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ABSTRACT
CD40 triggeringmay result in antitumor effects of potentially high clinical relevance. To gain insights important
for patient selection and to identify adequate targeting techniques, we investigated CD40 expression in human
cancer tissues and generated a replication-incompetent recombinant vaccinia virus expressing CD40 ligand
(rVV40L). Its effects were explored in vitro and in vivo upon direct CD40 targeting on malignant cells or
macrophage activation. CD40 expressionwas analyzed by immunohistochemistry in tumor and stromal cells in
a multi-tumor array including 836 specimens from 27 different tumor types. Established tumor cell lines were
used to explore the capacity of rVV40L to induce malignant cell apoptosis and modulate functional profiles of
polarized macrophages. CD40 expression was detectable in significantly higher numbers of stromal as
compared to malignant cells in lung and breast cancers. CD40 ligation following rVV40L infection induced
apoptosis in CD40(+) cancer cells, but only in the presence of intact specific signal transduction chain.
Importantly, rVV40L infection promoted the induction of TNF-α-dependent antitumor activity of M1-like
macrophages directed against CD40(-) targets. CD40-activated M1-like macrophages also displayed enhanced
ability to CXCL10-dependently recruit CD8+ T cells and to efficiently present cancer cell intracellular antigens
through cross-priming. Moreover, rVV-driven CD40L expression partially “re-educated” M2-like macrophages,
as suggested by detectable CXCL10 and IL-12 production. Most importantly, we observed that intra-tumoral
injection of rVV40L-infected human macrophages inhibits progression of human CD40(-) tumors in vivo. First
evidences of anticancer activity of rVV40L strongly encourage further evaluations.
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Introduction

CD40 receptor is a 48-kDa type I transmembrane protein of the
TNF receptor (TNFR) superfamily, physiologically expressed by
a broad range of different cell types, including endothelial, epithe-
lial, and immune cells. Furthermore, cancer cells from nearly all
B-cell malignancies and a variety of solid tumors have also been
reported to express CD40.1,2 CD40 ligand (CD40L: CD154),
a member of the "TNF ligands family", is expressed on the cell
surface of activated helper T-lymphocytes and is released in
soluble form by platelets.

Triggering of CD40 receptor expressed by malignant cells has
been shown to result in cell growth arrest and apoptosis. These
effects have been associated with the recruitment of TNFR-
associated factor (TRAF) adapter proteins to the cytoplasmic
domain of CD40 receptor, leading to activation of pro-apoptotic
JNK-pathway and cleavage of effector caspases.1,3 Recently identi-
fied NORE1A protein (RASSF5) has also been proposed as an
additional critical mediator of apoptosis and cell growth arrest in
CD40-triggered tumor cells.4

Triggering of CD40 on different antigen-presenting cell
(APC) types by activated CD4+ T cells expressing CD40L results

in their “licensing”, promoting highly efficient induction of
cytotoxic T lymphocyte (CTL) responses.5–7 Based on these
characteristics, CD40/CD40L interaction has emerged in the
past decade as a crucial target for the development of innovative
cancer immunotherapy strategies.2,6,7 Monoclonal antibodies
(mAbs) targeting CD40 receptor and viral vectors encoding
CD40L have been tested in animal models and in cancer
patients.6,8–12 Responsiveness to the CD40/CD40L pathway-
targeting reagents is associated with direct effects on malignant
cells and with the induction of adaptive antitumor
immunity.2,6,8–12 Furthermore, T-cell-independentmechanisms,
prominently including the activation of tumor-associated
macrophages, have also been proposed.8,9,13

Vaccinia virus (VV) is a viral vector, characterized by extra-
nuclear replication and capacity to accommodate large transgenes.
Due to these characteristics and its safety, VV has been used in
recombinant form (rVV) in a variety of cancer immunotherapy
protocols.14–18 In particular, rVVs have successfully been used to
induce T-cell responses specific for tumor-associated antigens
(TAAs) in patients bearing cancers of different histological
origins.15,18 Moreover, rVVs have also been used as oncolytic
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reagents upon systemic or intratumoral administration.19 An
oncolytic rVV expressing CD40L was recently shown to inhibit
the growth of CD40+ human tumor cell xenografts in immune-
deficient animals.20

In previous investigations, we have shown that a replication-
incompetent rVV encoding multiple TAA-derived epitopes and
CD80 and CD86 co-stimulatory molecules efficiently induced
specific CTL responses in patients with advanced melanoma.18,21

More recently, we constructed an rVVencodingCD40L (rVV40L)
and reported its ability to exquisitely promote the expansion of
human “central memory” CD8+ T cells17 in replication-
incompetent form. These studies prompted us to explore the
possibility of using this non-lytic reagent to elicit the multiplicity
of antitumor effects associated with CD40 triggering.

In the present study, we have analyzed CD40 expression in
tumor and stromal cells in a large (n: >800) range of human
cancers and identified malignancies potentially representing
relevant clinical targets. More importantly, we here show that
a replication-incompetent rVV40L is able to induce direct and
macrophage-mediated apoptosis of tumor cells of different his-
tological origins. Furthermore, we demonstrate the capacity of
this reagent to promote macrophage-mediated recruitment of
CD8+ T cells and cross-presentation of HLA-class I-restricted
epitopes from human intracellular TAA. Most interestingly, we
here report that rVV40L-triggered humanmacrophages are able
to inhibit the progression of human CD40(-) tumors in vivo.

Results

CD40 receptor expression in clinical tumor specimens

CD40 receptor has been reported to be expressed in nearly all
B-cell malignancies and up to 70% of the solid tumors.2

Triggering of CD40 receptor expressed on transformed cell
surfaces has been associated to pro-survival effects or to inhibi-
tion of proliferation and/or apoptosis induction.1,5 We analyzed
CD40 receptor expression in a tumor microarray (TMA)
including 836 specimens from 27 different cancer types.
Examples of CD40-specific staining are reported in Figure 1a.

In initial studies, overall CD40 expression, including both
tumor and stromal cells, was evaluated. Samples showing mod-
erate/strong CD40-specific staining in ≥10% of all cells were
considered positive. According to these criteria, ˃15% of the
specimens of breast tumors, non-small-cell lung cancer
(NSCLC), hepatocellular carcinoma (HCC), as well as esopha-
geal cancer were considered CD40+ (Figure 1a-b). Lower per-
centages of CD40+ specimens, ranging between 5% and 10%,
were observed in ovarian, Gastrointestinal tract, head and neck,
small-cell lung cancers and mesotheliomas. In contrast, CD40
expression was barely detected in colorectal, gallbladder, pros-
tate cancers (<5% CD40+ specimens) and was undetectable in
pancreatic adenocarcinoma (Figure 1a-b). Importantly, no
CD40 expression could be observed in healthy tissues of corre-
sponding histological origin (data not shown).

Differential analysis of CD40 expression in tumor or stromal
cells in clinical specimens was then addressed. Moderate/strong
CD40-specific staining in malignant cells was only observed in
limited numbers of cancer types including breast (8/121), ovar-
ian (7/67), and lung cancers (1/32 Small Cell Lung Cancer

(SCLC) and 6/121 NSCLC) (Figure 1c). Most interestingly,
however, in NSCLC and breast cancers, CD40 was expressed
in significantly higher percentages of stromal as compared to
tumor cells (P< 0.0001 and P= 0.02, respectively). In contrast,
no significantly different expression in either cell types could be
observed in ovarian cancers (P= 0.7) and small-cell lung carci-
noma (P= 0.8) (Figure 1c).

Taken together, TMA data underline that CD40 receptor is
expressed in different cell types present in the tumor
microenvironment (TME), but predominantly in stromal cells
in sizable percentages of cancers of high epidemiological
relevance.

rVV40L infection induces apoptosis/necrosis in
CD40+ tumor cell lines

TMA data prompted us to evaluate biological responses
induced by replication-incompetent rVV40L infection in
a panel of CD40+ and CD40- established tumor cell lines. In
particular, CD40+ Na8 melanoma, HCT116 colorectal cancer,
MDA-231 breast cancer, PLC, and HepG2 (CD40DIM) HCC
cell lines were tested. As controls, we also investigated cell
lines of the same histological origin (A375, BT-474, LS180,
and HuH-7) with undetectable or negligible expression of
CD40 receptor as assessed at mRNA and protein levels
(Supplementary Figure 1a, b).

Infection of tumor cells by replication-incompetent rVV40L,
irrespective of their histological origin and CD40 receptor status,
resulted in surface expression of CD40L in >30% of the tumor
cells 24 hours after their incubation with the virus
(Supplementary Figure 1c), and in a significant decrease of
CD40 expression in CD40+ infected cells (Supplementary
Figure 1d).

Importantly, rVV40L infection of CD40+ Na8 melanoma
(Figure 2a) and MDA-231 breast (Figure 2b) resulted in sig-
nificant increases in percentages of apoptotic/necrotic cells as
compared to control cultures. Surprisingly, however, rVV40L
infection of CD40+ HCT116 colorectal cancer cells and
HepG2 HCC cells did not impact on their survival (Figure
2c,d), whereas PLC HCC cells underwent apoptosis (Figure
2d). Remarkably, CD40 cross-linking by s40L/enhancer treat-
ment, infection by VV WT, or their combination were totally
ineffective (Figure 2a, b, d). As expectable, rVV40L infection,
s40L/enhancer treatment, or their combination failed to
induce apoptosis/necrosis in CD40-cell lines.

Altogether, VV-mediated CD40L expression sensitized
CD40+ tumor cell populations to cell death, with the exception
of HCT116 and HepG2 tumor cell lines that appeared resistant.

Impaired CD40 signaling pathway is associated with
tumor cell resistance to rVV40L-induced apoptosis/
necrosis

CD40 ligation results in receptor clustering, inducing, in
turn, recruitment to its cytoplasmic domain, of TNF-
receptor-associated factors (TRAFs) mediating intracellular
signaling.1 However, only TRAF-1 is regulated at transcription
level in response to CD40 ligation and initiates signaling cascades
leading to cell death.3 Furthermore, CD40 ligation on tumor cells
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Figure 1. Evaluation of CD40 receptor expression in clinical specimens.
(a) Representative examples of CD40-specific positive and negative immunohistochemical staining. (b) Cumulative results of CD40 expression in tumor specimens
included in the TMA. Samples were considered “positive” if ≥10% of the total cell number showed evidence of moderate/strong CD40-specific staining. (c) CD40
expression on tumor and non-malignant stromal cells was differentially analyzed in clinical samples derived from breast, ovarian, and lung cancers. Data refer to
percentages of tumor or stromal cells showing evidence of moderate/strong CD40-specific staining.
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Figure 2. CD40L-expressing recombinant vaccinia virus treatment induces cytotoxic effects on CD40+ tumor cells in ‘“vitro’”.
Established tumor cell lines from (a) melanoma (Na8 and A375), (b) breast cancer (MDA-231 and BT-474), (c) colorectal cancer (HCT116 and LS180), and (d)
hepatocellular carcinoma (PLC, HepG2 and HuH-7) were left untreated or infected with CD40L-expressing recombinant vaccinia virus (rVV40L) or vaccinia virus wild-
type (VV WT) at MOI of 10. Tumor cells were also treated with soluble CD40L recombinant protein (s40L) and oligomerizing enhancer (0.5 and 1 μg/ml, respectively)
alone or following VV WT infection (VV WT). On d 4, cells were collected and stained with annexin V and propidium iodide (PI) (a, b, c, and d). Data refer to
a representative experiment for each established tumor cell line (upper panels) and report collective results (mean ± SEM) from five different experiments (lower
panels). *P < 0.05, **P < 0.01; Mann–Whitney nonparametric test.
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has recently been reported to result in upregulation of NORE1A
(RASSF5) protein, mediating pro-apoptotic JNK pathway and
caspase activation, and inducing apoptosis of target cells.4 Thus,
we investigated CD40 signaling in tumor cells using TRAF-1 and
NORE1A expression as downstream markers.

In apoptosis-responsive CD40+ Na8 and MDA-231 cells,
a significant upregulation of TRAF-1 gene expression was
observed upon rVV40L infection, whereas s40L/enhancer,
alone or in combination with VV-WT, was ineffective (Figure
3a-b). In sharp contrast, triggering of CD40 receptor expressed
on the cellular surface of HCT116 cells by rVV40L infection
failed to induce upregulation of TRAF-1 gene expression level
(Figure 3c). Instead, both rVV40L and s40L treatment appeared
to downregulate CD40 expression in HCT116 CRC cells.

Regarding hepatocellular cell lines (HCC), in PLC CD40+
cells, a trend (P = 0.0671) toward TRAF-1 upregulation was also
observed following rVV40L infection in (Figure 3d). This effect
was undetectable in CD40+HepG2 cells. Similarly, expression of
NORE1A gene was significantly increased following rVV40L
infection but not s40L or WT+ s40L treatment, only in cell
death-sensitive CD40+ PLC but not in “insensitive“
CD40+ HCT116 cells (Figure 3e). As expected, no TRAF-1 or
NORE1a upregulation was observed in CD40-cell lines.

These data indicate that rVV40L is able to induce apoptosis
upon infection of CD40+ cells. However, they also underline that
CD40 expression “per se“ is not predictive of sensitivity to
rVV40L-mediated cytotoxic effects, and induction of functional
adapter proteins is required to elicit apoptosis.3,4

Phenotypic and functional profiles of M1/M2-like
“in vitro” generated macrophages

TMAdata document the expression of CD40 in tumor-infiltrating
stromal cells. Notably, macrophages have been shown to represent
a majority of CD40+ tumor-infiltrating cells,2,7,8 and a role of
tumor-associated macrophages in the control of tumor progres-
sion has repeatedly been reported.22 A key feature of macrophages
is represented by their high plasticity with M1/M2 macrophages
representing extremes of a continuum of differentiation states,
characterized by specific functional attributes.23,24 Therefore, we
investigated the possibility that targeting CD40 might condition
in vitro differentiation of CD14+monocytes towardM1/M2 func-
tional profiles.

We generated M1- and M2-like CD14+ monocyte-derived
macrophages by culturing peripheral blood CD14+ monocytes
in the presence of GM-CSF (M1) or M-CSF (M2).25

Phenotypic characterization of CD14+ monocyte-derived
macrophages confirmed a significantly higher expression of
CD16 and reduced levels of CD163 and CD204 on M1- as
compared to M2-like macrophages26,27 (Supplementary
Figure 2a, b). Accordingly, analysis of cytokine gene expres-
sion pattern profiles revealed a significant IL-6 gene expres-
sion in M1 macrophages, whereas IL-10 gene expression was
significantly higher in M2-like macrophages (Supplementary
Figure 2c). Moreover, we observed a significantly higher
expression of CD40 receptor in M1-, as compared to M2-
like, CD14-derived macrophages (Figure 4a).

Modulation of M1/M2 functional profiles by rVV40L
infection

We evaluated the effects of the treatments under investigation
on CD14+ peripheral blood monocytes undergoing cytokine-
driven polarization. Infection by rVV40L induced IL-12 pro-
duction by macrophages undergoing M1-like polarization,
whereas s40L/enhancer treatment, alone or in combination
with WT infection, was completely ineffective. No IL-10
release could be observed in these conditions. Unexpectedly,
however, rVV40L infection also induced minor but detectable
IL-12p70 release by macrophages undergoing M2-like polar-
ization, with a delayed kinetic, following 6 d of culture. In
contrast, IL-10 production during M2-like polarization was
induced by s40L/enhancer treatment alone or in combination
with WT infection, but not by rVV40L (Figure 4b).

Co-culture with rVV40L-infected tumor cells promotes
cytokine release and antitumor effects in polarized
macrophages

We then explored the potential relevance of CD40 receptor
ligation in the modulation of effector functions of fully
in vitro differentiated M1- or M2-like macrophages. To
focus on effects on macrophages, excluding confounding
effects possibly related to cancer cell apoptosis and damage-
associated molecular pattern expression, we analyzed cytokine
production pattern of polarized macrophages upon co-culture
with untreated, VV WT, or rVV40L-infected CD40- HuH-7
HCC and LS180 CRC cells.

TNF-α release was only detectable upon co-culture of M1-like
differentiated macrophages in the presence of rVV40L-infected
LS180 cells. CD40 ligation by infected tumor cells also induced
IL-12p70 and IL-6 production in these cells. Interestingly, IL-
12p70 and IL-6 were released, albeit to significantly lower
extents, also by M2-like cells following exposure to rVV40L-
infected LS180 cells. Notably, IL-10 release was observed upon
co-culture of M2-like macrophages with LS180 cells, irrespective
of viral infection (Figure 5a). Similar results were also observed
upon M1- or M2-like macrophage stimulation with rVV40L-
infected Huh7 cells. However, these infected cells induced IL-10
release by M2-like macrophages (Supplementary Figure 3a).

Taken together, these data indicate that CD40 is functional
in both M1- and M2-like fully polarized macrophages and
suggest that its triggering might partially steer M2 cells toward
an M1-like functional profile.

Consistentwith their TNF-αproduction,M1-likemacrophages
significantly inhibited the proliferation of rVV40L-infectedCD40-
LS180 (Figure 5b) and HuH-7 established tumor cell lines
(Supplementary Figure 3b). In contrast, M2-like macrophages
were unable to inhibit the proliferation of infected cells (data not
shown).

Although macrophages could release a variety of cytotoxic/
cytostatic mediators, the pivotal role of TNF-α in the elicita-
tion of these effects was confirmed by its neutralization,
resulting in significant inhibition of antiproliferative effects
of CD40-stimulated M1-like cells on rVV40L-infected tumor
cells (Figure 5c and Supplementary Figure 3c).
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CD40-stimulated M1- and M2-like macrophages promote
the recruitment of CD8+ T cells

In a variety of solid tumors, high infiltration by CD8+ T cells is
associated with favorable prognosis. Thus, their recruitment
might represent a critical step in the elicitation of antitumor
immune responses.28–30

CXCR3 chemokine receptor is expressed in CD8+ lympho-
cytes, and, preferentially, in “central memory” T cells, character-
ized by marked antitumor potential 17,31 (Supplementary Figure
4a). While CXCR3 ligands include CXCL9, CXCL10, and
CXCL11, the main role in CD8+ T cells recruitment has been
attributed to CXCL10.32
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We tested CXCL10 release in supernatants of co-cultures
of M1- or M2-like macrophages and LS180 CRC and HuH-7
HCC cell lines. As depicted in Figure 6a, rVV40L but not VV
WT infection of tumor cells resulted in significant increases of
CXCL10 production by both M1- and M2-like macrophages.

Migration assays were performed to formally demonstrate the
ability of CD40-stimulated M1- and M2-like macrophages to
promote CXCL10-mediated CD8+ T-cell recruitment.
Supernatants from macrophages, CD40L stimulated as described
above, induced the migration of CD8+ T cells to significantly
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higher extents as compared to control supernatants. Importantly,
antibody-mediated CXCL10 neutralization from these

supernatants abrogated CD8+ T-cell migration (Figure 6b), thus
confirming its critical relevance in lymphocyte recruitment.
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Figure 5. Co-culture with rVV40L-infected tumor cells promotes cytokine release and antitumor effects in polarized macrophages.
(a) M1- and M2-like macrophages were co-cultured (1:1 ratio) with LS180 CRC cells infected with VV WT or rVV40L (MOI 10). After 4 d, supernatants were collected
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CD40L-expressing recombinant vaccinia virus promotes
M1-mediated cross-presentation of tumor-associated
antigens (TAAs) to CD8+ T cells

Macrophages are able to cross-present intracellular MHC-class
I-restricted antigens derived from apoptotic cells to specific
T cells.33 Cross-presentation-based vaccination strategies have
shown promising results for cancer treatment.34,35 Therefore, we

evaluated the capacity of rVV40L-stimulated macrophages to
promote the activation of tumor-reactive HLA-class I-restricted
CD8+ T cells through cross-presentation of intracellular antigens.

HLA-A0201-CD40-HT29 CRC cells (Supplementary Figure
4b) were co-infected with rVV40L and a recombinant vaccinia
virus encoding MelanA/MART-1 full gene (rVVMART-1 FG).
HT29 CRC cells were then co-cultured with HLA-0201+ M1- or
M2-like macrophages and, after 2 d, the ability of macrophages to
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cross-present MART-127–35 HLA-A0201-restricted epitope was
evaluated by measuring IFN-γ release by a specific CD8+ T-cell
clone (Supplementary Figure 4b). This clone efficiently
responded to antibody-mediated CD3 triggering and to presenta-
tion of the target peptide by HLA-0201+ M1- but not
HLA-0201+ M2-like APCs, despite a similar HLA-class
I expression (Supplementary Figure 4c left panel).

HLA-A0201+ M1-like macrophages exposed to HLA-A0201-
tumor cells infected by rVVMART-1 FG were able to cross-
present MART-127–35 HLA-A0201-restricted epitope to specific
T cells, thereby inducing IFN-γ release. However, M1-like macro-
phage infection by rVV40L significantly enhanced activation of
MART-127–35 reactive CD8+ T cells as compared to control
culture conditions (Figure 6c). As expected, T cells were not
activated in the presence of HLA-A0201+M1-like cells previously
exposed to tumor cells which were not infected by rVVMART-1
FG, thus confirming the integrity of the experimental design. On
the other hand, HLA-A0201- tumor cells infected by the reagents
under investigation were unable “per se” to induce IFN-γ produc-
tion in macrophages alone or in CTLs alone (Supplementary
Figure 4c right panel).

CD40L-expressing recombinant vaccinia virus (rVV40L)
promotes in vivo tumor regression through
macrophage activation

Wethen addressed the antitumor efficacy of rVV40L in vivo. TMA
data indicated that in a large majority of tumors tested CD40
expression was absent or present in very limited numbers of
tumor cells (see above). Therefore, in order to exclude effects
mediated by triggering of CD40 on model human tumor cells,
while focusing on infiltrating immune cells, in these experiments,
NSG immunodeficient mice were subcutaneously inoculated with
LS180 CRC and HuH-7 HCC CD40- cells. Upon in vivo growth,
tumors were first injected with replication-incompetent VV WT
or rVV40L followed, after 48 hours, by human M1- or M2-like
macrophages.

Control and VV WT-infected tumors rapidly and similarly
progressed in the presence or absence of M1- or M2-like cells
(Figure 7a-f). In sharp contrast, consistent with “in vitro” observa-
tions, rVV40L infection of Huh-7 HCC and LS180 CRC resulted
in a complete inhibition of tumor progression upon intratumor
injection of M1-like cells (Figure 7b,e). Similar effects were also
observed upon injection of the positive control Lipopolysaccharides
(LPS)-stimulated M1-like cells (data not shown). Injection of M2-
like cells also resulted in a modest, nonsignificant inhibition of
LS180 CRC tumor progression (Figure 7f).

Remarkably, histological analysis of excised tumors revealed
that rVV40L-mediated activation of M1-like macrophages
resulted in a significant disruption of tumor tissues, comparable
to LPS-stimulated M1-like macrophages (Figure 7g-h).
Consistently, immunofluorescence studies provided evidence
of significant caspase 3 cleavage in these tumors (Figure 7g-h).

Discussion

Due to its peculiar expression pattern and multifunctional
potential, CD40 represents an important target for the devel-
opment of innovative cancer immunotherapy protocols.2,11

Administration of agonistic anti-CD40 mAbs and CD154
(CD40L)-expressing recombinant adenovirus has been shown to
result in tumor regression in experimental models.6,13 These
effects have initially been largely attributed to CD40-mediated-
APC licensing and activation of T-cell-mediated antitumor
immune responses.36 However, data from clinical studies in
human pancreatic cancers, typically lacking T-cell infiltration,
suggest that elicitation of antitumor effects of therapeutic anti-
CD40 agonistic mAbs might rather rely on macrophage
activation.8,9,13

The effectiveness of CD40-targeting strategies developed so far
appears to be limited. In particular, CD40 expression by tumor-
infiltrating immune cells does not effectively predict responsive-
ness to agonistic anti-CD40 mAbs.8,9 Furthermore, epitope speci-
ficity and isotype might critically affect the activity of therapeutic
reagents.7,37 Regarding CD40L-recombinant adenovirus, while
safety has been reported, convincing evidence of clinical efficacy
is still missing.10–12 Potential limitations of adenovirus-mediated
anticancer biological approach might be associated with the
requirement of specific cell entry pathways and of the administra-
tion of high viral titers.10–12

In order to develop a multipotent anticancer biological, we
generated a replication-incompetent CD40L recombinant vac-
cinia virus (rVV40L) targeting multiple functional aspects of
tumor–immune system interaction and tested its antitumor
effects in vitro and in vivo. In particular, we addressed the
ability of rVV40L to directly promote CD40+ tumor cell
apoptosis, to modulate functional profiles of differentially
polarized macrophages, to recruit immune cell populations
of proven anticancer relevance, and to inhibit tumor progres-
sion in vivo.

Evaluation of CD40 expression in a large cohort of clinical
specimens (n = 836) derived from different tumor types (n = 27)
indicates that, with some exceptions, CD40 is expressed on cell
surfaces in limited percentages of transformed cells in tumors
included in the TMA under investigation. Instead, CD40 expres-
sion was frequently detectable in significantly higher percentages
of stromal cells. This observation underlines that the effectiveness
of CD40-based therapeutic strategies should rely on infiltrating
immune cells in addition to direct cytostatic/cytotoxic effects on
CD40+ malignant cells. While the use of TMA might represent
a limitation of our study, underestimating tumor heterogeneity,
the large number of cases investigated powerfully corroborates the
clinical relevance of our data.

rVV40L infection effectively induced apoptosis/necrosis in
several CD40+ melanoma, HCC, and breast cancer tumor cell
lines. Instead, in line with previous reports,3,4 mere CD40 trigger-
ing by cross-linked s40L failed to induce cytotoxic effects in tumor
cells, although it was able to rapidly promote IL-10 release byM2-
like macrophages (Figure 4b). Most importantly however, CD40
expression by tumor cells cannot be considered “per se”
a sufficiently predictive signature of the effectiveness of “direct”
strategies, including the use of rVV40L, since impaired intracel-
lular signaling due to TRAFs adapter molecule alterations and
defective activation of effector proteins might prevent the induc-
tion of apoptosis/necrosis following receptor ligation onmalignant
cells.3,4

In addition to malignant cells, TME includes a variety of
different non-transformed cell types with a major impact on
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clinical course.28–30 For instance, macrophages have been
suggested to be able to eliminate transformed cells and to
promote adaptive tumor-specific immune responses in situ.38

However, pro-tumorigenic functions, such as supporting
tumor-associated angiogenesis, proliferation of malignant
cells, and suppression of antitumor T-cell responses, have
been convincingly demonstrated in experimental models.39–
45 Furthermore, clinical evidence underlines that in a majority
of human tumors, high macrophage infiltration is frequently
associated with severe prognosis.39–45

Therefore,macrophage infiltration emerges as acritical target of
antitumor therapeutic strategies, and the clinical potential of
mAbs neutralizing CCL246 and M-CSF receptor47 is currently
being evaluated in specific clinical trials. These strategies point to
the prevention of recruitment and differentiation of
macrophages.45–47 Alternative approaches focus on re-
conditioning of tumor-infiltratingmacrophages through themod-
ulation of their functional activity8,9,13 by exogenous signals
enhancing their antitumor activity.27,48,49

Co-culture with rVV40L-infected tumor cells induced signifi-
cant TNF-α release by M1- but not M2-like macrophages. This
cytokine appeared to represent a critical mediator of cytostatic/
cytotoxic activity exerted byCD40-activatedM1-likemacrophages
on malignant cells.

Macrophages do orchestrate anticancer adaptive immune
responses in situ.49 Several studies have underlined their capacity
to mediate, through chemokine production, selective recruitment
of defined immune cell subsets, such asCD8+Tcells, with a critical
antitumor activity,28–30 in malignant tissues.45,50 CXCL10 is the
main mediator of CD8+ T lymphocyte recruitment,32 and in our
study, rVV40L-driven CD40-stimulation resulted in significant
CXCL10 release by bothM1- andM2-like polarizedmacrophages,
leading to effective migration of CD8+ T cells.

The elicitation of CD8+ T-cell immune responses is condi-
tioned by cytokines produced by APC.17,36,51 Production of IL-
12 or IL-10 has been associated with the ability of tumor-
associated macrophages to promote or, respectively, inhibit adap-
tive anticancer T-cell-mediated immune response.42,49,50 rVV40L
infection during macrophage polarization or co-culture with
infected tumor cells significantly modulated their cytokine release
profile. In particular, it promoted robust production of IL-12 by
M1-like macrophages and, more surprisingly, although to signifi-
cantly lower extents, also by M2-like macrophages. Most impor-
tantly, we observed that infection of tumor cells by rVV40L
significantly enhanced M1-like-mediated cross-presentation of
TAAs to CD8+ T cells.

Importantly, oligomerized sCD40L was ineffective in a large
majority of our “in vitro” experiments. Due to its effectiveness in
B-cell activation,52–55 the original CD40-mediated functional
assay, oligomerized s40L is usually considered as the reference
standard for CD40 triggering tests. However, the extent of CD40
polymerization has been shown to critically affect the elicitation of
the multiplicity of functional effects induced by its triggering.56–59

Our data suggest that rVV-mediated CD40L expression on
infected cells is likely to result in a highly polymerized interaction
with CD40, thereby allowing a full display of the effects associated
with CD40 stimulation.

In vivo studies critically reinforce our in vitro results. Indeed,we
observed a significant inhibition in the progression of CD40-

tumors upon rVV40L infection in the presence of adoptively
transferred macrophages. In particular, exogenous administration
of human M1-like macrophages induced massive destruction of
tumor tissue mediated by cleaved caspase 3 activation.
Intriguingly, detectable, albeit not significant, effects were also
elicited by M2-like macrophages.

Considering the absence of overt toxic effects of macro-
phage administration in animals bearing rVV40L-infected
tumors, and the replication-incompetent nature of our
reagent, these data may suggest innovative adoptive cancer
immunotherapy protocols. Tumor tissues could be treated
with rVV, followed by intra-tumor injection of polarized,
patient-derived macrophages which could be easily obtained
from peripheral blood cells. In these conditions, T cells might
also be attracted to tumor sites, and the generation of adaptive
immune responses might ensue. Further studies are warranted
to validate this working hypothesis, requiring human autolo-
gous sets of cellular reagents, including cancerous cells and
T lymphocytes.

Taken together, our data underline themajor antitumor poten-
tial of rVV40L. Indeed, transduction by this replication-
incompetent reagent might lead to direct inhibitory effects on
CD40(+)malignant cells. In addition, inhibition of tumor progres-
sion could also result from the marked ability of rVV40L to
promote M1 activation and, possibly, from a partial re-
polarization of M2 macrophages. Most importantly, CD40-
activated macrophages are able to induce direct TNF-α-mediated
antitumor cytotoxic activity, lymphocyte recruitment, and cross-
presentation of cellular antigens to CD8+ T cells.

Materials and methods

Immunohistochemistry

The multi-tumor tissue microarray used in this work has been
extensively described in previous studies.60,61 Briefly, tissue
cylinders with a diameter of 0.6 mm were punched from
morphologically representative areas of >800 blocks from
individual tumors of 27 different histological origins and
brought into recipient paraffin blocks (30 x 25 mm) by
using a semi-automated tissue arrayer. To partially overcome
limitations inherent in tumor heterogeneity, punches were
derived from the center of each donor tumor tissue block so
that each TMA spot consisted of at least 50% tumor cells.
Corresponding healthy tissues were also included in the TMA.

TMA slides were pretreated with CC1 reagent (Ventana)
for 16 minutes at room temperature (RT). Thereafter, they
were incubated for 32 minutes at RT with CD40-specific
rabbit polyclonal primary antibodies (Abcam, ab58612) at
1:50 dilution. Specific binding was revealed by using
optiView kit with DAB chromogen (Ventana) according to
producer’s instructions. Percentages of total, malignant, and
tumor-infiltrating CD40+ stromal cells in each punch were
evaluated by experienced pathologists blinded to any prior
information. The intensity of staining was also analyzed, and
samples were classified as negative (0), weakly positive (1),
moderately positive (2), and strongly positive (3). Cells were
scored positive if they displayed at least a moderate intensity
staining.
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CD40 ligand-expressing recombinant vaccinia virus
(rVV40L)

CD40 ligand-expressing recombinant vaccinia virus (rVV40L)
was generated as previously described.14 In order to exclude the
cytopathic/lytic effect of replicating a vector and focus on effects of
the expressed transgene, viral replication was inactivated by DNA
cross-linking by using psoralen (1 µg/ml) and long-wave UV
(365 nm) irradiation.14 A similarly inactivated wild-type vaccinia
virus (WTVV) was used as a control. Soluble FLAG-tagged CD40
ligand (s40L) and enhancer (Enzo Life Sciences), ensuring recep-
tor multimerization,62,63 were also used as additional controls.

Established tumor cell lines

Established melanoma (A375), HCC (PLC, HepG2, and HuH-7),
colorectal (HCT116, LS180, andHT29) and breast (MDA-231 and
BT-474) cancer cell lines were purchased from European
Collection of Cell Cultures (ECACC). Na-8 melanoma cell line
was a gift fromDr Jotereau (Nantes, France). Breast and colorectal
cancer cell lines were cultured inRPMI-1640medium supplemen-
ted with glutamine, non-essential amino acids, sodium pyruvate,
HEPES buffer, and Kanamycin sulfate (Gibco-Life Technologies),
thereafter referred to as complete medium (CM) and 10% Fetal
Bovine Serum (FBS). Melanoma and HCC, HepG2, and HuH-7
cells were cultured in D-MEM CM, 10% FBS. PLC cells were
cultured in ALPHA-MEM CM supplemented with 10% FBS.
When specific established tumor cell lines were required for the
indicated experiments, early passage cells were thawed and main-
tained in culture for less than 2 months.

In vitro generation of CD14+-derived macrophages

CD14+ monocytes were isolated from peripheral blood mono-
nuclear cells from healthy donors to a >95% purity by using anti-
CD14 magnetic beads (Miltenyi Biotech). Magnetically isolated
cells were cultured in RPMI-CM 10% FBS in the presence of
12.5 ng/ml GM-CSF (R&D Systems) to generate polarized M1-
like macrophages or M-CSF (R&D Systems) for M2-like macro-
phages. On d 6, cells were collected and stained with anti-CD16,
anti-CD163, anti-CD204, and anti-CD40 receptor-specific, fluor-
ochrome-conjugated mAbs, and specific fluorescence was evalu-
ated by flow cytometry (see below).

CD40 triggering “in vitro”

Tumor cell lines were infected with rVV40L or VV WT at
Multiplicity of Infection (MOI) of 10 for 1 hour at 37°C in
500 μl of their specific culture medium. Cells were then
washed and cultured in specific media (see above). When
indicated, cultures were supplemented with s40L recombinant
protein and oligomerizing enhancer (0.5 and 1 μg/ml, respec-
tively, Enzo Life Sciences, see above) alone or following VV
WT infection (WT + s40L). Cells from different cultures were
collected after 4 d, and their viability was assessed by Annexin
V apoptosis detection kit (Becton Dickson).

CD14+ monocytes from peripheral blood of healthy
donors were infected in 500 μl RPMI-1640 CM for 1 hour
at 37°C with rVV40L or with VV WT at MOI of 5. In

addition, s40L and enhancer were also used alone or following
VV WT infection (WT + s40L), as described above. Cells were
then cultured in RPMI-1640 CM 10% FBS in the presence of
either GM-CSF or M-CSF (see above). At the indicated time
points, supernatants from different culture conditions were
collected, and cytokine release was assessed by ELISA.

Co-culture of M1- and M2-like macrophages with
established tumor cell lines

LS180 and HuH-7 established tumor cell lines were left
untreated or infected with rVV40L or with VV WT at MOI
of 10. After 24 hours, 3000 VV WT or rVV40L-infected or
untreated tumor cells were co-cultured together with M1- or
M2-like macrophages at different effector: target ratios in 96
well-plates. On d 4, cytokine and chemokine release in super-
natants from different culture conditions was evaluated by
ELISA. Cytostatic activity of macrophages on tumor cells
was evaluated by adding 1 μCi of 3H-thymidine for the last
18 hours of culture. Cells were then harvested, and tracer
incorporation was measured by scintillation counting. TNF-
α neutralization was achieved by adding to cultures anti-
human TNF-α mAb (BioLegend) at 10 μg/ml final
concentration.

Cross-presentation assays

MelanA/Mart127–35-specific HLA-A0201-restricted CD8+ T
cell clones were generated as described previously.64

Overall, 3000 cells from CD40- HLA-A0201- HT29 cell line
were left untreated or infected with VV WT or rVV40L and
co-infected with a recombinant VV encoding MART-1 full
gene, inducing the production of the entire protein in infected
cells, at MOI of 10. After 24 hours, differentially infected
HT29 cells were cultured alone or in the presence of HLA-
A0201+ M1- or M2-like polarized macrophages at 1:1 ratio.
Two days later, 30,000 cells of a MelanA/Mart-127-35-specific,
HLA-A0201-restricted CD8+ T cell clones were added to the
different cultures. After 48 hours, the presence of IFN-γ in the
supernatants was assessed by ELISA.

Migration assays

Migration of CD8+ T cells toward supernatants from co-
cultures of polarized macrophages and tumor cells was
assessed in 96-well trans-well plates (5 μm pore size;
Corning Costar) upon 60 min culture at 37°C. When indi-
cated, anti-CXCL10 neutralizing mAb (10 μg/ml; R&D
System) was also added to culture supernatants. Cell migra-
tion was quantified by flow cytometry.

In vivo experiments

In vivo experiments were approved by the Basel Cantonal
Veterinary Office (License Number 2266). NSG mice from
Charles River Laboratories were bred and maintained under
specific pathogen-free conditions in the animal facility of the
Department of Biomedicine of the University of Basel. Eight- to
10-week-old mice were injected subcutaneously (s.c.) in the
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flank with tumor cells (1 05 cells/mouse), resuspended in 1:1
growth factor reduced Matrigel (BD Biosciences)/ Phosphate
Buffered Saline (PBS) solution. Tumor formation was moni-
tored twice weekly by palpation and caliper measurements.
Once tumor masses reached an approximate diameter of
5 mm (1 × 106 tumor cells), 20 µl of virus solution (107 eq.
pfu of VV WT or rVV40L) or PBS was injected in the tumor
tissues. After 48 hours, PBS or 5 × 105 M1- or M2-like macro-
phages were also injected intratumorally. Tumor size changes
were followed every day by caliper measurements. One week
after, all mice were sacrificed and tumors were harvested.
Tumor volumes (in mm3) were determined according to the
formula (length x width2)/2.65 Samples from all tissues were
harvested for subsequent histological examination.

Gene expression analysis

Total cellular RNAwas extracted by using the RNeasyVRMini Kit
(Qiagen) and reverse transcribed according to manufacturer’s
instructions (Invitrogen-Life Technologies). Human TRAF-1
and NORE1A (RASSF5) gene expression was evaluated by quan-
titative RT-PCR (RT-qPCR) using specific primer sets (TaqMan®
Assays, Applied Biosystems-Life Technologies) and normalized to
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
housekeeping gene expression.

Flow cytometry

Expression of specific markers and induction of apoptosis
were evaluated by flow cytometry (FACScalibur; Becton
Dickinson). In particular, fluorochrome-labeled mAbs recog-
nizing CD163, CD204, CD154 (CD40L), CD3, CD4, CD8,
CD45RO, CD62L, CD183 (CXCR3), and HLA-A0201 were
obtained from Becton Dickinson. An mAb recognizing
CD16 was obtained from BioLegend, whereas an mAb recog-
nizing CD40 receptor (Clone 5C3) was obtained from
eBioscience. The viability of tumor cells was measured by
Annexin V apoptosis detection kit (Becton Dickson). Data
were analyzed by FlowJo software (Tree Star).

ELISA assays

Interleukin-10 (IL-10), interleukin-12 (IL-12p70), and inter-
feron-γ (IFN-γ) release in culture supernatants was measured
by using ELISA kits (Becton Dickinson). Tumor necrosis factor-
α (TNF-α) release was measured by using an ELISA kit from
BioLegend, whereas C-X-C motif chemokine 10 (CXCL10, IP-
10) release was evaluated by using a kit from R&D System.

Histological evaluation

Cryo-sections embedded in Optimal Cutting Temperature
(OCT) compound (Leica) were cut (10 μm) from each tumor
and fixed in formalin. Sections were either stained for hematox-
ylin and eosin using a Continuous Linear Stainer COT 20
(Medite) or incubated with a rabbit anti-cleaved caspase 3
reagent (Cell Signalling), followed by secondary species-
specific Alexa Fluor 488-conjugated antibody (Invitrogen) and
DAPI for nuclei counterstaining. Sections were examined by

using a Nikon TI fluorescence microscope (Nikon Switzerland),
and images were captured with 20x magnification using a digital
camera and NIS-Elements software.

Statistical analysis

Statistical analysis software SPSS (Version 14.0, SPSS Inc.) was
used for statistical analyses. Skewness, kurtosis, distribution
parameters, and respective standard errors were used to test
the normality of the concerned populations. Mann–Whitney
test was used for the analysis of non-parametric data with non-
Gaussian distribution of the test population. All reported
P-values were considered to be statistically significant at P≤ 0.05.
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