tumor it induced increases in the levels of the stress
response ligands MICA and MICB on the surface of the cancer
cells. These ligands are recognized by NKG2D on the surface of
the CIK cells' and so this resulted in increased targeting of the
tumor by the CIK cells, and synergy between the two therapies.

In an alternative approach, we have examined the role of the
different forms of vaccinia virus that are produced naturally dur-
ing its replication cycle, focusing particularly on the extracellular
enveloped viral (EEV) form that is adapted for spread within a
host, as this was felt likely to enhance the effectiveness of an onco-
lytic agent;® EEV is released early after viral infection, meaning it
can spread more rapidly within the tumor before immune-me-
diated removal; and it is shrouded in a host cell-derived mem-
brane that incorporates host cell proteins, including complement
control proteins and has relatively few viral antigens exposed on
the outer surface, meaning that the EEV form is well adapted for
systemic spread in the host (relative to the other viral forms such
as the intracellular mature virus (IMV) form).?'-** Viral mutations
that enhance the relative levels of the EEV form produced subse-
quent to infection resulted in more effective oncolytic vectors that
are better able to spread within and between tumors.®

However, the EEV form of the virus is relatively unstable
outside of a host and so needs to be primarily produced in situ.
This was originally achieved entirely as a result of viral replication
inside of the tumor.® However, here we hypothesize that a suscep-
tible cell pre-infected ex vivo with an EEV-enhanced oncolytic
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vector could act as a factory for production of the EEV form of the
virus once returned to the host. As such, CIK cells pre-infected
with EEV-enhanced oncolytic vaccinia might act both as a cell
delivery vehicle and as an in situ EEV factory.

Further, because progeny EEV virus particles are released
from an infected cell within 8-12 hours after infection, while CIK
trafficking to the tumor takes greater than 24 hours after systemic
delivery, EEV virus would be released before CIK infiltration into
the tumor. This virus released as EEV from the pre-infected CIK
cells might therefore be able to seed the tumor and alter the tumor
microenvironment to further enhance subsequent CIK cell traf-
ficking. The expression of the chemokine CCL5 (RANTES) from
the virus was therefore also examined as we had previously shown
CCL5 expression can enhance CIK tumor trafficking.'® Together,
this combination therapy (CCL5-expressing and EEV-enhanced
vaccinia pre-infected into CIK cells) was predicted to synergize in
its crosstalk and ability to target the individual components to the
tumor, and so to enhance overall antitumor effects.

RESULTS

Complement inhibits systemic delivery of oncolytic
vaccinia to the tumor

Even though systemic delivery of oncolytic vaccinia to the tumor
has been demonstrated both in preclinical mouse models* and in
the clinical setting' it is apparent that only a very small fraction of
the viral inoculum infects the tumor, and that therapeutic effects
depend on subsequent local amplification of the vector. This is
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true even in individuals that have not been previously immunized
against the virus. It was therefore decided to examine the role of
complement in limiting systemic viral delivery in the absence of
neutralizing antibody. Initial in vitro experiments examined the
effects of prior viral exposure to untreated human serum on the
ability of virus to infect three-dimensional tumor spheroids in cul-
ture. Oncolytic vaccinia strain Western Reserve (WR).TK- express-
ing green fluorescent protein (GFP) (10,000 plaque-forming unit
(PFU)) was mixed with serum (diluted 1:10 in phosphate-buffered
saline (PBS)) for 5 minutes before addition to multicellular tumor
spheroids (formed from the human breast cancer cell line MCE-7
using our previously described procedure). The TK deletion is
known to create an oncolytic or tumor-targeting phenotype, and
also allows the insertion of transgenes, such as the luciferase or
GFP reporter genes.” The serum was initially determined not to
have measurable neutralizing antibody levels before its use. After
24 hours, spheroids were examined by fluorescence microscopy
for the expression of GFP. GFP expression was also quantified in
a fluorescence plate reader. It was seen (Figure 1la) that untreated
serum was capable of effectively ablating viral infection. This was
assumed to be due to complement-mediated inactivation of the
virus. This was verified by both prior heat inactivation of the com-
plement in the serum and by addition of the complement inhibitor
cobra venom factor (CVF) to the serum, both treatments resulted
in a return to full infectious potential for the virus.

However, vaccinia has naturally evolved several mechanisms
to evade host complement, including expression of the vaccinia
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Figure 1T Complement severely inhibits systemic delivery of oncolytic vaccinia virus. (a) In vitro effects of serum on viral infection of multicel-
lular tumor spheroids. Multicellular tumor spheroids were formed by growing MCF-7 tumor cells in non-coated tissue culture plates (as previously
described). Virus (1 x 10* PFU of WR.TK- expressing GFP) was pre-mixed as indicated for 5 minutes at room temperature before being applied to
the spheroids. GFP fluorescence was measured after 24 hours in a fluorescence plate reader. Conditions examined including (i) mixing 1:1 with PBS;
(i) mixing 1:1 with human serum from a non-immunized donor (as verified by a lack of neutralizing antibody); (i) mixing 1:1 with the same serum
after heat inactivation (56 °C for 30 minutes); (iv) mixing 1:1 with the same serum mixed with media collected from MCF-7 cells pre-infected with
WR for 24 hours at an multiplicity of infection of 2.0, and filter sterilized (1 um) to remove any viral particles (virus spent medium (VSM)); (v) mixing
with serum treated with cobra venom factor (100 pl of serum with 2 g CVF for 1 hour at 37 °C). Only serum alone displayed significant reduction in
fluorescence relative light units (RLU) (*P = 0.0007). (b) In vivo effects of different treatments on C3 concentrations in plasma. BALB/c mice (n = 3)
were treated with CVF (600 pug/kg delivered intraperitoneally 16 hours earlier) or vaccinia (1 x 10° PFU of strain WR delivered intradermally 8 hours
earlier) before collection of plasma and measurement of C3 by ELISA. (c) In vivo effects of complement on systemic delivery of oncolytic vaccinia.
Mice (BALB/c) bearing subcutaneous JC tumors (50-100 mm?) were injected with WR.TK- expressing luciferase (1 x 107 PFU via tail vein) and imaged
after 7 hours (IVIS 200, PerkinElmer) to determine the viral gene expression levels from within a region of interest drawn around the tumor. Some
mice were pretreated, either with intraperitoneal injection of CVF (600 ug/kg) 16 hours before viral injection; or with low dose (1 x 10¢ PFU) of wild-
type vaccinia virus (WR) not expressing luciferase (pre-infect) (n = 7 per group). Inhibition of complement increased early viral gene expression from
within the tumor. Both treatments significantly increase delivery of virus to the tumor relative to WR.TK- alone (*P < 0.001). Pre-infection with WR
also significantly enhances delivery relative to CVF treatment (*P = 0.039). (d) Enhanced antitumor effect through inhibition of complement before
viral delivery. In a repeat in vivo experiment (BALB/c mice with JC tumors), tumor volume was followed over time after treatment with PBS; WR.TK-
alone (1 x 107 PFU) or WR.TK- after pre-treatment with low dose WR (n = 8 per group). Pre-treatment significantly enhanced therapeutic effect over
WR.TK- alone at days 7 and 10 only (*P = 0.0013 and 0.02). Pre-treatment therefore enhanced therapeutic effect as well as initial delivery. GFP, green
fluorescent protein; HI, heat inactivated; PBS, phosphate-buffered saline; PFU, plaque-forming unit; WR, Western Reserve.
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complement control protein (VCP),**”” and production of the
EEV form, that incorporates a panel of host cell-derived comple-
ment control factors into the outer envelope* and so the potential
of these mechanisms to enhance systemic delivery was examined.
It was first demonstrated that spent media taken from vaccinia-
infected cells and filter sterilized through a 1-pm filter (to remove
viral particles but not secreted proteins such as VCP) was also capa-
ble of restoring viral infectious capability (Figure 1a). Although
not directly measured, it is predicted this media would contain
VCP (in addition to other secreted viral and cellular factors).

The inhibitory role of complement inactivation was further
examined during in vivo systemic delivery of oncolytic vaccinia to
the tumor using an immunocompetent mouse model. It was ini-
tially determined that both CVF treatment and vaccinia pre-infec-
tion (and VCP production) resulted in inhibition of complement
activity (Figure 1b) in vivo. It was seen that vaccinia pre-infection
(through an intradermal infection of the mouse with a low dose
of wild-type vaccinia 8 hours before systemic delivery of oncolytic
vaccinia) enhanced subsequent viral delivery (Figure 1c) and anti-
tumor effects (Figure 1d). This approach might therefore allow for
enhanced clinical delivery of oncolytic vaccinia. However, although
it was predicted that VCP would be secreted from infected cells
by the time of oncolytic viral delivery and may be mediating these
effects, a variety of additional secreted viral virulence factors, or
other interactions with the host immune response may also con-
tribute to this enhanced delivery and antitumor effect. Therefore a
second experiment was run utilizing CVF as a means to specifi-
cally inhibit complement before systemic viral delivery. In this situ-
ation, a small increase in viral delivery to the tumor was again seen,
although not as great as for viral pre-infection, indicating other
factors, such as desensitizing of the innate response, may also play
a role, but that complement is clearly an important component of
this effect (Figure 1c). Indeed, CVF treatment was not sufficient
to increase antitumor effects to significant levels (data not shown)
whereas viral pre-infection resulted in a small but significant
increase in antitumor effects (Figure 1d).

Of note, for comparison, whereas 10ul of either mouse or
human serum was capable of inactivating ~90% of 5,000 PFU of
virus, in the mouse model 2000X this amount of virus (1 x 107
PFU) was applied in vivo (to an animal with ~2 ml of blood).

The EEV form of vaccinia displays increased
complement evasion
Because the EEV form of vaccinia is wrapped in a host cell-derived
membrane that incorporates host cell complement control pro-
teins, it was predicted it would also be capable of improved sys-
temic delivery to tumors in naive mice. This was initially tested in
culture, where it was confirmed that pure EEV (produced through
exposure of a crude viral prep to anti-IMV antibody) was only
marginally reduced in infectivity when pretreated with serum.
However, pure IMV (produced through neutralization of EEV
with anti-EEV antibody) demonstrated >90% reduction in viabil-
ity following pre-mixing with serum (quantified through viral
gene expression assays as before) (Figure 2a).

Many of the processes involved in purification of viral prepara-
tions for preclinical in vivo use or for clinical use, including freeze-
thawing and centrifugation, tend to destroy the outer envelope of
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Figure 2 The EEV form of vaccinia evades complement-mediated
neutralization and accounts for a disproportionate percentage of
the virus delivered systemically to the tumor. (a) The EEV form of
vaccinia can evade complement in vitro. Virus (WR.TK- GFP+ as before)
was pretreated with either anti-IMV (NR417) or anti-EEV (NR551) neu-
tralizing antibody and then mixed with human serum (as before) or PBS
before addition to MCF-7 multicellular tumor spheroids. Fluorescence
was again determined after 24 hours. (b) Titering of EEV in viral prepara-
tions. WR.TK-.Luc+ and WLTK-.Luc+ (EEV-enhanced) virus grown and
purified by our standard procedures were treated with IMV-neutralizing
antibody or EEV-neutralizing antibody (as before) before titering by
plaque assay (addition of both antibodies together resulted in viral titers
below the limits of detection, <100 PFU). (c) Relative importance of
viral forms in systemic delivery. The WR.TK-.Luc+ preparation was again
treated to remove IMV or EEV (as before) before intravenous injection
of 1 x 107 PFU (of untreated preparation) into JC tumor bearing BALB/c
mice. Viral gene expression from within the tumor was detected by bio-
luminescence imaging (BLI) after 24 hours. Ab, antibody; EEV, extracel-
lular enveloped viral; GFP, green fluorescent protein; IMV, intracellular
mature virus; PFU, plaque-forming unit; PBS, phosphate-buffered saline;
WR, Western Reserve.

the EEV form of vaccinia, and so it was predicted that the level of
EEV would be greatly reduced in the inoculum used for our in vivo
work. We initially sought to verify this (through titering of viral
preparations subsequent to exposure to high levels of anti-IMV-
or anti-EEV-neutralizing antibody) and it was found that around
3% of a preparation of WR.TK- (grown and purified according to
our standard procedures for obtaining virus for in vivo testing) was
resistant to anti-IMV neutralization (Figure 2b). Over 95% of the
viral preparation was resistant to similar treatment with an anti-
EEV-neutralizing antibody, and no virus was recovered after treat-
ment with both antibodies, implying that all virus in the prep was
sensitive to neutralization with one or other of the antibodies.
Further studies looking at a viral preparation from a strain con-
taining an EEV-enhancing mutation (WIL.TK-) demonstrated that
12% of this prep was similarly resistant to anti-IMV-neutralizing
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antibody (Figure 2a). This indicated that in fact a significant
amount of the enveloped virus could be retained after the down-
stream purification process.

We further looked to determine the relative importance of the
EEV retained in the viral inoculum on the systemic delivery of
oncolytic vaccinia to tumor targets. Once again the WR.TK- viral
preparation was pretreated with (i) no antibody; (ii) anti-IMV;
or (iii) anti-EEV-neutralizing antibody before intravenous deliv-
ery to tumor-bearing mice. Although antibody-neutralized virus
will be delivered along with the remaining IMV or EEV in these
groups, the human origin of the antibodies will minimize their
interaction with the mouse immune system.

The relative bioluminescence (viral gene expression) from
within the tumor was determined 16 hours later by biolumines-
cence imaging (BLI) (Figure 2c). Interestingly, the EEV within the
inoculum appeared to contribute approximately one-third (36%)
of the virus delivered to the tumor despite representing only 3%
of the original inoculum. The small percentage of EEV within the
initial preparation therefore appears to represent a disproportion-
ate amount of the virus delivered to the tumor. This highlights a
need to quantify the level of EEV present in clinical lots and indi-
cates that any processes that might further stabilize or increase the
level of EEV within the initial inoculum would benefit the ther-
apy, especially as the clinical use of these viruses becomes more
focused on achieving systemic activity.

EEV production in different cell lines

An alternative strategy that would lead to high systemic levels
of EEV in vivo would be to pre-infect a susceptible cell line with
an EEV-enhanced oncolytic strain and incorporate this as in situ
EEV factory. This could be achieved subsequent to direct intratu-
moral injection of naked virus, however, we hypothesized that a
susceptible pre-infected cell might act as an in situ EEV factory if
delivered to a tumor-bearing host under situations where direct
intratumoral injection may not be feasible. We therefore looked to
compare the production of EEV after infection of different cells or
cell lines with either WR.TK- or WL.TK- viruses. Initially a panel
of murine cells was infected at a multiplicity of infection of 1.0
and supernatant taken 16 hours after infection (EEV is released
directly into the supernatant at times early after infection). The
supernatant was then treated with anti-IMV-neutralizing anti-
body to remove any non-enveloped viral particles that may have
been released due to early lysis of infected cells or from the initial
inoculum. The remaining (EEV only) virus was titered by plaque
assay. It was seen (Figure 3a) that, whereas the WR.TK- strain
produced very little EEV virus from any cell line (the WR strain is
known to produce limited EEV), the WL.TK- strain produced sig-
nificant quantities of EEV from many of the cell lines tested. These
included tumor cell lines (4T1 and LLC) and therapeutic immune
cell types (mouse CIK and activated NK cells). The mouse embryo
fibroblasts replicated the viral strains poorly and little EEV was
produced from these cells. This is expected as the TK-deleted
oncolytic strains are attenuated in most normal cells, with limited
cellular thymidine kinase produced to compensate for the loss of
viral TK.?® In a further experiment, the 4T1 tumor cells were irra-
diated before infection in order to examine the possibility of using
irradiated tumor cells as a potentially more clinically relevant
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Figure 3 In vivo production of EEV from cell-based factories enhances
antitumor effects. (a) EEV production in different cell lines. WR and WI
strains carrying a deletion in the viral thymidine kinase (TK) gene were
each used to infect different cell lines at an MOI of 1.0. Supernatant was
taken at 16 hours post-infection and treated with IMV-neutralizing anti-
body (NR417) before viral titering by plaque assay. Cell lines included
mouse embryo fibroblasts (MEF), the murine tumor cell lines 4T1 and LLC,
and the immune cell therapies, CIK and A-NK cells. In addition, the 4T1
cells were irradiated before infection (4T1-Irr). (b) Use of tumor cells as in
situ EEV factories; 4T1 tumor cells were pre-infected with WR.TK-Luc+ or
WI.TK-LUC+ at a MOI of 5.0 for 6 hours before 1 x 107 cells were injected
into the peritoneal cavity of subcutaneous JC tumor-bearing BALB/c mice.
The level of viral gene expression from the JC tumor was quantified at times
after treatment by BLI. WI.TK- displays significantly enhanced gene expres-
sion from within the tumor at 8 and 24 hours post-treatment (P < 0.001).
(c) Subsequent JC tumor growth was also followed by caliper measure-
ment with mice killed (considered as the death endpoint) when tumors
reached 1,400mm?3; 4T1+WI.TK- displayed a significantly enhanced sur-
vival benefit than all other treatments (P = 0.0166 relative to 4T1+WR.
TK-). BLI, bioluminescence imaging; EEV, extracellular enveloped viral; IMV,
intracellular mature virus; MOI, multiplicity of infection; PBS, phosphate-
buffered saline; PFU, plaque-forming unit; WR, Western Reserve.

therapeutic approach, however, it was seen that the irradiated cells
were also very poor at replicating the virus (Figure 3a).

In situ production of EEV

Despite the presence of some EEV in the viral preparations used,
the vast majority of the virus is still of the IMV form. In order to
release a greater amount of EEV directly into the blood stream, we
examined the use of a pre-infected cell as an in situ EEV factory
in mouse models. We initially tested infected tumor cells in vivo,
as these both produced the greatest levels of EEV (Figure 3a) and
as they do not themselves traffic to the tumor or act as therapeutic
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agents, meaning that we could determine the antitumor effects
of EEV production separately from any other therapeutic effects.
We therefore pre-infected 4T1 tumor cells with different viruses
(WR.TK- or WL.TK-, both expressing luciferase, multiplicity of
infection of 5.0) and injected these cells into the peritoneal cavity
of mice bearing subcutaneous JC tumors. We then examined the
level of virus within the tumor (through BLI of luciferase trans-
gene expression), and the survival of the treated animals over time
(defined as the time until tumors reached a volume of 1,400 mm?)
(Figure 3b,c). It was seen that when the 4T1 cells were pre-infected
with WL.TK- this resulted in a more rapid and significantly higher
level of viral delivery to the tumor over the crucial first 24 hours
after treatment. Although the level of viral gene expression with
both treatments was almost equivalent by 48 hours after treat-
ment (Figure 3b), it should be noted that at this point much of
the tumor had been destroyed with 4T1+WIL.TK- treatment, and
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that the immune response began clearing virus from the tumor by
96 hours after initial treatment. The 4T1+WR.TK- treatment was
therefore unable to deliver sufficient virus to the tumor to com-
plete tumor destruction before immune-mediated clearance of the
viral therapy. As a result, pre-infecting 4T1 cells with WL.TK- also
resulted in dramatically improved survival of the animals (relative
to 4T1 cells pre-infected with WR.TK-), with 9 of 10 mice treated
displaying a complete response (Figure 3c).

Combination of EEV-enhancing mutation and CIK-
based delivery

The one mouse that did not demonstrate a complete response after
treatment with 4T1 cells pre-infected with WL.TK- virus (Figure 3c)
was in fact killed due to peritoneal tumor burden, presumably due
to some of the 4T1 cells used as a part of the treatment developing
secondary tumors in this region. Although the 4T1 cells had been
employed as a model system to differentiate between EEV produc-
tion from a cell factory and tumor homing of a carrier cell, this
empbhasizes the fact that tumor cells used in this way are unlikely to
become a viable treatment option. Alternatively, irradiated tumor
cells and the normal cells tested (including mouse embryo fibro-
blasts) did not reliably replicate the viral vectors, meaning they
also would not make suitable EEV factories. However, some cell
types did produce EEV, even when infected with oncolytic vectors,
including CIK cells and activated NK cells.

We have previously demonstrated that CIK cells can act as a
useful carrier vehicle to deliver vaccinia to tumors," including for
the treatment of minimal residual disease, and in the face of anti-
viral immunity.® However, it was also noted that EEV production
from CIK cells begun within 12 hours of infection, whereas initial
detection of CIK cells in the tumor did not occur until after 24
hours. As a result EEV would be released into the blood stream

Figure 4 Combining EEV-enhanced (WI) oncolytic vaccinia with CIK
cell-based delivery. (a) CIK cells preferentially home to tumors pre-
infected with oncolytic vaccinia virus. Mice (C57/BL6) were implanted
with bilateral MC38 tumors, with one flank tumor treated with direct
intratumoral injection of 1 x 10° PFU of oncolytic vaccinia strain vvDD
(WR.TK-.VGF-), and the other flank tumor injected with PBS. CIK cells
expressing luciferase (obtained from transgenic luciferase-expressing
C57/BL6 donor strain) were delivered intravenously and the level of CIK
cells in each flank tumor was determined by BLI at times after treatment
(P =0.0016 at 120 hours after treatment). (b) CIK cells as EEV factories.
Mice (C57/BL6 bearing MC38 tumors) were treated intravenously with
1 x10 7 CIK cells pre-infected (MOI 1.0) with WR.TK-.Luc+ or WL.TK-.
Luc+, viral gene expression (BLI) was measured in the tumor after 16
hours (*P < 0.001). (c) EEV seeding of the tumor enhances CIK delivery.
Mice as before (MC38 tumor-bearing C57/BL6) were treated with 1 x
107 CIK cells expressing luciferase (expanded from C57/BL6-Luc+ trans-
genic mouse) pre-infected (MOI 1.0) with WR.TK-.GFP+ or WI.TK-.GFP+.
This time CIK cell tumor homing was determined by BLI at 96 hours
after treatment. WI.TK-/CIK treatment leads to significantly greater CIK
delivery than CIK alone (P=0.018) or WR.TK-/CIK treatment (P = 0.047).
(d) Antitumor effects of EEV-enhanced vaccinia pre-infected into CIK
cells. C57/BL6 mice implanted with subcutaneous MC38 tumors were
treated intravenously with 1 x 107 CIK cells pre-infected with vaccinia
(MOI 1.0), strains WR.TK-.Luc+ or WI.TK-.Luc+. Tumor growth was fol-
lowed by caliper measurement and tumor volume of 1,400mm? was
used as an endpoint for death. WI.TK-/CIK performed significantly bet-
ter than WR.TK-/CIK (P = 0.049). BLI, bioluminescence imaging; CIK,
cytokine-induced killer; EEV, extracellular enveloped viral; GFP, green flu-
orescent protein; MOI, multiplicity of infection; PBS, phosphate-buffered
saline; PFU, plaque-forming unit.
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before CIK cell infiltration into the tumor, and so it was hypoth-
esized that this EEV may infect the tumor at early time points.
We therefore initially looked to determine whether viral infec-
tion of the tumor would influence CIK cell homing (Figure 4a).
It was seen that when CIK cells were delivered into mice bearing
bilateral subcutaneous tumors, with one tumor treated with PBS,
and that on the opposite flank treated with direct intratumoral
injection of oncolytic vaccinia, the CIK cells preferentially homed
to the tumor bearing a vaccinia infection. Of note, this experi-
ment incorporated CIK cells labeled with luciferase obtained from
a transgenic ubiquitous luciferase-expressing C57/BL6 mouse to
permit noninvasive imaging of tumor trafficking by BLI. However,
this required switching to a C57/BL6 mouse model, and so the
mouse colorectal MC38 tumor model was incorporated in this
and further studies (with the HCT 116 human colorectal cell line
used for comparisons in a human cell line). It was also necessary
to use these cell lines, as they are more resistant to viral therapy,
in order to demonstrate differences in the effects of the additional
components being tested.

Although we have previously shown that CIK cells pre-
infected with WR.TK- retain the capability to traffic to the
tumor," it was possible that the use of WL.TK- strains may result
in reduced trafficking capability. Therefore, in the next step we
examined the effects of pre-infecting CIK cells with the EEV-
enhanced oncolytic vaccinia strain WLTK-. In this way, we
hypothesized that the CIK cells may act as both carrier vehicle
and in situ EEV factory. In initial studies, viral strains express-
ing luciferase were used to determine viral gene expression and
replication profiles (Figure 4b). It was found that there was a
significant increase in the levels of virus delivered to the tumor
(viral luciferase transgene expression) when CIK cells were pre-
infected with the WIL.TK-.Luc+ (relative to pre-infection with
WR.TK-), with the most profound differences being at very early
time points (<24 hours after intravenous delivery of pre-infected
CIK cells). At this time after infection, we expect that the CIK
cells will have begun releasing significant quantities of EEV into
circulation when infected with WL.TK- (Figure 3a), but will not
have begun to infiltrate the tumor in significant numbers. It there-
fore appears that the EEV produced from the infected CIK cells
is indeed “seeding” the tumor with virus at time points before
CIK homing. Because viral infection within the tumor was also
shown to enhance CIK trafficking (Figure 4b), we looked to see
if the EEV released early from pre-infected CIK cells and “seed-
ing” the tumor could also act to enhance subsequent trafficking
of the CIK cells (Figure 4c). This was indeed confirmed to be
the case, with the level of CIK cells within the tumor at 72 hours
after treatment found to be significantly greater when the CIK
cells were pre-infected with WL.TK- (relative to either WR.TK-
pre-infected CIK cells or CIK cells alone). It therefore appears
that the use of CIK cells pre-infected with EEV-expressing virus
created an additional advantage, with the EEV released from the
CIK cells at early time points seeding and adapting the tumor
microenvironment, making it a better target for CIK cell hom-
ing, and so subsequently attracting more of the therapeutic to
the tumor itself.

Finally, we looked to determine whether this phenomenon of
crosstalk between the viral and immune cell components of the
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Figure 5 CCL5 expression from EEV-enhanced vaccinia (WI)
delivered in pre-infected CIK cells further enhances antitumor
effects. Immunodeficient (CB17 SCID) mice bearing HCT 116 tumors
(50-100mm? subcutaneous) were treated intravenously with 1 x 107
CIK cells (labeled with Cy5.5 NHS ester) pre-infected (MOI of 1.0 for 12
hours) with either WI.TK-Luc+ or WL.TK-CCL5+Luc+ (n = 10 per group).
(@) After 16 hours, the level of viral luciferase gene expression from the
tumor was determined (BLI), CCL5 expression did not enhance early
viral delivery to the tumor (P = 0.97). (b) At 72 hours, the level of CIK
cells in the tumor was determined by fluorescence imaging (FMT2500;
Perkin Elmer) (P = 0.0025). (c) Tumor growth was also followed over
time (WI-CCL5/CIK treatment was significantly better than all other
treatments (P < 0.05) at days 28, 31, and 35). BLI, bioluminescence
imaging; CIK, cytokine-induced killer; EEV, extracellular enveloped viral;
MOI, multiplicity of infection; PBS, phosphate-buffered saline; SCID,
severe combined immunodeficiency.

therapy also led to a therapeutic advantage (Figure 4d). It was
found that in a syngeneic MC38 tumor model the use of CIK cells
pre-infected with WI.TK- resulted in significantly greater antitu-
mor effect than CIK cells pre-infected with WR.TK-, with CIK
cells pre-infected with WLTK- resulting in over 50% complete
responses in this model.

Use of viral chemokine expression to further enhance
CIK cell trafficking

Because early viral infection in the tumor leads to modification
of the tumor microenvironment and enhanced CIK cell traffick-
ing, we looked to determine whether this effect could be further
enhanced through the expression of transgenes from the virus. In
particular, we have previously reported an oncolytic vaccinia vec-
tor expressing the chemokine CCL5, and have demonstrated that
the expression of this chemokine can enhance attraction of cel-
lular immunotherapies, including CIK cells, to an infected target
tumor.'” We therefore looked to see whether expression of CCL5
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Figure 6 CCL5 expression demonstrates therapeutic and immuno-
therapeutic advantages in immune-competent mice. (a) Mice (4T1-
bearing BALB/c) were treated with 1 x 107 CIK cells pre-infected with the
same viruses as before (n = 8 per group) and antitumor effects determined
by caliper measurement over time (WI-CCL5/CIK performed significantly
better than all other treatments (*P < 0.05) at all times after day 15). (b)
In a repeat experiment, MC38 tumor-bearing C57/BL6 mice were treated
as before (n = 10) and tumor growth followed. (c) In a satellite experi-
ment, mice were killed 3 days after treatment (n = 4/group), and the
level of T-cell response targeting tumor antigens was determined by IFN-y
ELISPOT. The CCL5 expression leads to a significant increase in the level
of early immune activation (P = 0.024). CIK, cytokine-induced killer; IFN,
interferon; PBS, phosphate-buffered saline; SFC, spot-forming cells.

from an oncolytic vaccinia in conjunction with incorporation of
EEV-enhancing mutations (WL.TK-.CCL5+), and pre-infected
into CIK cells could further enhance the therapy.

This was first tested in immunodeficient mice bearing HCT
116 tumors to separate any direct effects of the CCL5 expression
on the host immune system from CCLS5 effects on CIK cell attrac-
tion to the tumor (Figure 5). It was seen that the addition of CCL5
transgene expression into this system significantly enhanced anti-
tumor effects in immunodeficient mice (Figure 5c). This was
despite the fact that as expected, there was no further increase
in the early delivery of virus to the tumor beyond that already
seen with the use of EEV-enhanced strains (Figure 5a). However,
although there was no increase in viral gene expression at early
time points there was a significant further increase in the num-
ber of CIK cells trafficking to the tumor (Figure 5c). Therefore
the addition of CCL5 transgene expression could further enhance
trafficking of CIK cells, leading to further enhanced therapeutic
benefit.

Furthermore, it was previously seen that CCL5 expres-
sion from oncolytic vaccinia virus could provide additional
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therapeutic benefits to the virus when used alone (in immuno-
competent mice)."” We therefore examined the combination of
CCL5 expression from an EEV-enhanced virus in the context
of CIK delivery in two separate syngeneic tumor models in fully
fully immune-competent mouse backgrounds (Figure 6a,b). In
both cases, the expression of CCL5 was capable of significantly
enhancing the therapeutic benefit of this approach. However, it
was also observed that additional immune-activating effects were
achieved with the expression of the CCL5 transgene (Figure 6¢),
as the level of interferon-y (IFN-y)-producing T cells as detected
in an ex vivo ELISPOT assay was significantly increased at both
day 3 (Figure 6c¢), and day 7 (data not shown). This was also dem-
onstrated in our previous publication using vaccinia expressing
CCL5 as a single agent.'

DISCUSSION

Recent clinical use of oncolytic vaccinia virus has highlighted the
promise of this approach for the treatment of solid cancers,"***
however, hurdles remain. In particular, although systemic delivery
of oncolytic vaccinia to tumors can be reproducibly achieved in
preclinical mouse models* and has also been demonstrated in the
clinic,™ it is evident that only a very small fraction of the original
inoculum actually infects cells within the tumor with the majority
being cleared by the host or forming non-productive infections
in non-tumor tissue. Here, we demonstrate that complement-
mediated removal, especially of the IMV form of the virus, is a
critical factor in limiting the initial systemic delivery of the virus
to tumors in naive mice.

It is apparent therefore that significant opportunity exists to
enhance the therapeutic effects of these vectors through enhanc-
ing or targeting their systemic delivery. One possible approach
would be to inhibit host complement. Indeed, vaccinia has devel-
oped several complement evasion strategies, including expression
and secretion of a complement inhibiting factor (VCP),* and pro-
duction of the EEV form of the virus that incorporates host cell
complement control proteins into its outer envelope.”> However,
as VCP will not be expressed until after viral infection of the
tumor occurs, and the standard approaches used to expand and
purify vaccinia enrich the IMV form at the expense of EEV, these
complement evasion strategies will probably not benefit initial
delivery of oncolytic vectors to the tumor under normal condi-
tions. We looked to examine the role of VCP in systemic comple-
ment evasion, and saw that pre-infection of mice with even low
doses of wild-type virus allowed greatly increased subsequent sys-
temic delivery of an oncolytic strain with concomitant enhanced
therapeutic benefit. Although this demonstrates the therapeutic
advantage of improving initial delivery to the tumor, the involve-
ment of multiple other factors besides VCP may mediate this
initial-enhanced delivery, and so further examination is needed
to define the utility and safety of pre-treating with VCP. Indeed
when a commonly used complement inhibitor (CVF) was used to
reproduce this effect, only a small increase in initial delivery was
noted, that did not lead to significant therapeutic advantage.

The other natural poxviral strategy for complement evasion,
production of EEV, also appeared to have potential to enhance ini-
tial delivery of an oncolytic virus. It was demonstrated that even
though only a very small percentage (3%) of an initial inoculum
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was EEV, this accounted for over one-third (36%) of the virus that
was initially delivered to the tumor. This disproportionate impor-
tance of the EEV within the viral preparation needs to be carefully
considered as the use of oncolytic vaccinia moves towards more
routine systemic delivery in the clinic and raises the possibility
that approaches to purify and stabilize the level of EEV during
the manufacture of clinical viruses could lead to significantly
improved viral delivery.

We have also previously shown that viral mutations that increase
the relative amount of the EEV form of the virus that is produced
in vivo can enhance the antitumor effects of oncolytic vectors by
enhancing the spread of the virus within and between tumors.®
However, currently the most effective way of introducing high levels
of the EEV form into a host is subsequent to infection of a suscep-
tible cell type in situ. Alternatively, we have also demonstrated that
the application of a pre-infected immune cell (CIK cell) as a thera-
peutic, and used as a cell carrier vehicle to improve viral delivery,
also enhances subsequent therapeutic activity. This raises the pos-
sibility that pre-infected cells used as a therapy might also act as in
vivo EEV-producing factories, releasing high levels of EEV directly
into the blood stream in the host. This was initially demonstrated as
a proof-of-concept using pre-infected tumor cells. However, despite
profound antitumor effects, this was not considered a viable thera-
peutic approach as some mice apparently developed tumors from
uninfected tumor cells implanted as a part of the therapy, while nei-
ther irradiated tumor cells or normal fibroblasts produced sufficient
EEV to make them viable alternatives.

Alternatively, it was observed that at least some immune cells,
including those previously used as tumor-targeting immune cell
therapies (such as CIK cells or activated NK cells) could produce
significant levels of EEV in vitro (when EEV-enhancing mutations
were incorporated into the oncolytic vectors). We therefore looked
to test CIK cells pre-infected with EEV-enhanced oncolytic viral
strains as a therapeutic. Unlike the use of pre-infected tumor cells,
these cells are themselves capable of tumor homing and indepen-
dent therapeutic activity, which complicates their study, but was
expected to further enhance the overall antitumor potential of this
approach.

Interestingly, it was noted that EEV was released from the
CIK cells at times before their expected infiltration into the tumor
following systemic delivery. EEV was produced within 12 hours
after infection, while the CIK cells typically take up to 48 hours
to arrive in the tumor at significant levels. Seeing as the EEV was
better able to traffic and infect the tumor systemically than other
forms of the virus, and seeing as we also observed that CIK cells
were more efficient at targeting tumors that had been pre-infected
with oncolytic vaccinia, it seemed plausible that the combination
of EEV-enhanced vaccinia and CIK cells would lead to (i) early
release of EEV virus that might seed the tumor before CIK arrival;
and (ii) increased subsequent tumor trafficking of the CIK cells
towards the virus-infected tumor. Both of these observations were
apparently confirmed in several mouse tumor models, along with
the significantly enhanced antitumor effects of CIK cell delivery of
EEV-enhanced oncolytic vaccinia virus.

This led to the further hypothesis that if the viral infection
within the tumor was capable of modifying the tumor microen-
vironment so as to enhance CIK homing to the tumor, it might
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be possible to use selected viral transgene expression to further
optimize CIK homing. To explore this possibility, we used the
chemokine CCL5 as we had previously shown that its receptor is
expressed on CIK cells, and that vaccinia expressing CCL5 could
be used to enhance targeting of CIK cells to infected tumors.” It
was therefore decided to incorporate CCL5-expressing and EEV-
enhanced oncolytic vaccinia delivered directly within pre-infected
CIK cells. In this way, a single therapy might be used, so somewhat
simplifying clinical translation of a complex therapy. The resultant
combination of EEV-enhanced and CCL5-expressing oncolytic
vaccinia delivered within pre-infected CIK cells was indeed shown
to significantly enhance the therapeutic potential of this approach,
even in immune-deficient mice, where the CCL5 expression would
not be expected to have any effect within the host beyond increased
attraction of CIK cells. When immune-competent mice were exam-
ined, the CCL5 expression demonstrated additional therapeutic
benefits through production of increased levels of tumor-targeting
and IFNY-producing T cells within the host.

As a result of this combination approach, a single therapeutic
can be applied that leads to in situ production of different biological
agents that subsequently synergize in their ability to crosstalk, lead-
ing to mutual benefits in their delivery to the tumor. This leads to
subsequent enhanced therapeutic benefit and improved interaction
with the host immune response. As a result, up to 8 (of 10) mice
demonstrated complete responses after a single systemic treatment.
These effects might be further improved in human tumor models or
cancer patients, as vaccinia only replicates weakly in mouse tumor
cells. However, because the actions and interactions of this thera-
peutic are complex it is difficult to clearly define the relative contri-
bution of the individual components. Further, because the therapy
essentially involves application of a single initial agent, and because
of the encouraging antitumor effects, this approach is felt to be both
feasible and promising for clinical translation.

MATERIALS AND METHODS

Cell lines, viruses, and neutralizing antibody. A variety of human and
mouse tumor cell lines, including MCF-7, HCT 116, 4T1, JC, LLC, and
MC38 were used in this study, all were obtained from ATCC (Manassas,
VA) (expect JC, obtained from Cancer Research UK culture collection,
London, UK) and were grown in Dulbeccos modified Eagle’s medium
with 10% fetal bovine serum. In some experiments MCF-7 were grown on
nontreated tissue culture plates, to prevent cell attachment, and so induce
formation of spheroids. In addition, several primary normal cell lines were
used, including mouse embryo fibroblasts, CIK (human and mouse), and
Activated NK cells were incorporated. These cells were expanded and used
as previously described.?*

Viral strains included the wild-type WR strain obtained from ATCC
and the WR strain with the IHD-J A34R gene (WI) leading to increased
EEV production, that was a gift from Prof Bernie Moss (National Institutes
of Health).?* Both WR and WI were recombined with the pSC65 plasmid
(obtained from Prof Bernie Moss) cloned to express either luciferase or
GFP. The pSC65 recombination results in viral thymidine kinase gene
insertion mutation. The WI strain was also cloned to express the CCL5
(RANTES) gene from within the TK locus along with the luciferase. In
addition, strain vvDD (WR with deletions in viral TK and the viral growth
factor genes) was used as a second model of oncolytic vaccinia.

Viral manufacture and purification for in vivo use involved growth of
virus in HeLa cells, with cells collected and lysed by repeat freeze-thaw.
Cellular debris was removed by slow (300g) centrifugation before virus
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was concentrated and purified with two ultracentifuge spins through
sucrose cushions. Between these spins virus was treated with benzonase
(SIGMA, St Louis, MO) to remove cellular DNA.

The anti-L1R IMV-neutralizing antibody (NR417) and the anti-B5R
EEV-neutralizing antibody (NR551) were obtained form BEI Resources
(Manassas, VA). These were used at a concentration of 1ug/ml for 5
minutes to remove the different forms of the virus.

Complement studies. Human serum was obtained de-identified from the
Pittsburgh Central Blood Bank. The level of neutralizing antibody pres-
ent in the serum was determined using our standard assays.” CVF was
obtained from Quidel Corporation (San Diego, CA).

Concentrations of C3 in plasma samples collected from mice after
different treatments were measured by enzyme-linked immunosorbent
assays (Alpha Diagnostic International, San Antonio, TX).

Animal models. C57/BL6 and BALB/c mice (female 6-8 weeks old) were
purchased from The Jackson Laboratory (Bar Harbor, ME). Tumor cell
lines were implanted subcutaneously with 1 x 10° cells injected per mouse.
Experiments began when tumors reached 50-100 mm®. Treatment doses
and timings were as indicated, CIK cells were pre-infected with virus as
indicated through simple mixing for 12 hours before infusion. Tumor
growth was monitored by caliper measurement unless otherwise indi-
cated. In some experiments BLI was used to image the animals. This was
achieved using an IVIS 200 (Xenogen, part of PerkinElmer, Waltham,
MA) after intraperitoneal injection of luciferin substrate with biolumi-
nescence signal quantified using the Living Image software (Xenogen,
part of PerkinElmer). In other experiments, CIK cells labeled with Cy5.5
NHS Ester (GE Healthcare, Waukesha, WI) were imaged in vivo using the
FMT2500 fluorescence whole animal imaging system (VisEn, now part of
PerkinElmer, Waltham, MA).

In survival assays, animals were considered to have reached a terminal
endpoint and killed when tumors reached 1,400 mm?.

All experiments were performed according to Institutional Animal
Care and Use Committee approved protocols.

ELISPOT assay. IFN-y-producing splenocytes were quantified by ELISPOT
assay. Splenocytes were prepared from mice bearing 4T1 tumors that were
treated with different therapies 3 days earlier. Splenocytes and irradiated
4T1 cells were mixed (5:1) and seeded on plates, in triplicate, coated over-
night with mIFN-y antibody (100l of 15 ug/ml). They were incubated for
48 hours. The plate was then washed five times with PBS/0.05% Tween 20
and incubated with a biotinylated secondary antibody for 2 hours at room
temperature. The plate was then washed a further five times, incubated for 1
hour with avidin-peroxidase complex (Vectastatin kit; Vector laboratories,
Burlingame, CA), washed three times with wash buffer and two times with
PBS. The plate was then developed by the addition of AEC (3-amino-9-
ethylcarbazole) substrate. The spots were counted on a CTL-Immunospot
analyzer (Cellular Technologies, Shaker Heights, OH). Spots from unstimu-
lated splenocytes from each group was used to subtract the background

Statistical analysis. In most experiments, simple Students ¢-test (non-
weighted) were used, with significance considered to be P < 0.05. In animal
“survival” studies Wilcoxon tests were used to determine P values.
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