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GENERAL INTRODUCTION






Cancer immunotherapy, named breakthrough of the year by Science in 2013 (1), has
drastically changed the landscape of clinical oncology and is immerse in a period of feverish
activity. Immune checkpoint blocking monoclonal antibodies (mAbs) have revolutionized
clinical oncology and pharmaceutical development, setting the pace of an era in which
complete responses are obtained in patients suffering from highly aggressive disease (2, 3).
Still, not all patients derive benefit from treatment (4). The past decade has seen a great deal
of effort invested in the identification of factors that can prospectively predict response to
treatment. Among these can be found:

The incidence of non-synonymous mutations that give rise to immunogenic
neoantigens (5-9), sometimes caused by mismatch repair deficiencies leading to
accumulation of mutations (10).

The infiltration of immune cells , especially CD8 T lymphocytes, into tumors (11, 12).

A previously existing immune response in the tumor tissue, as indicated by
transcription of IFN-y response genes and PD-L1 expression (13).

Most of the existing immunotherapeutic drugs operate based on potentiating T-cell
activity. However, elimination of tumor cells by antigen-specific T lymphocytes is but the last
step of a complex process that involves cellular components of both the innate and adaptive
immunity.

THE CANCER-IMMUNITY CYCLE

To bring together the understanding of the immune responses against cancer that
immunotherapeutic drugs aim to potentiate, a model was proposed in 2013 that received
the name “Cancer-Immunity Cycle” (14) (Figure 1). This model brought together the events
required to achieve tumor eradication by the immune system, dividing them into discrete
steps, from tumor antigen release and uptake to T-cell priming, and ending in tumor cell
destruction by T cells. Failure to successfully carry out the tasks involved in this cycle leads
to tumor escape and progression (15). It comes as a matter of course that every active tumor
exists as a consequence of this failure of the regulatory mechanisms set to stop it, the immune
system being one among these.

Tumor cell destruction by the adaptive immune system requires the presentation of
antigenic peptides on MHC molecules on the surface of tumor cells. These presented antigens
originate from unique mutations suffered by the tumor cell (neoantigens) or from aberrant
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The Cancer-Immunity Cycle

Source: Chen and Mellman (2013).

expression of proteins that are normally expressed in immune privileged organs such as testes
or embryonic stages of development. These can then be recognized by antigen-specific T
lymphocytes. It is CD8 T cells that are best equipped to carry out tumor cell destruction
through recognition of antigen presented on MHC class I (MHC-I). T cells require to
undergo a priming step when they first encounter their cognate antigen, which allows them
to optimally expand and acquire effector and memory functions. Because tumor cells tend to
lose MHC-I expression and because they lack the costimulatory signals required for this
T-cell priming process, a different antigen-presenting cell is needed to kickstart CD8 T cell
responses against cancer.

DENDRITIC CELLS IN CANCER IMMUNITY

Ralph Steinman received a posthumous Nobel Prize in Physiology and Medicine in
2011 for his discovery of dendritic cells (DCs) in 1973 (16). DCs are potent, professional
antigen-presenting cells and strong inducers of T-cell activation. Both in humans and in mice,
DCs represent a heterogeneous group of cells with different origins, tissue distribution and
functions (17, 18), and can be grossly divided into three main categories: i) conventional
DCs, specialized in antigen presentation; ii) plasmacytoid DCs, that have an important
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role in antiviral defense thanks to their capacity to rapidly produce high amounts of type-I
interferon; and iii) monocyte-derived DCs, ontogenically less related to the previous two, that
differentiate into DC-like cells from circulating monocytes under inflammatory conditions.
Conventional DCs can be further subdivided into type 1 (¢cDC1) and type 2 (cDC2) cells, that
differ in their ontogeny requirements and functional roles (17, 19).

cDCls are essential players in antitumor immunity. They are ontogenically dependent
on the transcription factors BATF3 and IRF8 for their development (20), as shown in Batf3”
and Irf8” mice, which are completely devoid of cDCls (21). Elimination of ¢cDCls in these
mice severely impairs CD8 T cell-mediated immunity against syngeneic tumors (22).

In addition to the ontogeny requirement for BATF3 and IRF8, cDCls express receptors
for several cytokines that favor their differentiation and maturation. One of the most
important is Flt3, also known as CD135, the receptor for FIt3L. Flt3 is expressed by mature
DCs and DC precursors (23, 24). Administration of soluble FIt3L (sFIt3L) to mice or humans
leads to expansion of DC subsets (25-28) and can be used as an immune-modulating drug
against tumors in mice (27, 28). cDCls also show expression of multiple chemokine receptors,
among which CCR7 and XCRI can be highlighted. CCR?7 is required for peripheral tissue-
resident DCs to migrate to tissue-draining lymph nodes in response to CCL19 or CCL21
and is expressed by cDCls in a higher extent than it is by other DCs (29). XCR1 is receptor
to XCL1, a chemokine produced by activated T and NK cells, and may serve as a means to
bringing cDCls close to activated T and NK cells for continued priming (30-32).

Homologous human ¢DCls can be found in different tissues and are identified by
expression of CD141, XCR1 and Clec9a (33-35).

The reasons behind the particularly central role cDCls play in the Cancer-Immunity
Cycle are their outstanding ability to:

i) Capture antigen from apoptotic and necrotic cells, thanks in part to expression of
the C-type lectin receptor Clec9a that binds filamentous actin from necrotic cells
(36, 37).

ii) Process captured antigen to be presented to CD8 T cells on MHC-I molecules (cross-
presentation) thanks to a series of molecular adaptations of the endosomal pathway
for protein processing (38-41).

iii) Migrate to tumor-draining lymph nodes (TDLNs) in a CCR7-dependent fashion,
transporting intact tumor antigen to be cross-presented (27, 29, 42).

CROSS-PRESENTATION AND CROSS-PRIMING IN CANCER

Conventional antigen presentation pathways on MHC molecules are divided in two
categories: peptides derived from the proteins synthesized by the presenting cell, that we will
call endogenous proteins, are presented on MHC-I molecules to CD8 T cells. This system
allows a cell to present peptides from intracellular pathogens such as viruses or intracellular
bacteria and elicits a T cell response oriented toward cellular cytotoxicity mediated by CD8
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T cells. All nucleated cells in mammals constantly present intracellular peptides on MHC-I.
MHC-II antigen presentation to CD4 T cells, on the other hand, is carried out by specialized
antigen-presenting cells (APCs): B cells, macrophages and dendritic cells. This pathway
allows for presentation of antigens originated from outside of the cell (exogenous antigens).
Back to the “self/non-self” logic, this would be useful for presentation of antigens acquired
from extracellular pathogens such as bacteria or other parasites and would lead to a humoral
response against the pathogen.

There is an additional pathway of antigen presentation that most APCs cannot carry out:
antigen cross-presentation (43) (Figure 2). Cross-presentation defines the process through
which a cell can present peptides derived from proteins of exogenous origin in MHC-I
molecules, instead of routing them to the MHC-II machinery. Antigen cross-presentation is
of vital importance for anticancer immunity because most of the cytotoxic activity unleashed
by the immune system against tumor cells is performed by CD8 T cells. Thus, the need to
have cells able to efficiently present tumor antigen in MHC-I molecules and activate CD8
T cells. The cells that carry out this task, almost exclusively at least in mice, are BATF3-
dependent, type 1 conventional dendritic cells, cDC1s. Whether homologous CD141* DCs
are as exclusively in charge of cross-presentation in humans remains controversial, since more
human DCs seem well equipped for cross-presentation (44, 45).

Pathways for antigen cross-presentation

Source: Joffre et al. (2012).
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Antigen cross-presentation can be carried out through two different intracellular
pathways: the proteasome-dependent cytosolic pathway, and the less frequent proteasome-
independent vacuolar pathway (Figure 2). The specific contribution to either to cancer
immunity remains to be fully understood.

When antigen cross-presentation leads to CD8 T-cell expansion and activation, we
speak of T-cell cross-priming (46). T-cell priming requires, besides antigen recognition, the
presence of additional costimulatory signals and cytokines (Figure 3, the Three-Signal Model)
(47). Dendritic cells are professional cells able to provide all three signals required for T-cell
priming, but tumor cells are not (48-50). For this reason, cross-priming of tumor-specific
T cells by DCs cross-presenting tumor antigen is key for the kickstarting of an antitumor
CD8 T-cell response (51). DCs are, as Ralph Steinman said, “Nature’s adjuvants” (52).

The three-signal model of T-cell activation

Source: Kapsenberg (2003).

For antigen cross-presentation to successfully drive T-cell cross-priming, a DC
maturation process must take place that will drive DCs to upregulate antigen-presentation
(signal 1) and T-cell costimulation machinery, including surface protein signals (signal 2) and
soluble cytokines (signal 3) (53). The signals driving DC maturation include ligands for Toll-
like receptors (TLRs) recognizing pathogen- or damage-associated molecular patters (PAMPs
or DAMPs, respectively), such as viral RNA (54), bacterial lipopolysaccharide or the nuclear
protein HMGBI that is released upon necrotic or necroptotic cell death (55, 56). In absence
of maturation signals for DCs, T-cells recognizing their cognate cross-presented epitope will
not acquire effector functions and will likely become anergic or apoptotic. This phenomenon
is known as cross-tolerance (57, 58).

Itis important to note that during the maturation process DCs will also highly upregulate
PD-L1 and other T-cell checkpoint ligands, as a means to regulate T-cell responses (27, 28).
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The clinical relevance of the expression of these checkpoint ligands on DCs remains to be fully
understood, although expression of PD-L1 in immune cells infiltrating human tumors has
predictive value for response to PD-1/PD-L1 blockade (59-61).

The involvement of cDCls, cross-presentation and cross-priming in cancer immunity is
described in depth in the review recently published by our group: “Antigen Cross-Presentation
and T-Cell Cross-Priming In Cancer Immunology And Immunotherapy”, that can be found
attached to this PhD thesis as Annex 1 (page 95).

ACTING ON T-CELL COSTIMULATION/INHIBITION

Immunotherapeutic modulation of T-cell activity with immunostimulatory mAbs to
enhance antitumor activity comes in two complementary flavors (Figure 4) (62).

On the one hand, immunostimulatory mAbs antagonizing T-cell inhibitory molecules,
known as immune checkpoints, work by neutralizing signals that refrain T-cell activity in the
killing synapse with the tumor or during priming by a professional antigen-presenting cell (a
DC, for example) (3). Immune checkpoint activation can lead to T-cell anergy, exhaustion,
or apoptosis. The success of immunostimulatory mAbs blocking the interactions of the
best-known members of this family, CTLA-4 (63) and PD-1 (64), with their respective
ligands (CD80 and PD-L1/PD-L2), revolutionized clinical oncology and paved the way for
the discovery of additional T-cell checkpoints (TIGIT, VISTA, TIM3, LAG3...) (65-68). The
understanding of the roles each checkpoint molecule play in T-cell inhibition and the possible
interactions between them are currently focus of strong R&D investment (69).

T cell-targeted Immunostimulatory mAbs

Source: Melero et al. (2013).
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On the other hand, agonistic immunostimulatory mAbs directed towards T-cell
activating receptors can be used to potentiate and optimize the activity of T cells against
cancer. The receptors that can be targeted include members of the TNFR family such as
CD137 (4-1BB), CD27 or OX40, as well as members of other families, such as CD28 or ICOS
(70). CD137 is induced in activated T and NK cells (71, 72), among other cell types, and its
engagement has long-lasting effects in their functional programming (73, 74). The biology
of CD137 is described in more detail in the review published recently by us “Deciphering
CD137 (4-1BB) signaling in T-cell costimulation for translation into successful cancer
immunotherapy” (75), that can be found attached as Annex 2 (page 109).

Combined targeting of multiple activator or inhibitory receptors on T cells can improve
the antitumor activity obtained by either agent separately (62). The most well-known
combination treatment, which has been used against melanoma, lung cancer, and cancers
from the digestive tract with unprecedented success, is the one making use of PD-1 plus
CTLA-4 blockade (76, 77). PD-1 blocking agents, especially, are today ubiquitous pipeline
partners for other T-cell checkpoint inhibitors and costimulatory receptors, as well as non-
immunotherapeutic drugs, in the search for improved combinations against cancer.

CANCER VIROTHERAPY

Infection by bacteria or viruses naturally elicits potent immune-activating effects. Cancer
immunotherapy has, from its very beginnings, been closely related to the local administration
of pathogens into tumors to obtain antitumor responses (78).

Cancer virotherapy defines the therapeutic use of attenuated viruses or viral vectors,
usually administered directly into tumors, to achieve antitumor responses (79). Viral infection
causes abundant tumor cell death and antigen release, and provides strong activating signals
for innate immune cells, which makes it an attractive partner for checkpoint immunotherapy
(80). Antigen acquired by activated tumor-infiltrating DCs can then be cross-presented and
kickstart antitumor T-cell cross-priming to control tumor growth during and after viral
clearance.

Cancer virotherapy strategies encompass two not mutually exclusive categories:
oncolytic virotherapy and gene therapy with viral vectors.

Oncolytic viruses for cancer therapy are usually selectively able to replicate in tumor
cells, that tend to have suffered modifications in the cell cycle and IFN-I signaling pathway
that make them more susceptible for infection (81, 82). Some oncolytic viruses are modified to
allow for this specificity towards deregulated tumor cells (83), and may still induce transgene
expression in infected cells (84).

Viral vectors for gene therapy take advantage of the gene transfer capabilities of viruses
to introduce a gene of interest in the tumor microenvironment, added to the tumor cell
death induction and adjuvant potency of the chosen vector (85, 86). In 2015, FDA approval
was granted to talimogene laherparepvec (T-vec), a Herpesvirus coding human GM-CSE,
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Three-plasmid SFV vector production system

Source: Quetglas ef al. (2010).

for treatment of metastatic melanoma (87, 88), and that was recently shown to improve
responsiveness to PD-1 blockade in this disease (89).

Semliki Forest Virus is an enveloped single-strand RNA alphavirus that has been used
in the past by others and by us as a viral vector (90, 91). The development of SFV vectors has
been guided to ensure their safety and reduce the chances for the recombination of the wild-
type virus. The current generation of SFV vectors is produced by co-electroporation of three
different messenger RNA molecules coding the viral structural and non-structural proteins
into BHK cells, which produces infective but non propagative viral particles (Figure 5)
(91, 92).

SFV-based vectors are potent tools for cancer immunotherapy: they induce caspase-
dependent apoptosis of infected cells (93) and elicit strong type-I interferon (IFN-I) responses
while forcing high, transient transgene expression in infected cells (94). Different components
of the viral vector activate pattern recognition receptors in the host. However, the key element
required for induction of IFN-I responses in hosts seems to be the intracellular RNA receptor
RIG-I (95), that recognizes the vector’s nucleic acids.

SFV vectors engineered to produce active chemokines and cytokines have been
variably successful in cancer immunotherapy using rodent models. An SFV vector encoding
mouse IL-12 was previously demonstrated to exert potent antitumor effects when injected
intratumorally (96). Combined treatment of SFV-IL12 with anti-PD1 or anti-CD137 showed
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synergistic effects (97, 98). Other transgenes cloned into SFV vectors for use inimmunotherapy
include IL-15, IL-18 or GM-CSF (91).

SEV has also been used as an oncolytic agent against a number of malignancies in
rodent models (99).
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In the first part of this PhD project, we hypothesized that, in Batf3” mice devoid of
cDCls, immunostimulatory mAbs targeting PD-1 or CD137 would not be able to restore
T-cell responses against subcutaneous tumors. Conversely, we designed gain-of-function
experiments in which we systemically expanded and intratumorally activated DCs to increase
T-cell cross-priming to obtain responsiveness to PD-1 and CD137 mAbs in previously
unresponsive tumor models.

In a second project included in this thesis, we engineered a SFV vector coding XCL1
and sFIt3L (SFV-XF) for intratumoral administration into subcutaneous tumors in mice.
Out hypothesis was that intratumoral injection of SFV-XF would increase tumor infiltration
of cDCls, augment tumor antigen uptake and cross-presentation by these cells and achieve
antitumor efficacy through an increase in tumor-specific T-cell cross-priming.

The objectives of this PhD project will be three:

1. To identify the relations between cross-presentation of tumor antigens by dendritic
cells and the antitumor activity of immunostimulatory monoclonal antibodies
anti-PD-1 and anti-CD137, using subcutaneous tumor models engrafted in Batf3”
mice.

2. To establish a combined immunotherapeutic treatment potentiating cDCI-
mediated cross-presentation of tumor antigens for combination with anti-PD-1 and
anti-CD137 mAbs.

3. To construct and characterize a Semliki Forest Virus coding XCL1 and sFIt3L for
intratumoral immunotherapy of subcutaneous tumors in mice.
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CHAPTER 1

CANCER IMMUNOTHERAPY WITH
IMMUNOMODULATORY ANTI-CD137

AND ANTI-PD-1 MONOCLONAL ANTIBODIES
REQUIRES BATF3-DEPENDENT DENDRITIC
CELLS






RESEARCH BRIEF

Cancer Immunotherapy with
Immunomodulatory Anti-CD137 and
Anti-PD-1 Monoclonal Antibodies Requires
BATF3-Dependent Dendritic Cells

Alfonso R. Sénchez-Paulete!, Francisco J. Cueto??, Maria Martinez-L4pez?, Sara Labiano?,
Aizea Morales-Kastresana!, Mari{a E. Rodriguez-Ruiz*, Maria Jure-Kunkel®, Arantza Azpilikueta?,
M. Angela Aznarl, José |. Quetglas?, David Sancho? and Ignacio Melero'*

ABSTRACT Weak and ineffective antitumor cytotoxic T lymphocyte (CTL) responses can be
rescued by immunomodulatory mAbs targeting PD-1 or CD137. Using Batf37-
mice, which are defective for cross-presentation of cell-associated antigens, we show that BATF3-
dependent dendritic cells (DC) are essential for the response to therapy with anti-CD137 or anti-PD-1
mAbs. Batf3”/~ mice failed to prime an endogenous CTL-mediated immune response toward tumor-
associated antigens, including neoantigens. As a result, the immunomodulatory mAbs could not amplify
any therapeutically functional immune response in these mice. Moreover, administration of systemic
sFLT3L and local poly-ICLC enhanced DC-mediated cross-priming and synergized with anti-CD137-
and anti-PD-1-mediated immunostimulation in tumor therapy against B16-ovalbumin-derived melano-
mas, whereas this function was lost in Batf37/~ mice. These experiments show that cross-priming of
tumor antigens by FLT3L- and BATF3-dependent DCs is crucial to the efficacy of immunostimulatory
mAbs and represents a very attractive point of intervention to enhance their clinical antitumor effects.

Immunotherapy with immunostimulatory mAbs is currently achieving durable clinical
responses in different types of cancer. We show that cross-priming of tumor antigens by BATF3-
dependent DCs is a key limiting factor that can be exploited to enhance the antitumor efficacy of anti-
PD-1 and anti-CD137 immunostimulatory mAbs. Cancer Discov; 6(1); 71-9. ©2015 AACR.

See related commentary by Robert-Tissot and Speiser, p. 17.

INTRODUCTION appropriate co-stimulation and in a strongly immunosup-
pressive environment (2). The immune response to cell-
associated antigens requires the interplay of specialized and
professional antigen-presenting cells called dendritic cells
(DC). Among the variety of DC subsets, certain DCs excel

at redirecting cell-associated phagocytosed proteins to the

Tumor cells are antigenic as a result of abundant mutated
sequences in their exomes (1). However, they are poorly immu-
nogenic to prime cytotoxic T lymphocyte (CTL) responses
because antigen presentation takes place in the absence of
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MHC class I antigen presentation pathway (3), a process
termed cross-presentation, or cross-priming if it results in
CD8* T-cell activation. There is evidence that tumor antigens
are efficiently cross-presented in vivo (4).

Two DC subsets have been identified in mice as the most
efficient at cross-priming in vivo: lymphoid-tissue resident
CD11c¢*CD80"Clec9a/DNGR-1*XCR1* DCs and migratory
CD11¢*CD103*Clec9a/DNGR-1*XCR1* DCs (5). Differen-
tiation of both DC subsets shows an absolute requirement
for FLT3L and is largely affected by the absence of BATF3
(6). Notably, the absence of BATF3 impairs not only num-
bers but also functional responses in the remaining CD11c*
Clec9a/DNGR1* XCR1* DCs, such as cell-associated cross-
presentation or IL12 production (7, 8). Notably, Batf37~ mice
show impaired immunity against syngeneic immunogenic
fibrosarcomas (6) and regulate T-cell infiltration in models of
melanoma (9). However, other BATF3-independent DC sub-
sets mediate the immune system-dependent antitumor activ-
ity of anthracyclines (10) and mediate tumor rejection under
activating conditions in BATF3-deficient mice (11). Recent
reports further support an important role for intratumoral
BATF3-dependent CD103* DCs in priming a CTL response
through IL12 production (12, 13). In humans, an equivalent
BATF3-dependent DC subset characterized by expression of
CD11c, CD141, Clec9a/DNGR-1, and XCR1 has been identi-
fied in peripheral blood and lymphoid organs (14).

Immunotherapy of cancer is currently being revolution-
ized by the use of immunomodulatory mAbs. Interaction of
Programmed Cell Death 1 (PD-1; CD279), on activated and
exhausted lymphocytes, with its ligands (PD-L1 or PD-L2,
expressed on antigen-presenting DCs and tumor cells) down-
modulates T-cell signaling (15, 16). Interference with these
interactions using mAbs to PD-1 or PD-L1 has proved effective
in patients with metastatic melanoma, renal cell carcinoma,
non-small cell lung cancer, bladder cancer, head and neck
cancer, and other malignancies (17). In addition, stimulation of
the co-stimulatory receptor on activated T lymphocytes CD137
(4-1BB; ref. 18) results in complete tumor rejection in some
transplantable tumor models (19). These promising findings
have led to the clinical development of two anti-CD137 agents
mainly for refractory lymphoma (BMS-663513/Urelumab and
PF-05082566; NCT01775631, NCT02253992, NCT01307267).

The anti-PD-1 and anti-CD137 mAbs both induce tumor
rejection by synergizing with vaccines (20), indicating that
their function relies on a preexisting suboptimal CTL immune
response that, if boosted, results in synergistic effects (1).
Herein, we find an absolute need for BATF3-dependent DCs
in cross-priming of tumor antigens to CTLs that subsequently
upregulate PD-1and CD137. This antitumor response can thus
be manipulated with exogenous immunostimulatory mAbs. In
consequence, expansion and activation of BATF3-dependent
DCs concomitant with anti-CD137 mAb or anti-PD-1 treat-
ment result in a suitable combined antitumor therapy.

RESULTS

Ineffective Antitumor Therapy with
Immunomodulatory mAbs in Batf3/~ Mice

The absence of BATF3 affects the ontogeny and function
of CD8a* DCs in lymphoid organs and CD103* DCs in the

periphery, impairing cell-associated cross-presentation and
the ability to produce IL12 in response to infectious challenge.
The antitumor effects of immunostimulatory anti-PD-1 and
anti-CD137 mAbs are contingent on an already-present base-
line immune response, which is rescued and amplified by
treatment. Based on the proposed role for BATF3-depend-
ent DCs in immune surveillance (6), we hypothesized that
the preexisting immune response rescued by the immunos-
timulatory mAbs might be mediated by BATF3-dependent
cross-priming. Grafted MC38-derived tumors were lethal in
CS57BL/6 wild-type (WT) and BATF3-deficient mice, with
slightly faster progression in Batf3”/" mice (Fig. 1A). In WT
mice, tumor growth was delayed or curtailed by a course of
treatment with anti-PD-1 or anti-CD137 mAbs, starting on
day 4 after tumor cell inoculation. Combination treatment
with both mAbs had a synergistic effect on their antitumor
action (Fig. 1A and B), as previously reported in other tumor
models (21). The antitumor efficacy of anti-CD137 and anti-
PD-1 mAbs, used alone or in combination, was abolished in
Batf3”/~ mice (Fig. 1A and B), suggesting that BATF3-depend-
ent DCs are responsible for the baseline immune response
that is potentiated by immunostimulatory mAbs, as Batf37/~
mice only present some functional defects in CD8a" resident
DC or CD103* migratory DC (6, 7, 12).

We explored whether the ability of BATF3-dependent DCs
to specifically provide IL12 that boosts CTL function (8,
13) could underlie the advantage of BATF3-dependent DCs
to mediate basal antitumor response. We analyzed the abil-
ity of intratumorally injected IL12 to rescue the antitumor
effect of systemic anti-CD137 mAb in the absence of BATF3.
Repeat injections of recombinant IL12 in tumor lesions
clearly potentiated the antitumor effects of systemic anti-
CD137 mAb in WT mice, leading to rejection of most of the
tumors (Fig. 1C). In stark contrast, no therapeutic effect was
seen in identically treated Batf37/~ mice (Fig. 1C). Administra-
tion of IL12 is thus unable to compensate for the loss of a
key function of BATF3-dependent DCs in the synergy with
immunostimulatory anti-CD137 mAb.

Impaired Ability of Batf3~/- DCs to Cross-Prime
CTLs against Tumor Antigens

To investigate the possible involvement of deficient cross-
presentation in the nonresponsiveness of Batf3”/~ mice to
anti-PD-1 and anti-CD137 mAbs, we analyzed the ability of
CD11c* DCs to cross-present tumor-associated antigens to
CD8* T cells ex vivo. For these experiments, we used MC38
cells transfected to express ovalbumin (OVA) as a surro-
gate tumor antigen (22). Two days after tumor-cell grafting,
CD11c¢* DCs from tumor-draining lymph nodes (LN) were
magnetically sorted and cocultured at different ratios with
OT-I OVA-specific CD8" T cells. At all ratios tested, OT-I T
cells cocultured with DCs from Batf37/~ mice produced mark-
edly lower levels of intracellular and secreted IFNy than cells
cocultured with WT DCs (Fig. 2A and B), and also showed
impaired proliferation (Fig. 2C), although there was some
remaining cross-priming activity by Batf37/~ DCs.

To further investigate the DC subsets responsible for tumor
cross-priming in WT and Batf37/~ mice, we FACS-sorted DC
subsets from MC38-OVA tumor-draining LNs into resident
CD11cMMHC-II™CD11b* and CD11c"MHC-II"CD80" cells,
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Figure 1. Antitumor therapy with immunomodulatory mAbs is abrogated in Batf37~ mice and is not rescued by IL12 administration. WT or Batf3/-
mice were s.c. inoculated with 5 x 105 MC38 cells. A and B, mice were injected i.p. with 100 ug anti-PD-1 and anti-CD137 mAbs, alone or in combination
(100 ug each), or with vehicle (untreated) on days 4, 7, and 10 after tumor cell inoculation. A, growth plots of individual tumors. B, overall survival charts
show pooled results from 3 independent experiments with similar results. C, tumor-inoculated mice were injected i.p. with 100 pg anti-CD137 mAb on
days 7,10, and 13. The indicated groups of mice additionally received i.t. injections of recombinant mouse IL12 or saline on days 7,9, and 11. IL12 was
injected at 25 ng/dose into the tumor nodules. On the left, tumor area (mean + SEM); on the right, overall survival. Fractions indicate the number of
animals surviving at the end of the protocol. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2. Reduced ability of Batf37~ DC to cross-prime CTLs against tumor antigens both in steady state and after treatment with anti-CD137

and anti-PD-1 mAbs. A-C, CD11c* DCs from WT and Batf3- mice bearing MC38-OVA tumors were magnetically sorted from tumor-draining LNs and
cocultured (see Methods) with purified naive CD8* OT-I TCR transgenic T cells over a range of DC:T cell ratios. A, left: representative flow cytometry dot
plots of intracellular IFNy staining in OT-I T cells cultured at a 1:4 DC:T cell ratio. Right: percentages of IFNy-positive OT-I T cells at all ratios tested. B,
IFNy concentrations in the culture supernatants. C, percentages of proliferating OT-I cells by dilution of Cell Violet dye. D-F, WT and Batf3~/- mice grafted
with MC38-0VA cells were treated with anti-CD137 (days 5 and 7) and tumor-draining LN analyzed on day 9 (see Methods). D, frequency of H-2K>-OVA-
tetramer cells among CD8* T cells. E, intracellular IFNy production induced by restimulation with OVA,s7_564 peptide in CD8* T cells from tumor-draining
LN. F, PD-1 surface staining on tumor-draining LN CD8* T cells. G, frequency of PD-1* lymphocytes among CD8* TILs in mice treated as in D. H, WT and
Batf37- mice grafted with MC38 cells were treated with anti-CD137 and anti-PD-1 mAbs on days 12 and 14, and tumor-infiltrating lymphocytes were
analyzed on day 16 to detect CD8* T lymphocytes specific for gp70 antigen (A-C) two-way and (D-H) one-way ANOVA with Bonferroni post-hoc test.

* P<0.05;** P<0.01;** P<0.001.

and migratory CD11c¢™MHC-II"CD103* and CD11c™MHC-
1I"CD103™ DCs and cocultured them with purified OT-I
T cells as above. Notably, only migratory DCs were able
to cross-present and, among these, migratory CD103* DCs
demonstrated better ability for cross-presentation of tumor-
associated antigens in a BATF3-dependent fashion (Supple-
mentary Fig. SIA-S1D).

We next tested whether deficiency in cross-presentation
in the absence of BATF3 resulted in impaired cross-priming
to tumor antigens in vivo. We analyzed priming of CD8" T
cells from the endogenous repertoire to grafted MC38-OVA
tumors in WT and Batf37/~ mice treated or not treated with
anti-CD137. In WT mice, treatment with anti-CD137 mAb
increased the frequency and numbers of tumor antigen-
specific CD8" T cells from the endogenous repertoire in the
tumor-draining LN (Fig. 2D), correlating with an increased
effector response upon re-stimulation with tumor-antigen
peptide (Fig. 2E). These effects were blocked in the absence
of BATF3 (Fig. 2D and E). Notably, priming of CD8* T cells
resulted in upregulation of surface PD-1 in CD8" T cells at
the tumor-draining LNs in WT mice, and this was impaired
in Batf3" mice (Fig. 2F). Tumor-infiltrating lymphocytes
(TIL) were basally activated and expressed high PD-1 levels
that were not further increased by anti-CD137 treatment
(Fig. 2G). However, TILs expressed much lower levels of PD-1
in Batf3”/~ mice (Fig. 2G), which correlates with their reduced
potential to respond to immunomodulatory mADb therapy.
These results show that BATF3-dependent DCs are crucial
for the priming and concomitant induction of targets for
immunostimulatory mAbs by tumor-specific CD8* T cells.

We further analyzed the response against gp70, a well-
described endogenous antigen in MC38 colon cancer cells
(23). Notably, CD8* TILs specific for gp70 were increased in a
BATF3-dependent fashion upon anti-CD137 and anti-PD-1
mADb treatment, as detected by pentamer staining (Fig. 2H).
A similar analysis of the response to the ADPGK-mutated
neoantigen (24) showed some positive responses in WT but
not BATF3-deficient mice (Supplementary Fig. S2A and S2B).

Priming of CD137+ PD-1* Antigen-Specific TILs by
Activated BATF3-Dependent DCs

We hypothesized that expansion and activation of BATF3-
dependent DCs with sFLT3L and the TLR3 adjuvant poly-
ICLC would synergize with immunostimulatory mAbs to
enhance priming of tumor-specific CD8* T cells. To extend
our results to an alternative tumor model, we used B16-OVA
melanoma cells grafted subcutaneously. Hydrodynamic injec-
tion of a plasmid expressing SFLT3L markedly promoted the
expansion of cross-presenting DCs (Supplementary Fig. S3A).
Intratumoral administration of poly-ICLC increased some
activation markers including CD40 and PD-L1 in DCs from
the spleen, tumor, and tumor-draining LNs, particularly in the
TLR3-expressing CD103* DCs (Supplementary Fig. S3B-S3D).
Immunity to B16-OVA was estimated from the number of
TILs detected by OVA-MHC-tetramer staining and was almost
undetectable in control mice treated with empty vector and
intratumoral saline buffer (Fig. 3A). Systemic hydrodynamic
injection of sSFLT3L combined with intratumoral injection of
poly-ICLC raised a specific antitumor CTL response, and this
induction was blocked in Batf3”/~ mice (Fig. 3A). These events
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Figure 3. SFLT3L and poly-ICLC induce a BATF3-dependent increase in the numbers of tumor-antigen-specific TILs expressing CD137 and PD-1. WT or
Batf3/- mice were inoculated with B16-OVA melanoma cells on day 0, concomitant with hydrodynamic gene transfer of sFLT3L or control empty plasmid.
On day 7, tumors were injected with poly-ICLC or control. Tumors were retrieved and TILs analyzed on day 10. A, H2Kb-OVA_s;.564 tetramer staining in
CD8* TlLs. Left: representative plots. Right: graphs corresponding to a representative experiment (n = 3). B, surface CD137 and PD-1 immunostaining in
CD8*TlLs. C, PD-1 and CD137 surface immunostaining in SIINFEKL tetramer* gated T cells. One-way ANOVA with Bonferroni post-hoc test.*, P<0.1;
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were paralleled by an increased frequency of CD137°CD8" T
cells in WT mice treated with sFLT3L and poly-ICLC and the
impairment of this effect in Batf3”/~ mice (Fig. 3B). Notably,
antigen-specific TILs showed higher surface expression of PD-1
and CD137 compared with the bulk of CD8" infiltrating T cells
(Fig. 3C). These results show that expansion and activation of
BATF3-dependent DCs increase the frequency of primed CD8*
T cells that upregulate markers of activation and exhaus-
tion and are sensitive to immunostimulatory mAb treatment
because of the expression of the targets for such agents.

BATF3-Dependent DC Activation Enhances
Antitumor Ability of Inmunomodulatory mAbs

We next sought to establish how FLT3L- and poly-ICLC-
enhanced priming of CD8" T cells affects the antitumor effi-
cacy of anti-CD137 and anti-PD-1 mAbs. For this analysis,
we used the B16-OVA model, which in our hands responds
weakly or not at all to anti-PD-1 or anti-CD137 mAb treat-
ment (Fig. 4A and B). Hydrodynamic injection of sFLT3L was
concomitant with tumor inoculation, and intratumoral injec-
tion of poly-ICLC at day 7 was administered with or without
anti-PD-1 or anti-CD137 mAbs at days 4, 7, and 10 after
tumor inoculation. The triple combinations retarded tumor
progression and significantly extended overall survival in WT
mice (Fig. 4A and B) but had no significant effect in Batf37/~
mice (Fig. 4C and D). Furthermore, we found that quadruple
combination immunotherapy encompassing sFLT3L + poly-
ICLC + anti-CD137 + anti-PD-1 mAbs exerted marked anti-

tumor effects against parental B16F10-derived melanomas
(Supplementary Fig. S4A), while completely eradicating B16-
OVA-derived tumors (Supplementary Fig. S4B). Functional
enhancement of BATF3-dependent DCs thus cooperates syn-
ergistically with anti-CD137 and anti-PD-1 mAbs, indicating
that baseline BATF3-dependent cross-priming is a key limiting
factor that can be targeted to enhance antitumor immunity.

DISCUSSION

This study shows the immunodynamic interactions
between professional cross-priming DCs and immunostimu-
latory mAbs that target CD137 and PD-1. The observations
are fully consistent with an essential presentation of tumor
antigens to CD8" T cells by BATF3-dependent DCs. Both
migratory CD103* DCs and LN-resident CD8«" DCs are
functionally or ontogenically impaired in Batf3”/~ mice (6, 7,
12), as they are also in Irf87/~ mice (12). Our results support a
model in which at least one of these DC subsets is crucial for
the basal antitumor response that is amplified by immuno-
stimulatory mAbs.

BATF3-dependent DC subsets have been identified in the
tumor environment, where they are functional and even have
positive prognostic significance (12). These DCs are effective
at taking up antigen from tumor cell debris for MHC class
I cross-presentation. We find that these DCs mediate CTL
priming at the malignant tissue or migrate via lymphatic
afferent vessels to reach the draining LNs and meet naive or
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Figure 4. sFLT3L and poly-ICLC do not control the progression of B16-OVA-derived tumors in Batf37/- mice. WT B16-OVA-bearing mice administered
with hydrodynamic gene transfer with sFLT3L or control empty plasmid received i.p. injections of anti-CD137 mAb (A) or anti-PD-1 mAb (B), controlled
by vehicle buffer, on days 4, 7, and 10. Poly-ICLC or control was administered i.t. on day 7. On the left, tumor areas (mean + SEM). On the right, overall
survival. C and D, comparison of the combined efficacy of sFLT3L + poly-ICLC with anti-CD137 mAb (C) or anti-PD-1 (D) in WT and Batf3~ mice. Graphs
represent pooled data from 4 (A and C) or 2 (B and D) independent experiments with similar results, for a total of 10 to 15 mice per group. ** P < 0.001.

central memory CD8" T cells. These primed CTLs upregulate
surface CD137 and PD-1, making them suitable targets for
immunostimulatory mAbs. Our results show that expansion
and activation of BATF3-dependent DCs result in increased
antitumor priming and more effective tumor rejection in
response to immunostimulatory mAbs. The dependency of
anti-CD137 mAb treatment on DCs was suggested by the
decreased efficacy of treatment upon depletion of CDI11c
cells (25). In the case of anti-PD-1 mAb, treatment synergizes
with vaccines consisting of tumor cells transfected with GM-
CSF or FLT3L, whose activity depends on attraction and dif-
ferentiation of DC subsets (26).

Our data are consistent with the recent results from Gajewski
and colleagues, elegantly showing that BATF3-dependent
CD103* DCs play an important role in regulating the infil-
tration of T cells in the tumor. Notably, intratumoral injec-
tion of cultured FLT3L-derived DCs rescues the response to
anti-CTLA-4 and anti-PD-L1 immunomodulatory mAbs in
terms of inducing antitumor CTLs and exerting antitumor
activity (9). Previous studies from the same group had indi-
cated a role for CD8o* DCs in the baseline CTL response to a
transplantable melanoma model (27).

CD103* DCs were recently shown to be responsible not only
for priming in the draining LN, but also for IL12-dependent
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promotion of a productive CD8" T-cell response locally in the
tumor (12, 13), suggesting that expansion and activation of
BATF3-dependent DCs might favor the generation of antitu-
mor responses at several levels. Although professional cross-
priming DCs have been characterized as key IL12 producers
in infections and also in the tumor environment (8, 12, 13),
we find that treatment of tumor-bearing mice with exogenous
IL12 is unable to rescue a key BATF3-dependent function
needed for synergy with immunostimulatory mAbs. Therefore,
although IL12 production might be involved in the action of
BATF3-dependent DCs, other functions of cross-priming DCs
are absolutely needed. It is becoming apparent that effective
anti-CTLA-4 or anti-PD-1 mAb therapy requires the pres-
ence of a measurable preexistent CTL response to the tumor
mutatome epitopes in both humans and mice (28). It is now
crucial to identify whether such responses are caused by direct
presentation of antigens by tumor cells or by cross-priming of
tumor cell-associated antigens in the tumor or in the tumor-
draining LNs. Our data suggest that basal antitumor responses
that are amplified by immunostimulatory mAbs have a critical
requirement for professional cross-priming by DCs.

The need for cross-priming in the antitumor immune
response also indicates possible relationships with mechanisms
of immunogenic tumor cell death (10). Recent results show
a crucial role for BATF3-dependent CD103* DCs in priming
a CTL response through IL12 production in the context of
tumor cell death induced with paclitaxel (12, 13). However,
doxorubicin-mediated immunogenicity against F244 sarcoma
cells is BATF3-independent (10), and BATF3-deficient mice are
able to reject tumors under conditions with exogenously pro-
vided IL12 (11). Therefore, the precise role of BATF3-dependent
CD103* DCs may depend on the context of the ongoing base-
line immune response in the tumor, which will be eventually
modulated by the treatment with immunostimulatory mAbs.

Each addition to our knowledge in this area of tumor antigen
cross-priming has the potential to provide predictive biomar-
kers for the efficacy of immunostimulatory mAbs, because
cross-priming against tumor neoantigens seems to be a key
determinant of the variable efficacy of these treatments in
mice and humans (1, 12, 28). Moreover, more effective vaccines
could be prepared by immune sorting or targeting these cross-
priming DC populations or their differentiation in culture
from precursors (29).

Overall, our results raise important pointers for improving
therapy with immunostimulatory mAbs. The cross-priming
function of DCs is essential for the therapeutic effect of
immunostimulatory mAbs, but the baseline CTL-priming
function is suboptimal. These observations suggest the
potential to devise exogenous or in situ tumor vaccination
therapies to enhance cross-priming of tumor antigens and
thereby increase the efficacy of immunostimulatory mAbs.

METHODS
Mice

Mice were bred at the Centro Nacional de Investigaciones Car-
diovasculares Carlos III (CNIC) and the Center for Applied Medical
Research (CIMA), University of Navarra, in specific pathogen-free
conditions. Batf3”/~ on C57BL/6 background (kindly provided by Dr.
Kenneth M. Murphy, Washington University, St. Louis, MO) were

further back-crossed with C57BL/6 mice at the CNIC to establish WT
and Batf3/~ cousin colonies from the heterozygotes. Animal studies
(protocol approval 150/12) were approved by the local ethics com-
mittee. All animal procedures conformed to EU Directive 2010/63EU
and Recommendation 2007/526/EC regarding the protection of ani-
mals used for experimental and other scientific purposes, enforced in
Spanish law under Real Decreto 1201/2005.

Cell Lines, Culture Conditions, and Tissue Processing

MC38, MC38-OVA, B16F10, and B16-OVA cells were cultured
in RPMI medium (Gibco) supplemented with 10% decomple-
mented and filtered FBS (Sigma Aldrich) containing 50 pmol/L
B-mercaptoethanol, 100 U/mL penicillin, and 100 pg/mL streptomy-
cin (all from Gibco). MC38 cells were provided by Dr. Karl E. Hell-
strom (University of Washington, Seattle, WA) in September 1998.
B16F10 cells were purchased from the ATCC in June 2006. B16-OVA
cells were a kind gift from Dr. Lieping Chen (Yale University, New
Haven, CT) in November 2001. These cell lines were authenticated by
Idexx Radil (Case 6592-2012) in February 2012. MC38-OVA-trans-
fected cells were kindly provided by Dr. Cornelis Melief (Leiden Uni-
versity Medical Center, the Netherlands) in November 2013 and were
not further verified. All cell lines were cultured at 37°C with 5% CO,.
Isolated LNs were incubated in collagenase/DNase for 15 minutes
at 37°C, followed by mechanical disaggregation using frosted slides.
Single-cell suspensions were then stained for flow cytometry.

Flow Cytometry

Acquisition was performed using a FACS Canto II flow cytom-
eter (BD Biosciences). The antibodies used included FITC-conju-
gated oPD-1 (29F.1A12) and aCD40 (3/23); PE-conjugated aCD11b
(M1/70), «CD137 (17BS), and oIFNy (XMG1.2); PrCPCyS5.5-conju-
gated oCD103 (2E7) and aCD11c (N418); APC-conjugated aCD11b
(M1/70), oPDL1 (10F.9G2), oCD8 (53-6.7), and uXCR1 (ZET);
BV570-conjugated aCD8 (53-6.7); and BV421-conjugated aCD4
(RM4-5). For identification of epitope-specific T cells, phycoerythrin-
or Alexa Fluor 647-conjugated H-2KP-OVA,5; 56, tetramer (MBL and
NIH Tetramer Facility), H-2K*-KSPWFTTL pentamer (gp70, Proim-
mune), or H2-D>~ASMTNMELM dextramer (ADPGK; Immudex)
were used. For intracellular staining, cells were fixed and permeabi-
lized using Cytofix/Cytoperm buffer and then incubated with fluoro-
chrome-conjugated antibodies in PermWash buffer (BD Biosciences).

In Vivo Tumor Experiments

Cultured tumor cells were trypsinized before reaching confluence
and suspended in PBS. Unless specified otherwise, 5 x 10° cells in 50
uL PBS were used for inoculation. Cells were injected s.c. using 29G
syringes into the shaved right flank of 8-to-12-week-old C57BL/6
Batf37~ and WT mice. Tumor size was measured twice weekly and
calculated as the product of orthogonal diameters.

Anti-CD137 (1D8) antibody was produced as described (19). Anti-
PD-1 (RMP1-14) antibody was purchased from BioXcell. Antibodies
(100 pg) were administered i.p. in PBS on days 4, 7, and 10 after tumor
inoculation. Recombinant mouse IL12 (25 ng/dose; Miltenyi) was
administered intracumorally (i.t.) on days 7, 9, and 11. In experiments
involving injection of IL12, anti-CD137 was administered on days 7,
10, and 13. For in vivo DC expansion, 10 ug of sFLT3L-coding plasmid
(pUMVC3-mFLex, Aldevron) or a control empty plasmid were injected
i.v. to achieve hydrodynamic liver gene transfer. For in vivo stimulation
of DCs, 100 pg poly-ICLC (Hiltonol; Oncovir) were injected i.t. on day
7 or when tumors reached 25 to 50 mm?. PBS was injected as control.

Ex Vivo Cross-Presentation of Surrogate Tumor Antigen

To test the ex vivo cross-presentation capacity of LN DCs, sFLT3L
plasmid-injected mice were bilaterally inoculated s.c. with 2 x 10°
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MC38-OVA cells. LNs were extracted 48 hours later. CD11c* cells
were magnetically sorted with CD11c microbeads in an AutoMACS
Pro Separator (Miltenyi) and further FACS-sorted where indicated.
OT-1 CD8 T lymphocytes were magnetically sorted from the spleens
of C57BL/6 mice using CD8 microbeads (Miltenyi). Cell Violet-
labeled (Thermo Fisher) OT-I lymphocytes were cocultured with
Batf37/~ and WT LN-derived CD11c" or FACS-sorted CD11c" subsets
over a range of ratios. SINFEKL peptide-pulsed DCs served as positive
controls. After 72 hours, culture supernatants were collected, and
OVA-reactive T cells were restimulated ex vivo with 1 ug/mL SIIN-
FEKL peptide for 5 hours, with Brefeldin A (10 ug/mL; Sigma-Aldrich)
added for the last 4 hours. Cells were then stained for membrane
markers before being fixed and permeabilized for staining of intracel-
lular IFNY. Secreted IFNy was measured in culture supernatants with
the BD Biosciences OptEIA Mouse IFNy ELISA Kit.

Analysis of T-cell Priming by Tumor Antigens

WT and Batf37/~ mice were inoculated s.c. with 2 x 10° MC38-OVA
cells. Mice were injected i.p. with 100 pg anti-CD137 or an isotype
control at days 5 and 7 after tcumor inoculation. LNs and tumors were
extracted at day 9. LNs were incubated at 37°C in Liberase TL (Roche;
20 minutes) and tumors in Liberase TL/DNase I (30 minutes). Then
both LN and tumors were mechanically dissociated through a 70-um
cell strainer (Fisher Scientific). Single-cell suspensions were stained
and analyzed by flow cytometry.

For OVA- or ADPGK-specific T-cell restimulation ex vivo, single-cell
suspensions from LNs were cultured for 2 hours in 10% FBS RPMI
medium containing 1 ng/mL SIINFEKL or ASMTNMELM peptide.
Then Brefeldin A was added at a final concentration of 10 pg/mL, and
cells were incubated for 10 hours. Cells were stained for surface mark-
ers, fixed, and permeabilized for intracellular IFNy staining. Samples
were analyzed by flow cytometry.

Statistical Analysis

Tumor growth data were analyzed with Prism software (GraphPad
Software, Inc.). Mean diameters of tumors over time were fitted using
the formula y = A x e®?/(1 + ¢**%/%), where t represents time, A the
maximum size reached by the tumor, and B its growth rate. Treat-
ments were compared using the extra sum-of-squares F test. Tumor
survival was compared with log-rank (Mantel-Cox) tests. All other
analyses among groups were performed as described in figure legends.
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SUPPLEMENTARY FIGURES

Migratory CD103* DCs are the main mediators of cross-priming
at the tumor-draining LNs

Magnetically presorted CD11c* DCs from tumor-draining LNs of WT and Batf3” mice bearing MC38-OVA tumors were FACS-
sorted into CD11c"MHC-II™CD11b*, CD11c"MHC-II™CD8a*, CD11c¢™MHC-II"CD103* and CD11c¢™MHC-II"CD103, and
cocultured with purified naive CD8" OT-I OVA-specific T cells over a range of DC:T cell ratios. (A) Representative gating for
FACS sorting of the indicated dendritic cell subpopulations. (B) Percentages of IFN-y-positive OT-I T cells at all ratios tested upon
coculture with the indicated DC subsets. (C) IFN-y concentrations in the culture supernatants. (D) Numbers of proliferating OT-I
cells by Cell Violet dye dilution.

Source: Sanchez-Paulete et al. (2016).
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CTLs against the Adpgk neoantigen of MC38 are induced by anti-CD137
and anti-PD-1 mAbs in a fraction of WT mice, but not in Ba#f3” mice

WT or Batf3’- mice were s.c. inoculated with 5 x 10° MC38 cells. Mice were injected i.p. with 100 pg anti-PD-1 and 100 pg anti-
CD137 mAbs, or with vehicle (control) on days 12 and 14 after tumor inoculation. On day 16, tumors and tumor-draining LNs
were excised. (A) Tumors were stained with MHC-I dextramers for Adpgk (H-2D"-ASMTNMELM). Percentage of Adpgk-specific
CD8" T cells among tumor-infiltrating lymphocytes. (B) LN cell suspensions were restimulated overnight in the presence of Adpgk
soluble peptide and BrefeldinA, and stained for intracellular IFN-y. Percentage of IFN-y cells among CD8" T cells. Mann-Whitney
two-tailed test. * p < 0.05.

Source: Sdnchez-Paulete et al. (2016).

Systemic sFlt3L and local intratumoral poly-ICLC expand and mature DCs
in B16-OVA bearing mice
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(A) WT mice were injected hydrodynamically in the tail vein with 10 ug sFlt3L-coding plasmid in 2 ml saline buffer. 10 days later,
spleens and inguinal LNs were analyzed by flow cytometry to assess the absolute numbers of the indicated DC subsets. Numbers
on each column indicate fold increase over baseline. (B-D) WT B16-OVA-bearing mice administered with hydrodynamic gene
transfer with sFIt3L or control empty plasmid and received poly-ICLC or control buffer i.t. on day 11 post-tumor cell inoculation.
(B-C) 24 or (D) 72 hours after poly-ICLC injection, mice were sacrificed and tumors, tumor-draining LNs and spleens were stained
for flow cytometry to detect CD40 and PD-L1 expression on the gated DC subsets indicated in the figure.

Source: Sdnchez-Paulete et al. (2016).
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Combinations of immunomodulatory anti-CD137 and anti-PD-1 mAbs
synergize with sFlt3L and poly-ICLC against grafted B16F10 and B16-OVA

melanomas
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(A) WT B16F10-bearing mice (n = 6 per group) administered with hydrodynamic gene transfer with sFIt3L or control empty
plasmid received i.p. injections of anti-CD137 mAb and anti-PD-1 mADb, controlled by vehicle buffer, on days 4, 7 and 10. Poly-
ICLC or control buffer was administered i.t. on day 7. On the left, tumor areas (mean + SEM). On the right, overall survival.
(B) WT B16-OVA bearing mice (n = 7 per group) were treated as in (A). Mice treated with the quadruple combination remained
alive and tumor-free 80 days after tumor cell inoculation. * p < 0.05; ** p < 0.01; *** p < 0.001.

Source: Sanchez-Paulete et al. (2016).
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ABSTRACT

Multiple lines of evidence indicate a crucial role for antigen cross-presentation by
conventional BATF3-dependent dendritic cells type 1 (¢cDCls) in CD8-mediated antitumor
immunity. FIt3L and XCL1 constitute, respectively, a key growth/differentiation factor
and a potent chemoattractant for such antigen-presenting dendritic cells. To exploit their
immunobiological functions in local immunotherapy, Semliki Forest Virus (SFV)-based
vectors encoding soluble Flt3L (sFlt3L) and XCL1 were prepared. These vectors readily
conferred transgene expression to tumor cells in culture and when engrafted as subcutaneous
mouse tumor models. In syngeneic mice, intratumoral injection of SFV-XCL1-sFlt3L
(SFV-XF) delayed progression of MC38- and B16-derived tumors. Therapeutic activity was
observed but did not exert additive or synergistic effects in combination with anti-PD-1 or
anti-CD137 immunostimulatory monoclonal antibodies. Therapeutic effects were abolished
by CD8p T-cell depletion but were markedly enhanced by CD4 T-cell depletion. The role of
CDA4 cells was not explained by Tregs, since Treg pre-depletion with anti-CD25 mAb did not
enhance efficacy. Antitumor effects were dependent on BATF3 and IFNAR, as observed in
the corresponding gene-deficient mice. In B16-OVA tumors, SFV-XF increased the number
of infiltrating CD8 T cells recognizing OVA. A clear increase of both resident and migratory
BATF3-dependent DCs was found in tumor-draining lymph nodes following intratumoral
treatment courses but not in the tumor microenvironment. In conclusion, viral gene transfer
of sFIt3L and XCL1 is feasible, safe and biologically active in mice, exerting antitumor effects
that are potentiated by CD4 T-cell depletion.

INTRODUCTION

Cancer immunotherapy is in the limelight of oncology therapeutics due to the efficacy of
systemic administration of checkpoint inhibitors and chimeric antigen receptor-transduced
T cells (1). Intratumoral approaches with immunotherapy agents are feasible (2), and include
local administration of Toll-like receptor or STING agonists (3, 4) and recombinant oncolytic
viruses (5) or viral vectors (6). Most immunotherapy approaches necessarily rely on the
activation of CD8 T lymphocytes by mature dendritic cells (DCs) presenting cognate tumor
antigens (7). A subset of DCs dependent on the transcription factors BATF3 and IRF8 for
their ontogeny is critical for the activation of CD8 T lymphocytes (8, 9) and crucial for the
antitumor efficacy of treatment with anti-PD1 and anti-CD137 mAbs in mouse models (10).
BATF3-dependent DCs are also termed conventional DCs type 1 (cDCls) and excel in
uptaking antigens from dead cells and presenting their peptides on MHC-I molecules (cross-
presentation), leading to the activation/expansion of specific cytotoxic T lymphocytes (cross-
priming). Two subsets of mouse cDC1 have been identified. One of these resides in T-cell
zones of lymphoid organs (CD11c¢*CD8a*CD103Clec9a*) (11) and the other (CD11¢*CD8a
CD103*Clec9a*) is deployed in peripheral tissues and migrates towards lymphoid tissue
once activated (7, 12). Migratory CD103* ¢DCls have been observed to carry tumor
antigen to tumor-draining lymph nodes for cross-presentation (10, 13, 14). Flt3L is a critical
growth/differentiation factor for this DC subpopulation (15) and XCL1 a chemokine that
chemoattracts this DC lineage, which exclusively expresses the XCL1 receptor (XCR1) (16)
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to allow for cDCI1 rendezvous with NK and CD8 T cells (17, 18). cDCl1s are endowed with
abundant TLR3 expression that drives their activation/maturation once challenged with dsSRNA
denoting viral infection (19).

Local gene transfer into experimental tumors with Semliki Forest Virus (SFV)-derived
vectors is feasible and has an attractive immunotherapeutic potential. Although SFV is not
a replication-competent virus, it induces catastrophic death of infected cells (20), releases
abundant viral dsRNA (21), induces local IFNa/p production (21), and is safe. Indeed, a vector
encoding IL-12 (SFV-IL12) is highly efficacious in murine (22) and woodchuck (23) models
of cancer and synergizes with other immunotherapies such as treatment with anti-PD-1 (24)
and anti-CD137 (25) immunomodulatory mAbs.

Transfection of sFIt3L (26) or XCL1 (27) into tumor cells has been previously tested in
culture and in vivo with immunotherapy purposes, achieving excellent vaccination effects
in the case of sFIt3L (26).

In this study, repeated injections of an SFV vector simultaneously expressing sFIt3L and
XCLI were tested in an attempt to attract and expand cDCI cells, while killing a fraction of
tumor cells and providing viral RNA-mediated activation of innate immunity (28). Partial
antitumor activity was substantiated against transplantable established tumors. This antitumor
effect was dependent on CD8 T cells and on the integrity of the BATF3 and IFNAR genes in
tumor-bearing mice.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

MC38 cells were a kind gift from Dr. Karl E. Hellstrém (University of Washington,
Seattle, WA) in September 1998. B16-OVA cells were provided by Dr. Lieping Chen (Yale
University, New Haven, CT) in November 2001. These cell lines were authenticated by Idexx
Radil (Case 6592-2012) in February 2012. MC38 and B16-OVA cells were cultured in RPMI
medium (Gibco) supplemented with 10% decomplemented and filtered FBS (Sigma Aldrich),
containing 50 pmol/L B-mercaptoethanol, 100 U/mL penicillin, and 100 ug/mL streptomycin
(all from Gibco). Baby Hamster Kidney (BHK) cells were cultured in GMEM-BHK21
medium (Gibco) supplemented with 5% decomplemented and filtered FBS (Sigma Aldrich),
containing 20 mM Hepes (Invitrogen), 10% Tryptose Phosphate Broth, 2 mM glutamine,
100 U/mL penicillin and 100 pg/mL streptomycin (all from Gibco). When indicated, BHK
cells were cultured in CHO medium (Sigma) supplemented with the same components as
indicated for BHK, save for the FBS. For infection, cells were incubated in MEM medium
(Gibco) containing 0.2% bovine serum albumin (Sigma).

Construction of SFV-derived vectors

To generate the XCL1-sFlt3L construct, the coding sequence for soluble Flt3L was
amplified by PCR from its expression plasmid (mFlex, Aldevron, Fargo, ND) and coding
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sequences for the autocatalytic peptide 2A from foot and mouth disease virus and a furin
binding site were added upstream of the protein-coding region, together with Mlu I restriction
sites for cloning onto a mouse XCL1 expression plasmid (MR200473, Origene, Rockville,
MD). The amplified product was isolated, digested with Mlu I and cloned into the MR200473
vector, downstream of the XCL1-coding region and without altering the translation reading
frame. The accuracy of the cloning process was verified by DNA band analysis following
enzymatic digestion with Sac I and by sequencing of the region surrounding the insertion
site. XCL1, sFlt3L and XCL1-FIt3L were amplified by PCR and had Xma I target sites added
at both 5" and 3’ regions. All three PCR products were digested with Xma I for insertion into
the pSFV-b12a vector backbone (22), which includes genes for the viral replicase. Clones that
were demonstrated to be correctly inserted as assessed by digestion [sFIt3L: Nhe I; XCL1:
EcoR V.HF-Msc I; XF: Nhe I] and sequencing were selected and amplified. The plasmid vector
for SFV-LacZ (pSFV-enhLacZ )has been previously reported (29). mRNAs were produced in
vitro from the transgene-coding and two helper plasmids coding the viral structural proteins,
as previously described (30) Viral particles were produced by co-electroporation of transgene-
coding and helper mRNAs into BHK cells. Electroporated cells were incubated for 48 h at
33°C in GMEM BHK-21 medium. Debris was cleared from the supernatant by centrifugation
at 2,000 g. The cleared supernatants were ultracentrifuged at 160,000 g using a SW40Ti rotor
(Beckman Coulter) and resuspended in Tris-NaCl buffer, aliquoted and immediately frozen
in liquid N,. Aliquots were kept at -80°C until used. The generated vectors were titrated by
immunofluorescent detection of viral replicase on BHK cell monolayers infected by serially
diluted SFV particles in MEM-0.2% BSA (infection medium), followed by an overnight
culture in GMEM BHK-21 medium for protein expression. An in-house anti-replicase rabbit
polyclonal antibody was used for staining to demonstrate viral gene transfer.

mRNA quantitative analysis

BHK, MC38 or B16-OVA cells were cultured on 6-well culture plates to confluence.
Infection was carried out using 3 x 107 SFV particles, and cells were allowed an overnight
incubation to ensure transgene expression. RNA was extracted from cell suspensions using
the RNAeasy kit (Qiagen, Hilden, Germany) and according to the manufacturers instructions
and cDNA was generated. We designed primers to amplify the coding sequences for mouse
sFIt3L  (FW TGTGGCAGGGTCTAAGATGC; RV CTTCTAGGGCTATGGGACTCC),
XCL1 (FW TAGCTGTGTGAACTTACAAACCC; RV ACAGTCTTGATCGCTGCTTTC),
B-actin (FW AGCCTCGCCTTTGCCGA; RV CTGGTGCCTGGGGCG), and the viral replicase
(FW GACGCGTCGTCAGCCAGGG; RV CCACGACCCCTGCACCTGC). The generated
cDNAs were amplified by real-time PCR (BioRad, Hercules, CA) and results were analyzed
using CFX manager software.

For in vivo RNA extraction, MC38 tumors were established and 10® SFV particles were
administered intratumorally when tumors reached an approximate size of 25 mm?. 24h later,
tumor single cell suspensions were generated by 15 minute collagenase/DNAse digestion and
mechanical disruption. mRNA was extracted from cell suspensions using the RNAeasy Kkit,
cDNA was generated and Flt3L, XCL1, B-actin and the viral replicase were amplified and
analyzed by real-time PCR (BioRad iQ5).
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Western Blotting

Infection and incubation of BHK cells were performed as described above. After
trypsinization, cells were lysed in RIPA buffer in the presence of a protease inhibitor
(Complete, Roche, Basel, Switzerland) and the lysate protein concentration was quantified
by BCA (Thermo Fisher Scientific, Waltham, MA). The lysate was boiled for 5 minutes in
B-mercaptoethanol-containing loading buffer. Electrophoresis on polyacrylamide gel was
carried out and proteins were transferred to PVDF membranes. Membranes were blocked
with TBS-5% skimmed milk and stained with primary antibodies against mouse FIt3L (R&D
AF427) or XCL1 (R&D AF486), followed by secondary staining with HRP-conjugated Goat
Anti-Rat IgG (Pierce, Appleton, WI). SuperSignal™ Femto Substrate (Thermo Scientific) was
used for detection. After detection, membranes were washed with azide-containing TBS
buffer and re-stained with anti-mouse p-actin (Sigma, St. Louis, MO). Secondary staining was
carried out with HRP-conjugated Goat Anti-Rabbit IgG (BioRad) and Pierce™ ECL Western
Blotting Substrate (Thermo Scientific) was used for detection.

Functional assays for transgene products

BHK cells were infected with SFV vectors at an MOI of 10 as described above and
incubated overnight in serum-free CHO medium (Sigma) for XCL1 bioactivity testing or
GMEM BHK-21 (Gibco) for FIt3L bioactivity testing. Supernatants were collected and kept
frozen until use. For FIt3L testing, bone marrow cell suspensions were flushed out of hind
limb bones and cultured in RPMI medium conditioned with 20% infected BHK-derived
supernatants. After 9 days, classical BM-DC (CD11c¢*CD11b*) and plasmacytoid BM-DC
(CD11c*CD11bB220%) cells were assessed by flow cytometry to demonstrate sFIt3L-
dependent differentiation. For XCL1 testing, standard transwell chemotaxis assays were
performed on iCD103 BM-DCs (31). 10° iCD103 cells were suspended in serum-free CHO
medium and plated onto 5 um transwell inserts (Costar). Cells were allowed to migrate for
four hours toward infected BHK-derived supernatants and the total number of cells in the
lower well was quantitated by flow cytometry.

Mice and iz vivo tumor experiments

Experiments involving mice were carried out in the animal facility of the Center for
Applied Medical Research (CIMA, Pamplona, Spain) under study approvals 150/12 and
082/16 from the University of Navarra Ethics Committee. C57Bl/6 Batf3" X/ (Batf3 KO) (8),
Tmem173%” (STING KO) (32) and IFN-a/bR*° (IFNAR KO) (33) mice were bred at CIMA
in specific pathogen-free conditions. C57Bl/6 mice were obtained from Envigo (Barcelona,
Spain). Batf3 KO, STING KO and IFNAR KO mice were kindly provided, respectively, by
Dr. Kenneth M. Murphy, Washington University, St. Louis, MO, by Dr. Gloria Gonzalez
Aseguinolaza (CIMA, Pamplona) and by Dr. Matthew Albert (Institut Pasteur, Paris).
Cultured tumor cells were cultured and trypsinized for injection before reaching confluence.
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5x 10° MC38 or B16-OVA cells were injected subcutaneously in 50 pl PBS into the right flank
of 6- to 12-week old mice. SFV viral particles (VPs) were diluted in PBS and kept ice-cold
until administration. Intratumoral injection of 50 pl suspension containing 10® VPs or vehicle
control was performed using 29G syringes and under inhalatory anesthesia. When indicated,
100 pg anti-CD137 (1D8) or anti-PD-1 (RMP1-14) were administered intraperitoneally
(i.p.) in PBS. Depletion of lymphocyte subsets was performed by i.p. injection of anti-CD4
(GK1.5, Bioxcell, West Lebanon, NH), anti-CD8 (H35-17.2, in-house) or anti-NK1.1 (PK136,
in-house) mAbs. 200 pg of each mAb were injected two days before SFV administration;
100 pg on SFV treatments days and three days after the last SFV administration. A single
300 ug dose of anti-CD25 (PC61, in-house) was administered two days before SFV
administration. Depletion was verified by peripheral blood flow cytometry staining. 100 pg
p60 peptide (34) were administered i.p. daily for 10 days, starting two days before SFV
administration. Tumor area was measured twice weekly and calculated as the product of
orthogonal diameters.

Tissue Processing and Flow cytometry

Excised tumors and tumor-draining lymph nodes were incubated in collagenase/
DNAse for 30 minutes at 37°C, followed by mechanical disaggregation and filtering through
a 70-pm cell strainer (Thermo Fisher Scientific). Single-cell suspensions were then stained for
flow cytometry. The fluorochrome-tagged mAbs used are listed in Supplementary Table 1.
For identification of epitope-specific T cells, phycoerythrin-conjugated H-2K°-OVA,s; 56
tetramer (MBL, Woburn, MA) was used. For intranuclear staining, cells were fixed and
permeabilized using the TrueNuclear transcription factor staining kit (Biolegend, San Diego,
CA) and then stained according to manufacturer’s instructions. Acquisition was performed
using a FACS Canto II flow cytometer (BD Biosciences, Franklin Lakes, NJ).

Software and statistical analyses

Flow cytometry data were analyzed using Flow]Jo software (BD Biosciences). Statistics
on tumor growth data were analyzed with Prism software (GraphPad Software, La Jolla, CA).
Mean diameters of tumors over time were fitted using the formula y = A x e™%/(1 + e*'7®),
where t represents time, A the maximum size reached by the tumor, and B its growth rate.
Treatments were compared using the extra sum-of-squares F test (10). Tumor survival
was compared with log-rank (Mantel-Cox) tests. All other analyses between groups were
performed using unpaired One-way ANOVA with Turkey’s post-hoc test. Unless specified
otherwise, graphs depict mean + SEM.
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RESULTS

Characterization of SFV-derived vectors encoding sFLt3L and XCL1

Non-replicative SFV vectors were constructed by replacing the viral structural proteins
with the mouse sequences of XCL1 or sFIt3L, generating vectors SFV-XCL1 and SFV-sFIt3L,
respectively (Fig. 1A). An SFV vector expressing -galactosidase encoded by LacZ gene (SFV-
LacZ) was used for control purposes. An SFV vector encoding both XCL1 and sFIt3L as a single
ORF was made by placing a 2A cis-protease sequence to permit post-translational efficient
proteolytic separation of both transgene products. A furin cleavage site was also inserted to
eliminate the remaining 2A target sequence from XCL1. Three cell lines were infected in
culture with the different SFV vectors and quantitative RT-PCR detected strong transcription
of the transgenes (Fig. 1B). Moreover, gene expression was readily detected in subcutaneous
MC38-derived tumors excised 24h post-intratumoral injection of the corresponding SFV
vectors (Fig. 1C). Of note, both in vitro and in vivo, the vector expressing the two transgenes
showed comparatively lower quantities of each transgene mRNA as compared to single-gene
SEV vectors, indicating less efficient expression in the double-transgene vector. Translation
was confirmed by analyzing tissue culture cell-lysates of 24h-infected BHK cells by Western
Blot (Fig. 1D). The differences in the sizes of the detected proteins encoded by the single-
transgene and double-transgene vectors are due to the presence of a C-terminal myc tag from
the XCL1 parental expression plasmid. Due to the cloning strategy used, the tag is present
in the C-terminus of the XCL1 protein from SFV-XCL1 and from the sFlt3L protein from
SFV-XE thus slightly modifying their detected molecular weights in the Western Blot analysis.

Next, we examined the functionality of the expressed transgenes (Fig. 1E). For this
purpose, we analyzed the chemotactic activity of XCL1 from tissue culture supernatants of
SFV-infected BHK cells on iCD103 DCs derived in culture from bone marrow precursors
as previously described (31) (Fig. 1F). sFlt3L bioactivity was assessed by studying the effect
of infected BHK culture supernatants to promote the differentiation of bone marrow cell
suspensions into conventional and plasmacytoid DCs (cDCs and pDCs) (Fig. 1G). In both
instances, transgene products appeared to be fully functional.

Antitumor activity of SFV vectors encoding sFlt3L and/or XCL1

To study the antitumor effects of the constructed SFV vectors, a single injection of 108
viral particles (VPs) was given into day 8 established MC38 subcutaneous tumors (Fig. 2A).
A certain degree of tumor growth retardation was observed with all sFlt3L-containing SFV
vectors, but it was more prominent with the vector encoding both XCL1 and sFLt3L (SFV-XF).
To enhance antitumor effects, three doses of vectors were given every two days starting at
day 8 after tumor cell inoculation. Again, MC38 tumors were more efficiently delayed in their
growth by the SFV-XF vector (Supp. Fig. 1A). Treatment of B16F10-derived melanomas with
three doses of SFV-XF also indicated the therapeutic effects of SFV-XF (Supp. Fig. 1B). In a
series of experiments represented in Figures 2 B and C, evident tumor growth delays were
achieved by repeated intratumoral administration of SFV-XF into established MC38 (Fig.
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2B) and B16-OVA (Fig. 2C) tumors. This treatment resulted in survival prolongation in both
models but seldom in tumor eradication.

Given the clinical success of immunomodulatory monoclonal antibodies (mAbs), we
explored whether local SFV therapeutic activity could be potentiated by its combination with
systemic antagonist anti-PD-1 or agonist anti-CD137 mAbs. As shown in Fig. 3, while the
anti-CD137 mAb was able to delay tumor growth in both models, anti-PD-1 was only partially
effective against B16-OVA-derived tumors (Fig. 3A and B). Contrary to our expectations, no
increase in the efficacy of SFV-XF was found upon combination with repeated doses of either
immunomodulatory mAb.

Antitumor activity of SFV-XF was dependent on CD8 T cells but enhanced
by CD4 T-cell depletion

To study the cellular requirements for the activity of SFV-XE selective depletion of
T-cell subsets and NK1.1* NK and NKT cells were performed prior to treatment in MC38
tumor-bearing mice. As shown in Fig. 4A, depletion of CD8p cells abolished therapeutic
activity whilst CD4 and NKI.1 depletion enhanced the therapeutic effects, leading to
extended survival. This result indicates that the antitumor effect mediated by SFV-XF is
mainly mediated by CD8" T cells.

One interpretation of the enhanced antitumor activity following CD4 depletion is the
ensuing elimination of CD4* Tregs. However, pre-depletion of Tregs with an anti-CD25 mAb
(35) or inhibition of Foxp3 with an antagonist peptide (34) did not enhance therapeutic
effects (Supp. Fig. 2). In contrast, CD4 T-cell depletion gave rise to 4 out of 5 mice eradicating
their tumor upon intratumoral treatment with SFV-XFE. In mice bilaterally engrafted with
MC38 tumors, SFV-XF treatment in the context of CD4 T-cell, but not NK1.1 depletion,
undoubtedly delayed the growth of distant non-injected tumors (Fig 4B and C). SFV-XF as a
single agent did not have therapeutic effects on distant tumors, even though a trend for delay
of tumor growth was observed in some of the experiments (Fig. 4C).

In B16-OVA-derived tumors, there was an increase of CD4 and CD8 T-cell content in
the tumor microenvironment (Supp. Fig. 3A). In these B16-OVA tumors, we observed a rapid
increase in the number of H-2K"-tetramer-positive CD8 T cells recognizing the OVA-specific
SIINFEKL epitope (Supp. Fig. 3B). These results indicate increases in tumor-reactive CTLs
consistent with the CD8 depletion experiments.

SFV-XF therapeutic activity is contingent on BATF3-dependent DC integrity
and causes cDC1 accumulation in tumor-draining lymph nodes (TDLNs)

Experiments were performed in mice deficient in BATF3, which are virtually devoid of
cDCls (8). In these animals, the antitumor effects of SFV-XF seen in wild type (WT) control
mice were completely lost (Fig. 5A, B). The integrity of the type-I interferon (IFN-I) system
is required for the function of BATF3-dependent DCs (36) and for CD8 immunity (37). As
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seen in spaghetti plots in Figure 5A, when treatment was given to Ifnar’ mice, efficacy was
also lost. However, tumor growth delay was preserved to some degree in STING KO mice,
indicating an at least partial independence of our therapy of the cGAS-STING pathway.

Given the activity of the SFV-encoded transgenes, we expected tumors to become
infiltrated by cDCls, a feature reported to correlate with better prognosis in human cancer
(38,39). However, as seen in Fig. 6, the tumor myeloid infiltrate did not significantly change
following three intratumoral doses of SFV-XF over control or SFV-LacZ (Fig. 6A,B). In
contrast, harvested TDLNs showed marked increases in absolute numbers of both migratory
(CD11c'IAbMCD103*CD11b’) and resident (CD11c™[Ab*CD8a*CD11b") ¢DC1 cells (Fig. 6C).
In addition, there was a detectable increase in CD11b* cDC2 cells (Fig. 6B). FACS gating
strategies for analysis are shown in supplementary Fig. 4.

In conclusion, dependency on BATF3 and the increase of cross-presenting DCs in
TDLNs are consistent with the immunotherapeutic activity of XCL1 and sFIt3L as SFV-
encoded transgenes.

DISCUSSION

In this study, SFV vectors engineered to increase cross-priming of tumor antigens were
tested following intratumoral injection. Although all SFV constructions encoding sFlt3L
delayed tumor growth, the combination of the chemokine XCL1 and sFIt3L showed more
marked antitumor effects.

Intratumoral injection of viral vectors including HSV (40), measles virus (41), Vaccinia
virus (42), VSV (43) and reovirus (44) is gaining momentum in tumor immunotherapy
(6). Their intratumoral administration frequently leads to meaningful therapeutic effects,
particularly when combined with anti-CTLA-4 or anti-PD-1 checkpoint inhibitors (5, 45). In
the case of alphavirus vectors, an SFV virus encoding IL-12 exerts potent antitumor effects
dependent on CD8 T-cell antitumor immunity (22). SEV-XF was therapeutically less potent
than an SFV vector encoding IL-12 (data not shown), although it has the advantage that
IL-12 uncontrolled production might have safety problems, as reported in human patients
systemically given the recombinant protein (46). In this regard, Flt3L recombinant protein is
reportedly safe in humans following subcutaneous administration (47).

The original objective of the SFV-XF vector was to enhance tumor antigen cross-
presentation by means of attracting and differentiating cDCls and thereby enhancing CD8
T-cell cross-priming. Indeed, the SFV-XF encoded transgenes exert these effects on cells in
culture. We had previously shown two important features of SFV-based local immunotherapy:
(i) it provides abundant viral RNA that enhances TLR3 and helicase-dependent innate
signals, and (ii) it enhances local IFNa/( through these mechanisms (48). These two effects,
in conjunction with a more prominent cDC1 function should prime and sustain cellular
antitumor immunity. In this context, it was surprising that SFV-XF showed a rather modest
curative immune activity, although most tumors were delayed in their growth after treatment.
In this line, treatment failed to synergize with anti-PD-1 and anti-CD137 mAbs as we
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were wrongly anticipating, despite the fact that each agent exerted its reported individual
therapeutic effects. Of note, intratumoral SFV-IL12 is reportedly highly synergistic with these
immunomodulatory antibodies (24,25).

Experiments upon depletion of CD8 T cells were consistent with a necessary involvement
of CTLs in the antitumor effects. Surprisingly, CD4 T-cell depletion and NK/NKT depletion
gave rise to enhanced therapeutic activity. Having ruled out a simple explanation based on the
elimination of Tregs by CD25 depletion, our next hypothesis was that lymphopenia secondary
to CD4 depletion augmented the availability of homeostatic cytokines such as IL-7 or IL-15 for
CD8 T cells. However, we were unable to detect circulating levels of these cytokines following
depletion (data not shown). The mechanistic interplay of NK and NKT cells to dampen the
efficacy of SFV-XF remains to be elucidated, although some reports suggest an inhibitory
activity of NK cells on recently activated CD8 T-cell blasts (49, 50).

In keeping with the function of the XCL1 and sFIt3L transgenes, antitumor effects were
contingent on BATF3-dependent DCs. However, we did not observe any increase in such
DCs in the tumor microenvironment at various time points following SFV-XF intratumoral
administration. This is in contrast with the increases found in TDLNs that were minimally
seen in non-draining lymphoid organs (data not shown). Such increased cDC1 cells belonged
to both resident and migratory phenotypes, suggesting that perhaps part of these cDC1 cells
seen in TDLNs might have been in the tumor tissue at some earlier time points. Yet, the
absence of increases of cDCI in the tumor microenvironment warrants further research.

The striking effect of SFV-XF combination with CD4 depletion which led to a certain
degree of efficacy against distant tumors is difficult to translate into the clinic, since CD4
depletion is highly immunosuppressive and in practice could only be induced transiently.
CD4 T-cell immunity is complex and encompasses both antitumor and protumor activities.
Transplanted tumors in mice, as opposed to human malignancies, grow fast in the two weeks
following tumor cell inoculation and the mechanism of action of SFV-XF, relying on cross-
priming, might take longer to properly begin. In fact, DC numbers kept increasing in TDLNs
from treated mice over time. Little is known about the interplay of CD4 T cells and cDCls,
and our results call for an in-depth study.

All in all, our results indicate interesting immunobiological effects of SFV-mediated
XCL1 and sFIt3L local gene transfer into tumors that might find suitable combination
partners for effective cancer immunotherapy. The strategy is of much interest due to its effects
on antigen-presenting cells specialized in CD8 T-cell cross-priming.
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FIGURES

SFV-based vectors confer functional expression of XCL1 and/or Flt3L
in infected cells

(A) WT mice were injected hydrodynamically in the tail vein with 10 pg sFlt3L-coding plasmid in 2 ml saline buffer. 10 days
later, (A) XCL1 and/or soluble FIt3L (sFlt3L) cDNAs were cloned into the SFV vector backbone encoding SFV non-structural
proteins (nsp 1-4). (B and D) BHK, MC38 and B16-OVA cell lines were infected in culture with SFV-derived vectors and transgene
expression was assessed 24h later by quantitative RT-PCR (B) or Western Blot analysis with antibodies specific for the indicated
proteins (D). Ct values were normalized for B-actin (Bact) or SFV replicase (replicase). (C) MC38 subcutaneous tumors were
established and intratumorally injected with 108 SFV viral particles when they reached an approximate size of 25 mm2. Transgene
expression was assessed 24h later by quantitative RT-PCR. (E) BHK cells were infected with SFV-derived vectors at a multiplicity
of infection (MOI) of 10 and cell-free supernatants were collected 24h later and used for the indicated assays. (F) iCD103 cells were
derived from bone marrow in 14-day cultures in the presence of sFIt3L and GM-CSF as described (31). For chemotaxis assays,
105 iCD103 cells were placed onto a 5-um transwell membrane and allowed to migrate towards infected BHK-supernatants for
4h. Total migrated cells in the lower chamber were quantified by flow cytometry. One representative experiment is shown out of
three. (G) Bone marrow cell suspensions flushed out of mouse bones were differentiated ex vivo for nine days using infected BHK
supernatant-conditioned media. On day 9, cultures were analyzed by flow cytometry. Conventional DCs (cDCs) were identified as
CD11c+CD11b+ and plasmacytoid DCs (pDCs) as CD11c¢+B220+CD11b-. One representative experiment is shown out of three.
**p<0.01; ***p<0.001. (A)n, polyA; furin, target sequence for furin protease; p2A, 2A autoprotease from foot and mouth disease
virus.

Source: Own elaboration.
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Intratumoral injection of SFV-XF exerts antitumor effects against MC38
and B16-OVA subcutaneous tumors

(A and B) 5 x 10° MC38 cells were inoculated subcutaneously into the right flank of C57Bl/6 mice. (A) Mice received one
intratumoral dose of 10® VPs of SFV-derived vectors on day 8 (indicated by the dotted line). Results represent mean tumor sizes
from one representative experiment with 6 mice per group of four experiments performed. (B) Mice received three intratumoral
doses of 10° VPs of SFV-derived vectors on days 8, 10, and 12 (dotted lines). Data represent mean tumor sizes over time (upper
panel) from one representative experiment with six mice per group of three experiments performed and survival of the mice
(Kaplan-Meier curves in lower panel) summarizing three pooled experiments. Fractions indicate surviving mice at the end of
the experiment. (C) 5 x 10° B16-OVA cells were inoculated subcutaneously into the flank of C57Bl/6 mice. Mice received three
intratumoral doses of 10® VPs of SFV-derived vectors on days 6, 8, and 10 (indicated by dotted lines). Mean tumor sizes over time
(upper panel) from one representative experiment with seven mice per group of two experiments performed and survival of the
mice (lower panel) from the two pooled experiments are represented. *p<0.05; **p<0.01; ***p<0.001.

Source: Own elaboration.
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Intratumoral treatment with SFV-XF shows no synergy with anti-CD137
or anti-PD-1 mAbs

(A) 5x10° MC38 or (B) 5 x 10° B16-OVA cells were inoculated subcutaneously into the flank of C57Bl/6 mice. Mice received three
intratumoral doses of 10® VPs of the indicated SFV vectors on days 7, 9, and 11 (dotted lines) and three intraperitoneal doses of
anti-CD137 or anti-PD-1 mAbs on days 7, 10, and 13 (dashed lines). Mean tumor sizes over time are represented (n = 5-6 mice
per group).

Source: Own elaboration.
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CD8 T-cell depletion abrogates SFV-XF therapeutic effects, whereas CD4-T
cell depletion markedly improves efficacy

(A) 5x 10° MC38 cells were inoculated subcutaneously into the flank of C57Bl/6 mice. Three intratumoral doses of 10® VPs of SFV-
XF were given on days 7, 9, and 11 (dotted lines). Results show mean tumor progression from one representative experiment of two
performed (left panel) and survival summarizes two pooled experiments (right panel). Fractions in the caption indicate surviving
tumor-free mice at the end of the experiment. (B, C) 5 x 10° and 3 x 10° MC38 cells, respectively, were inoculated into the right and
left flanks of C57B1/6 mice and the right flank tumor was treated as described in (A). Results represent mean fold increase in tumor
growth over time. All mice received intraperitoneal injections of depleting antibodies and depletions were confirmed as described
in Materials and Methods. Fractions indicate surviving mice. *p<0.1; *p<0.05; **p<0.01; **p<0.001.

Source: Own elaboration.
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SFV-XF requires Batf3-dependent DCs and IFNAR for therapeutic activity

5 x 10° MC38 cells were inoculated subcutaneously into the flank of WT, Batf3”, Tmem173", or Ifnar” mice with C57Bl/6
background. Three intratumoral doses of 10° VPs of SFV-derived vectors were given on days 7, 9, and 12 (dotted lines). Tumor sizes
over time (A) and survival (B) from two pooled experiments are shown. Fractions in each graph indicate surviving mice. **p<0.01.

Source: Own elaboration.

Conventional DCs become enriched in treated tumor-draining LNs but
do not augment their numbers in the tumor microenvironment

(A) Schematic design of the experiment. 5 x 10° MC38 cells were inoculated subcutaneously into the flank of C57Bl/6 mice, which
received three intratumoral doses of 10® VPs of SFV-derived vectors on days 8, 10, and 12. Three days after the last administration
of SFV, tumors and TDLNs were excised, digested, and single cell suspensions analyzed by flow cytometry. (B) Numbers of
infiltrating cells per mg of tumor from one representative experiment of three are presented. (C) Absolute number of dendritic
cells per LN is presented. Gating strategies are shown in Supplementary Figure 3. *p<0.1; *p<0.05; **p<0.01; ***p<0.001.

Source: Own elaboration.
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SUPPLEMENTARY FIGURES

The SFV-XF vector exerts maximal antitumor efficacy as compared to SFV
vectors encoding each single transgene and is effective against B16F10-derived
melanomas

(A) 5 x 10° MC38 cells or (B) 5 x 10° B16F10 cells were inoculated subcutaneously into the flank of C57Bl/6 mice as in Figure 1.
Mice received three intratumoral doses of 10° VPs of SFV-derived vectors on days 8, 10, and 12 (A) or days 9, 11 and 13 (B) (dotted
lines). Mean tumor sizes over time (A) or mean fold increase in tumor size (B) are represented. *p<0.05; **p<0.01; **p<0.001.

Source: Own elaboration.

CD4 Treg depletion or inhibition does not recapitulate the enhancement of

efficacy of SFV-XF treatment found with CD4 T-cell depletion
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5 x 10° MC38 cells were inoculated subcutaneously into the flank of C57Bl/6 mice. Three intratumoral doses of 10% VPs of SFV-
XF were given on days 7, 9, and 11 (dotted lines). Mice received intraperitoneal injections of depleting antibodies or Foxp3-
inhibitor peptide (p60) as indicated and described in Materials and Methods and depletions were confirmed by immunostainings
in peripheral blood. Results represent individual tumor growth over time. Fractions indicate surviving mice.

Source: Own elaboration.
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Administration of SFV-XF into B16-OVA, but not MC38 tumors, increases T-
cell tumor infiltration

5 x 10° B16-OVA cells were subcutaneously injected into C57Bl/6 mice. Mice received one intratumoral dose of 10° VPs of SFV-
derived vectors on the days indicated in the figure. Two days later, tumors were excised, digested, and cell suspensions analyzed
by flow cytometry. The numbers of infiltrating cells per mg of tumor are shown in panels A and B. In panel B, H-2Kb-SIINFEKL
tetramers were used to evaluate tumor-specific CD8 T cells. Data represent one representative experiment out of two performed.

Source: Own elaboration.

FACS Gating strategies to analyze tumor-infiltrating and lymph node
cell suspensions
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FACS strategies used to identify tumor-infiltrating DC subsets (A), tumor-infiltrating myeloid cells (B), DC subsets in TDLN (C)
and tumor-infiltrating T lymphocytes (D) are shown.

Source: Own elaboration.
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Antibodies and reagents used in flow cytometry experiments

Zombie NIR
SAV-APCAF750
FITC B220
APCCD11b
FITC CD11b
PE CDll1c

APC CDl11c
BV510 CD11c
FITC CD25

PE Foxp3

APC CD3

PEC7 CD45
BV421 CD4
BV510 CD8
FITCIAb

Biotin IAb

PE Grl

BV421 F4/80
PrCPCy5.5 CD103
APC XCR1

Source: Own elaboration.

Reagent

Source (mADb clone)

Biolegend

Invitrogen

Biolegend (RA3-6B2)
Biolegend (M1/70)
Biolegend (M1/70)
Biolegend (N418)
Biolegend (N418)
Pharmingen (HL3)
Pharmingen (7D4)
eBioscience (FJK-16S)
Biolegend (145-2C11)
Biolegend (30-F11)
Biolegend (RM4-5)
Biolegend (53-6.7)
Pharmingen (AF6-120.1)
Pharmingen (KH74)
Biolegend (RB6-8C5)
Biolegend (BM8)
Biolegend (2E7)
Biolegend (ZET)
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This PhD project has been oriented to the understanding and exploiting dendritic
cell features, specially tumor antigen cross-presentation, in the consecution of therapeutic
approaches against subcutaneous tumor models in mice.

This discussion will be divided in two chapters, each commenting on the findings
presented in the first and second works that constitute this PhD thesis, followed by a few final
commentaries before reaching the conclusions.

CHAPTER 1. CANCER IMMUNOTHERAPY WITH IMMUNOMODULATORY
ANTI-CD137 AND ANTI-PD-1 MONOCLONAL ANTIBODIES
REQUIRES BATF3-DEPENDENT DENDRITIC CELLS

Batf3 deficiency leads to loss of CD8a and CD103-expressing cDCls in mice (22). Batf3”
mice have profound defects in control of tumor growth, because of the poor cross-priming
of antitumor T cell responses in these mice. Because T-cell cross-priming is a requisite for
the activation of tumor-specific CD8 T cells capable of expressing PD-1 and CD137, we
hypothesized that Batf3-dependent DCs would be required for anti-PD-1 and anti-CD137
immunostimulatory mAbs to have antitumor activity in mice.

We demonstrated that the benefit of immunotherapy with anti-CD137 or anti-PD-1
was lost in Batf3” mice. Even when cross-presentation of tumor antigens is a most prominent
capability of cDCls, these cells are also strong producers of Thl-polarizing cytokines upon
stimulation. IL-12 is a clear example of these (100-102) and a potent element of antitumor
immunity that has been utilized in cancer immunotherapy in various forms (103). To rule
out a deficiency in IL-12 as responsible for the lack of response of Batf3”" mice to therapy, we
performed intratumoral injection of IL-12 in combination with systemic anti-CD137. IL-12,
indeed, potentiated the response to anti-CD137 in wild-type mice. However, in absence
of Batf3-dependent DCs, the same therapeutic dose of i.t. IL-12 was unable to overcome
unresponsiveness to anti-CD137 therapy. These data showed that deficiency of Batf3-
dependent DCs generates a more profound defect in antitumor immunity than exogenous
administration of IL-12 can correct.

We suspected that CD8 T-cell cross-priming was the deficiency causing the loss of efficacy
of the immunostimulatory mAbs. Therefore, we examined the capacity for tumor antigen
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cross-presentation by tumor-draining lymph node dendritic cells (TDLN DCs) and found a
marked decrease in such function in Batf3” as compared to wild-type mice. Accordingly, the
increase in number and activation status of antitumor CD8 T cells in response to therapy with
anti-CD137 alone or in combination with anti-PD-1 did not take place in Batf3” mice in vivo.
These data confirm the essential involvement of Batf3-dependent DCs in cancer immunity
and show that the cross-priming of antitumor responses is a prerequisite for response to the
T-cell oriented agents anti-CD137 and anti-PD-1.

In a complementary approach, we hypothesized that enhancing the same functions
Batf3” mice lacked, and the loss of which compromised response to therapy, would synergize
with treatment with the immunostimulatory mAbs anti-CD137 and anti-PD-1 in hard-to-
treat tumor models such as B16-OVA and B16F10. To this end, we designed a treatment
strategy encompassing systemic expansion of DCs via a gene therapy solution leading to
an increased production of soluble FIt3L, and DC activation within tumor lesions through
intratumoral injection of the TLR3 agonist Poly-ICLC (Hiltonol, Oncovir). Combinations of
Hiltonol and Flt3L are currently being tested in clinical trials against several malignancies and
in combination with DC vaccines, immunostimulatory mAbs and radiotherapy. It is worth
noting that the group of Miriam Merad from Mount Sinai Hospital, New York City, used
the same treatment strategy against BRAF-driven mouse melanomas at the same time we
did, and published it shortly afterwards (27). A set of experiments that can be found in their
work includes the separate use of FIt3L and Poly-IC in experiments in vivo, demonstrating
that the effect of either treatment element on its own was synergistically enhanced by their
combination.

Treatment with sFIt3L and Poly-ICLC potentiated the CD8 response against B16-
OVA, as measured by detection of CD8 tumor-infiltrating lymphocytes (TILs) recognizing
the SIINFEKL OVA epitope. SIINFEKL-specific T-cells expressed CD137 and PD-1 to a
higher extent than the bulk of CD8 TILs, consistent with a highly activated phenotype, and
suggesting the possibility of targeting these molecules to further increase treatment efficacy.
Accordingly, addition of anti-CD137 or anti-PD-1 to the DC-potentiation cocktail increased
responsiveness of mice against B16-OVA tumors, with maximal efficacy obtained with the
combination of all treatment elements. The question was raised that the high immunogenicity
of this OVA-expressing tumor model might be artificially affecting response to treatment. To
tackle this issue, we implanted mice with B16F10 tumors, which do not express OVA and are
very poorly immunogenic and completely unresponsive to immunostimulatory mAbs. A very
significant retardation of tumor growth could also be observed in B16F10-bearing mice when
treated with the full combination of sFIt3L, poly-ICLC, anti-CD137 and anti-PD-1.

Both Flt3L and Poly-ICLC act on cells other than Batf3-dependent DCs: Flt3L mobilizes
plasmacytoid and IRF4-dependent conventional DCs (104), and Poly-ICLC can trigger
activation of innate immune cells expressing RIG-I or MDA-5 (105) and can have direct
antiproliferative effects on tumor cells (106). However, Batf3” mice bearing B16-OVA tumors
and treated with the same sFlt3L-Poly-ICLC cocktail did not establish a CD8 T-cell response
against SITINFEKL, and a recovery of response could not be achieved in these mice with the
DC-potentiation combination treatment. This observation further highlights the unique and
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central role Batf3-dep DCs play in the cross-priming of antitumor responses and response to
immunotherapy strategies also based on DC mobilization and activation.

The relevance of this work is derived from:

The identification of a key cellular component (Batf3-dependent cDCls) driving
response to immunotherapy with immunostimulatory agents anti-CD137 and
anti-PD-1.

The design of a successful treatment strategy (systemic sFIt3L plus local Poly-ICLC)
able to achieve antitumor response to immunotherapy with anti-CD137 and/or
anti-PD1 in previously unresponsive or poorly responsive tumor models.

The involvement of ¢cDCls in T-cell antitumor responses had been previously shown
(22,107). However, the necessary involvement of cDCls in response to immunotherapy
with anti-PD-1 and anti-CD137 in mice had not been explicitly demonstrated before the
publication of this work.

Previous work had identified tumor infiltration by cDCls as a factor predicting longer
survival of cancer patients (42), and additional reports have shown correlation between cDC1
and NK or CD8 T-cell infiltration (32,108). Whether cDC1 presence in tumors, or cross-
priming of antitumor T cells by cDC1 cells, predicts response to immunotherapy in cancer
patients will be a very important piece of data for the understanding of the variable outcomes of
immunotherapy agents, especially those blocking PD-1/PD-L1 interaction, and the design
of rational strategies to push forward the efficacy of these agents.

CHAPTER 2. INTRATUMORAL IMMUNOTHERAPY WITH XCL1 AND
SFLT3L ENCODED IN RECOMBINANT SEMLIKI FOREST
VIRUS-DERIVED VECTORS TO FOSTER DENDRITIC CELL-
MEDIATED T-CELL CROSS-PRIMING

Virotherapy strategies for cancer treatment can be grossly divided into two categories,
not always mutually exclusive: oncolytic virotherapy and gene therapy with viral vectors.
Oncolytic virotherapy typically makes use of modified viruses in which a specificity towards
cancer cell infection and destruction is achieved by the removal of viral elements in charge
of dysregulating cell cycle, so that viral replication will only take place in cells in which cell
cycle regulation is already damaged; in this case, tumor cells. To the reduction in the number
of live tumor cells following viral infection is added the adjuvant effect the presence of the
virus has on the immune system, activating the type I IFN system. Activation of DCs in
the context of abundant tumor cell death and antigen release should result in increased
priming of tumor-specific T cells. This is as analogous approach to the one used in the first
chapter, in which tumor-infiltrating immune cells were activated using poly-ICLC, that in fact
mimics a viral infection.

Among the molecules introduced in viral vectors for use in immunotherapy can be
found cytokines aimed to polarize myeloid and T-cell populations towards a phenotype that
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can resist tolerization and anergy in the tumor microenvironment to obtain potent cytotoxic
activities (85,86). T-vec (Sipuleucel-T) is a Herpesvirus vector coding human GMCSF that
was recently shown to induce responsiveness to PD-1 blockade in melanoma patients. A
Semliki Forest Virus coding mouse IL-12 (SFV-IL12) has antitumor activity against B16-
OVA subcutaneous tumors in mice and can be used in combination with anti-CD137 and
anti-PD-1, synergistically enhancing the effects of either treatment alone (97, 98).

We chose sFIt3L and XCL1 as genes of interest for our SFV vector (SFV-XCL1-sFIt3L
or SFV-XF). ¢cDCls are dependent on FIt3 engagement for differentiation and survival in vivo
(109). Systemic treatment with sFIt3L is a very interesting cancer immunotherapy approach,
as we have shown in the first chapter of this PhD project and others have shown before.
Induction of expression of sFIt3L by tumor cells has also been used for cancer vaccination
purposes (110). XCL1 is a chemokine whose receptor, XCR1, was recently discovered to be
expressed exclusively on Batf3-dependent DCs (30). XCL1 is produced by activated CD8 T
cells and NK cells (111,112). The XCL1-XCR1 axis is probably involved in sustaining contacts
between DCs and activated T and NK cells for continued priming (32, 112).

Both FIt3L and XCL1 transgenes had been used in cancer virotherapy before. An
adenovirus expressing FIt3L is active against different mouse tumor models in vivo (113,
114). However, transgenic expression of XCL1 in a similar approach failed to elicit antitumor
responses in an earlier work (115), a result that in fact we replicated in this project. Our
original hypothesis was that antitumor responses would be obtained via an augmentation of
DC infiltration into subcutaneous tumors injected with SFV-XF, and the subsequent increase
in the cross-priming of antitumor T-cell responses. Although we did see expansion of DC
populations in tumor-draining lymph nodes after repeated doses of SFV-XF and robust
antitumor responses were obtained, we did not detect the sought increase in DC tumor
infiltration.

The differences in antitumor efficacy between SFV-sFIt3L and SFV-XF were small, but
significant and robust across several experiments. We chose to remain with SFV-XF during
this study after comparing both virus side-by-side against MC38 tumors and achieve slightly
better tumor growth delay with SFV-XE

The SFV-XF vector successfully elicits functional transgene expression in mouse tumor
cell lines in vitro and in subcutaneous tumors in vivo. We observed a delay in the growth
of MC38, B16F10- and B16-OVA-derived subcutaneous tumors when they were injected
intratumorally with three doses of 10° SEV-XF viral particles, as compared to a control SFV
vector.

Strikingly for us, we did not observe synergistic activity between the antitumor effects of
SEV-XF and those of anti-CD137 or anti-PD-1 against MC38. This is, however, in consonance
with the failure of SFV-XF treatment to increase T-cell infiltration into MC38 tumors and with
the failure of existing infiltrating T cells to increase their expression of the activation markers
and therapy targets CD137 and PD-1. Still, some mutual enhancement between treatment
regimens (SFV-XF and anti-CD137 or anti-PD-1) was observed in B16-OVA tumor models,
but it was observed in similar degree in combination with SFV-LacZ control vectors (data
not shown), pointing at the IFN-I triggering capacity of the SFV vector as the reason for
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synergy. Also, the SFV-LacZ control vector caused B16-OVA and B16F10 tumor delay, but
was innocuous against MC38, indicating differences in the biology of both tumor models,
maybe regarding sensitivity to IFN-I. These differences in model behavior upon SFV vector
administration in fact highlight the relevance of the efficacy of treatment with SFV-XF in
these tumors.

It is puzzling to observe the different outcomes that both DC-enhancing approaches
taken during this PhD have had in combination with anti-CD137 and anti-PD-1 mAbs (sFIt3L
+ Poly-ICLC on the one hand, and SFV-XF on the other). The reasons behind this divergence
are not know to us at the time. However, it must be noted that, in B16-OVA melanomas, both
Flt3L + poly-ICLC and the intratumoral administration of SFV-derived vectors enhanced
the efficacy of either mAb. In the case of MC38, we have observed a different pattern of
responses against the agents tested, specially SFV-LacZ, but we did not test responses against
the FIt3L + Poly-ICLC combination. It should be of great interest to explore whether the
success of intratumoral therapy with TLR agonist agents and their ability to potentiate T-cell
responses depend on tumor-intrinsic parameters such as antigenicity, and to determine if this
divergence is such a case or not.

We found that treatment with SFV-XF was ineffective when CD8 T cells were depleted
before treatment. In contrast, CD4 or NK cell depletion not only did not abrogate the antitumor
effects of SFV-XF, but in fact increased the found responses and, in the case of CD4 depletion,
significantly prolonged the survival of treated mice and caused delay of uninjected tumors.
A number of hypotheses can be listed to account for this observation, the most obvious
of which, in the case of CD4 T-cell depletion, is the T regulatory cell (Treg) elimination.
However, depletion of Tregs with anti-CD25 mAb (118) or inhibition of Foxp3 with the
Foxp3-inhibitor p60 peptide (119) did not increase responses to SFV-XF administration. One
critic to be made to these results is the suitability of the agents used for Treg depletion: the
anti-CD25 clone PC61 has been shown to inefliciently deplete Tregs in tumor tissue (120).
Also, it could be argued that a more prolonged administration of the p60 Foxp3 inhibitor
could have altered the result of the experiment (inhibitor was given until day 14 after MC38
inoculation). More sophisticated systems in which to explore the role of Tregs in the context
of SFV-XF would be the use of Foxp3-DTR mice (121) or monoclonal antibodies against
CD25 or CTLA4 optimized for Treg depletion (120). We are currently exploring if CD4 T-cell
depletion can cause an increase in the levels of homeostatic T-cell cytokines such as IL-7or
IL-15 that could potentiate a CD8 T-cell response against MC38 tumors upon treatment with
SEV-XF (122).

SFV-XF administration did not significantly alter the T-cell composition of MC38 tumor
immune infiltrates. Treated B16-OVA tumors, however, saw an increase in CD4 effector and
regulatory cells, as well as CD8 cells recognizing the SIINFEKL epitope. These differences in
the response of the TIL compartment between MC38 and B16-OVA tumors, both responsive
in similar grade to SFV-XF treatment, is striking and maybe suggests SFV-XF can exert
antitumoral activity through additional mechanisms not identified by us in this work.

As was expected, the antitumor effect of SFV-XF was dependent on BATF3 and IFNAR.
The lack of effect of SFV-XF in Batf3” mice is consistent with the dependency on CD8 T
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cells in this chapter and with the non-responsiveness of these mice to immunotherapy with
sFIt3L+Poly-ICLC from chapter 1. These results indicate that absence of Batf3-dependent
DCs is a defect that is not overcome by sFlt3L administration in vivo, nor by intratumoral
activation of remaining DCs by molecular danger signals such as a TLR3 ligand or a SFV
vector. On the other hand, type I IFN signaling is essential for the activation of innate
immunity and for CD8 T-cell cross-priming and antitumor immunity (107). Our findings
are concordant with previous reports by our lab showing that antitumor responses elicited by
SEV-IL12 require an intact IFNAR system (94).

Contrary to our expectations and our hypothesis, SFV-XF administration into
MC38 or B16-OVA tumors caused no changes in tumor-infiltrating dendritic cell density. The
original aim of both SFV-coded transgenes was to i) attract mature cDCls expressing
the XCL1 receptor, XCR1, towards locally infected tumor cells, and ii) favor the differentiation
of infiltrating DC precursors into DCs, specially into Batf3-dependent ¢cDCls, using sFIt3L.
Despite these goals not having been met, we did observe an expansion of ¢cDC1 and ¢cDC2
subsets in SFV-XF-treated TDLNS, and to a lesser extent, in distant non-tumor draining lymph
nodes. This observation accounts for the activity of SFV-XF transgenes, likely sFlt3L, and
serves to establish the hypothesis that it may be at least partially responsible for the antitumor
efficacy observed with the SFV-XF vector. Further work will aim to ascertain whether tumor
antigen capture in situ and transport to TDLNs by CD103* ¢cDCls is potentiated by SFV-XF
administration.

After completing the programmed experimentation, we have not obtained a clear
indicator of the contribution of XCLI to the effects of the vector in vivo. To understand the
role XCL1 is playing in this setting and to explore whether it could be replaced by a different
molecule would help optimize the antitumor effect of a vector of this kind. At the top of
the list of attractive chemokines to test in this regard would be the T-cell chemoattractors
CXCL9/10 (116) and the DC-chemoattractors CCL4/5 (32, 117).

FINAL REMARKS OF THE DISCUSSION

This PhD project has served to uncover the essential role cDC1s and cross-presentation
play in the success of the immunotherapeutic agents anti-PD-1 and anti-CD137, analogous to
those available in the clinic and that have revolutionized treatment of cancer. We have done so
in loss-of-function settings using mouse genetically deficient for Batf3 and devoid of ¢cDCls,
which displayed complete unresponsiveness to immunotherapy. Next, we have devised gain-
of-function experiments aimed to systemically and locally expand ¢cDC1 populations, while at
the same time providing local activation signals to mature them. In the first chapter, we chose
to expand cDCls by systemically administering sFIt3L through hydrodynamic injection of
sFIt3L-coding plasmid, and to locally activate them by intratumoral injection of Hiltonol®,
Poly-ICLC, a TLR3 agonist available in the clinic. In the second chapter, we cloned XCL1
and sFIt3L into a Semliki Forest Virus vector (SFV-XF) for intratumoral administration. In
this setting, both transgenes were intended to cause chemoattraction and differentiation of
cDCls, while viral RNA would provide the activation signals to drive DC maturation and
potentiate CD8 T-cell cross-priming. Although we did not manage to detect increased cDC1



GENERAL DISCUSSION ]

infiltration into injected tumors, SFV-XF showed robust antitumor efficacy against different
tumor models in mice and promoted accumulation of conventional DCs in tumor-draining
and distant lymph nodes.






CONCLUSIONS






10.

. Antitumor therapy with immunomodulatory mAbs is abrogated in Batf3” mice and

is not rescued by IL12 administration.

. Batf3” DCs have reduced ability to cross-prime CTLs against tumor antigens both in

steady state and after treatment with anti-CD137 and anti-PD-1 mAbs.

. sFLT3L and poly-ICLC induce a BATF3-dependent increase in the numbers of

tumor-antigen-specific TILs expressing CD137 and PD-1.

. SFLT3L and poly-ICLC do not control the progression of B16-OVA-derived tumors

in Batf3” mice.

. Semliki Forest Virus(SFV)-based SFV-XF vectors confer functional expression of

XCL1 and sFIt3L in infected cells.

. Intratumoral injection of SFV-XF exerts antitumor effects against MC38 and B16-

OVA subcutaneous tumors.

. Intratumoral treatment with SFV-XF shows no synergy with anti-CD137 or anti-PD-1

mADbs.

. CD8 T-cell depletion abrogates SFV-XF therapeutic effects, whereas NK1.1 or CD4-T

cell depletion improves efficacy.

. SFV-XF requires Batf3-dependent DCs and the type-I IFN receptor IFNAR for

therapeutic activity.

Conventional DCs become enriched in SFV-XF-treated tumor-draining LNs but do
not augment their numbers in the tumor microenvironment.






GENERAL BIBLIOGRAPHY






10.

11.

12.

13.

14.

15.

16.

CouzIN-FRANKEL, J. (2013). Breakthrough of the year 2013. Cancer immunotherapy. Science, 342, pp. 1432-1433.

MELERO, 1., HERVAS-STUBBS, S., GLENNIE, M., PARDOLL, D. M. and CHEN, L. (2007). Immunostimulatory
monoclonal antibodies for cancer therapy. Nat Rev Cancer, 7, pp. 95-106.

PARDOLL, D. M. (2012). The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer, 12, pp.
252-264.

MELERO, 1., BERMAN, D. M., AZNAR, M. A., KORMAN, A. J., GRACIA, J. L. P. and HAANEN, J. (2015). Evolving
synergistic combinations of targeted immunotherapies to combat cancer. Nat Rev Cancer, 15, pp. 457-472.

MCGRANAHAN, N., FURNESS, A. J. S., ROSENTHAL, R., RAMSKOV, S., LYNGAA, R., SAINT, S. K., et al. (2016). Clonal
neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science (80-), 351, pp.
1463-1469. American Association for the Advancement of Science,

Luksza, M., Riaz, N., MAKAROV, V., BALACHANDRAN, V. P, HELLMANN, M. D., SoLovyov, A,, et al. (2017). A
neoantigen fitness model predicts tumour response to checkpoint blockade immunotherapy. Nature, 551, pp.
517-520. Nature Publishing Group.

SCHUMACHER, T. N. and SCHREIBER, R. D. (2015). Neoantigens in cancer immunotherapy. Science (80-), 348, pp.
69-74.

BALACHANDRAN, V. P, Luksza, M., ZHAO, J. N.,, MAKAROV, V., MORAL, J. A., REMARK, R., et al. (2017).
Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature, 551, pp. 512-
516. Nature Publishing Group.

ZARETSKY, J. M., GARCIA-DI1AZ, A., SHIN, D. S., EscuIN-ORDINAS, H., HuGO, W.,, HU-LIESKOVAN, S., et al. (2016).
Mutations Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N Engl ] Med, 375, pp. 819-829.

LE, D. T.,, DurHAM, J. N., SMITH, K. N., WANG, H., BARTLETT, B. R., AuLAKH, L. K, et al. (2017). Mismatch repair
deficiency predicts response of solid tumors to PD-1 blockade. Science (80-), 357, pp. 409-413.

MLECNIK, B, BINDEA, G., ANGELL, H. K., MABY, P,, ANGELOVA, M., TOUGERON, D., et al. (2016). Integrative
Analyses of Colorectal Cancer Show Immunoscore Is a Stronger Predictor of Patient Survival Than Microsatellite
Instability. Immunity, 44, pp. 698-711.

GALON, J., MLECNIK, B., BINDEA, G., ANGELL, H. K., BERGER, A., LAGORCE, C., et al. (2014). Towards the
introduction of the “Immunoscore” in the classification of malignant tumours. J Pathol, 232, pp. 199-209.

AYERS, M., LUNCEFORD, J., NEBOZHYN, M., MURPHY, E., LoBODA, A., KAUFMAN, D. R,, et al. (2017). IFN-y-
related mRNA profile predicts clinical response to PD-1 blockade. ] Clin Invest, 127, pp. 2930-2940.

CHEN, D. S. and MELLMAN, 1. (2013). Oncology meets immunology: The cancer-immunity cycle. Immunity, 39,
pp. 1-10.

DuNN, G. P, OLD, L. J. and SCHREIBER, R. D. (2004). The three Es of cancer immunoediting. Annu Rev Immunol,
22, pp. 329-360.

STEINMAN, R. M. (1973). Identification of a Novel Cell Type in Peripheral Lymphoid Organs of Mice. ] Exp Med,
137, pp. 1142-1162.



TESIS.  SERIE CIENCIAS DE LA SALUD

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dural V. and MurpHY, K. M. (2016). Functions of Murine Dendritic Cells. Immunity, 45, pp. 719-736.
Elsevier Inc.

SATPATHY, A. T., Wu, X., ALBRING, J. C. and MURPHY, K. M. (2012). Re(de)fining the dendritic cell lineage. Nat
Immunol, 13, pp. 1145-1154.

TussIWAND, R., EVERTS, B., GRAJALES-REYES, G. E., KRETZER, N. M., IWATA, A., BAGAITKAR, J., et al. (2015).
Klf4 Expression in Conventional Dendritic Cells Is Required for T Helper 2 Cell Responses. Immunity, 42, pp.
916-928. Elsevier Inc.

GRAJALES-REYES, G. E., IWATA, A., ALBRING, J., WU, X., TusstwaND, R., KC, W,, et al. (2015). Batf3 maintains
autoactivation of Irf8 for commitment of a CD8a+ conventional DC clonogenic progenitor. Nat Immunol, 16,
pp. 708-717.

SICHIEN, D., ScotT, C. L., MARTENS, L., VANDERKERKEN, M., VAN GASSEN, S., PLANTINGA, M., et al. (2016).
IRF8 Transcription Factor Controls Survival and Function of Terminally Differentiated Conventional and
Plasmacytoid Dendritic Cells, Respectively. Immmunity, 45, pp. 626-640.

HILDNER, K., EDELSON, B. T., PURTHA, W. E., DIAMOND, M., MATSUSHITA, H., KOHYAMA, M., et al. (2008). Batf3
Deficiency Reveals a Critical Role for CD8 + Dendritic Cells in Cytotoxic T Cell Immunity. Science (80-), 322,
pp. 1097-1100.

KarsuNky, H., MERAD, M., Cozzio, A., WEISsMAN, 1. L. and Manz, M. G. (2003). Flt3 Ligand Regulates
Dendritic Cell Development from Flt3 * Lymphoid and Myeloid-committed Progenitors to Flt3 * Dendritic Cells
In Vivo. ] Exp Med., 198, pp. 305-313.

MurpHy, K. M. (2013). Transcriptional Control of Dendritic Cell Development. Adv Immunol, 120, pp. 239-267.

MARROQUIN, C. E., WESTWOOD, J. A., LAPOINTE, R., MIXON, A., WUNDERLICH, J. R., CARON, D., et al. (2002).
Mobilization of dendritic cell precursors in patients with cancer by flt3 ligand allows the generation of higher
yields of cultured dendritic cells. ] Immunother, 25, pp. 278-288.

MARASKOVSKY, E. (1996). Dramatic increase in the numbers of functionally mature dendritic cells in FIt3 ligand-
treated mice: multiple dendritic cell subpopulations identified. ] Exp Med., 184, pp. 1953-1962.

SaLMON, H., IDOYAGA, ., RAHMAN, A., LEBOEUE, M., REMARK, R., JORDAN, S, et al. (2016). Expansion and
Activation of CD103+ Dendritic Cell Progenitors at the Tumor Site Enhances Tumor Responses to Therapeutic
PD-L1 and BRAF Inhibition. Immunity, 44, pp. 924-938. 2016/04/21.

SANCHEZ-PAULETE, A. R., Cugto, F. ], MARTINEZ-LOPEZ, M., LABIANO, S., MORALES-KASTRESANA, A.,
RopRriGUEZ-RUIZ, M. E,, et al. (2016). Cancer Immunotherapy with Immunomodulatory Anti-CD137 and
Anti-PD-1 Monoclonal Antibodies Requires BATF3-Dependent Dendritic Cells. Cancer Discov, 6, pp. 71-79.

ROBERTS, E. W,, BROZ, M. L., BINNEWIES, M., HEADLEY, M. B., NELSON, A. E., WoLE, D. M, et al. (2016). Critical
Role for CD103+/CD141+ Dendritic Cells Bearing CCR7 for Tumor Antigen Trafficking and Priming of T Cell
Immunity in Melanoma. Cancer Cell, 30, pp. 324-336. Elsevier Inc.

DORNER, B. G., DORNER, M. B., ZHOU, X., OPITZ, C., MORA, A., GUTTLER, S,, et al. (2009). Selective Expression
of the Chemokine Receptor XCR1 on Cross-presenting Dendritic Cells Determines Cooperation with CD8+ T
Cells. Immunity, 31, pp. 823-833.

Yamazaxki, C., SUGIYAMA, M., OHTA, T., HEMMI, H., HAMADA, E., SAsaKi, I, et al. (2013). Critical Roles of a
Dendritic Cell Subset Expressing a Chemokine Receptor, XCR1. J Immunol, 190, pp. 6071-6082.

BOTTCHER, J. P, BoNAVITA, E., CHAKRAVARTY, P.,, BLEES, H., CABEZA-CABRERIZO, M., SAMMICHELI, S., ef al.
(2018). NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment Promoting Cancer Immune
Control. Cell, 0, pp. 1-16.

SEE, P, DUTERTRE, C.-A., CHEN, ], GUNTHER, P, MCGOVERN, N,, IRAC, S. E, et al. (2017). Mapping the human
DC lineage through the integration of high-dimensional techniques. Science (80-), 356, eaag3009.

GuUILLIAMS, M., DUTERTRE, C. A., ScotT, C. L., MCGOVERN, N., SICHIEN, D., CHAKAROV, S., et al. (2016).
Unsupervised High-Dimensional Analysis Aligns Dendritic Cells across Tissues and Species. Immunity, 45, pp.
669-684.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

GENERAL BIBLIOGRAPHY

PouLiN, L. E, REYAL, Y., URONEN-HANSSON, H., SCHRAML, B. U., SANCcHO, D., MUrPHY, K. M., et al. (2012).
DNGR-1 is a specific and universal marker of mouse and human Batf3-dependent dendritic cells in lymphoid
and nonlymphoid tissues. Blood, 119, pp. 6052-6062.

AHRENS, S., ZELENAY, S., SANCHO, D., HANG, P, Kj&R, S., FEEST, C,, et al. (2012). F-Actin Is an Evolutionarily
Conserved Damage-Associated Molecular Pattern Recognized by DNGR-1, a Receptor for Dead Cells. Immunity,
36, pp. 635-645.

ZHANG, J. G., CZABOTAR, P. E., POLICHENTI, A. N., CAMINSCHI, 1., SAN WAN, S., KITsoULISs, S., et al. (2012). The
Dendritic Cell Receptor Clec9A Binds Damaged Cells via Exposed Actin Filaments. Immunity, 36, pp. 646-657.

CEBRIAN, L, VISENTIN, G., BLANCHARD, N., JOUVE, M., BOBARD, A., MoITa, C,, et al. (2011). Sec22b regulates
phagosomal maturation and antigen crosspresentation by dendritic cells. Cell, 147, pp. 1355-1368.

Wu, S. J., NIkNAFs, Y. S., Kim, S. H., ORAVECZ-WILSON, K., Zajac, C., Tousal, T., et al. (2017). A Critical
Analysis of the Role of SNARE Protein SEC22B in Antigen Cross-Presentation. Cell Rep, 19, pp. 2645-2656,
Elsevier Company.

SAVINA, A., JANCIC, C., HUGUES, S., GUERMONPREZ, P, VARGAS, P., MOURA, 1. C,, et al. (2006). NOX2 Controls
Phagosomal pH to Regulate Antigen Processing during Crosspresentation by Dendritic Cells. Cell, 126, pp.
205-218.

SAVINA, A., PERES, A., CEBRIAN, I., CARMO, N., Morita, C., HACOHEN, N, et al. (2009). The Small GTPase
Rac2 Controls Phagosomal Alkalinization and Antigen Crosspresentation Selectively in CD8+ Dendritic Cells.
Immunity, 30, pp. 544-555.

Broz, M. L., BINNEWIES, M., BOLDAJIPOUR, B., NELSON, A. E., POLLACK, J. L., ERLE, D. J., et al. (2014).
Dissecting the Tumor Myeloid Compartment Reveals Rare Activating Antigen-Presenting Cells Critical for T
Cell Immunity. Cancer Cell, 26, pp. 638-652. Elsevier Inc.

JOEERE, O. P, SEGURA, E., SAVINA, A. and AMIGORENA, S. (2012). Cross-presentation by dendritic cells. Nat Rev
Immunol, 12, pp. 557-569.

NIERKENS, S., TEL, J., JANSSEN, E. and ADEMA, G. J. (2013). Antigen cross-presentation by dendritic cell subsets:
One general or all sergeants? Trends Immunol, 34, pp. 361-370.

SEGURA, E. and AMIGORENA, S. (2014). Cross-presentation by human dendritic cell subsets. Immunol Lett.
sciencedirect, 158, pp. 73-78.

Kurrts, C., ROBINSON, B. W. S., KNOLLE, P. A. (2010). Cross-priming in health and disease. Nat Rev Immunol, 10,
pp. 403-414. Nature Publishing Group.

KAPSENBERG, M. L. (2003). Dendritic-cell control of pathogen-driven T-cell polarization. Nat Rev Immunol, 3,
pp. 984-993.

TirAPU, I, HUARTE, E., Guipucct, C., ANNA, A., ZARATIEGUI, M., MURILLO, O., et al. (2006). Low surface
expression of B7-1 (CD80) is an immunoescape mechanism of colon carcinoma. Cancer Res, 66, pp. 2442-2450.

MAEURER, M. J., GOLLIN, S. M., MARTIN, D., SWANEY, W., BRYANT, J., CASTELLI, C,, et al. (1996). Tumor escape
from immune recognition: lethal recurrent melanoma in a patient associated with downregulation of the peptide
transporter protein TAP-1 and loss of expression of the immunodominant MART-1/Melan-A antigen. ] Clin
Invest, 98, pp. 1633-1641.

Vinay, D. S., Ryan, E. P, PAWELEC, G., TALIB, W. H., STAGG, J., ELKORD, E., et al. (2015). Immune evasion in
cancer: Mechanistic basis and therapeutic strategies. Semin Cancer Biol, 35 Suppl., pp. S185-98.

SANCHEZ-PAULETE, A. R, TEIJEIRA, A., CUETO, F. ], GARASA, S., PEREZ-GRACIA, J. L., SANCHEZ-ARRAEZ, A, et
al. (2017). Antigen Cross-Presentation and T-Cell Cross-Priming In Cancer Immunology And Immunotherapy.
Ann Oncol, 28, pp. xii44-xii55.

STEINMAN, R. M. (1996). Dendritic cells and immune-based therapies. Exp Hematol, 24, pp. 859-862.

ALLOATTI, A., KoTsias, F, MAGALHAES, J. G. and AMIGORENA, S. (2016). Dendritic cell maturation and cross-
presentation: timing matters! Immunol Rev, 272, pp. 97-108.



TESIS.  SERIE CIENCIAS DE LA SALUD

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Muzio, M., Bosisio, D., POLENTARUTTI, N., D’AMICO, G., STOPPACCIARO, A., MANCINELLI, R., et al. (2000).
Differential expression and regulation of toll-like receptors (TLR) in human leukocytes: selective expression of
TLR3 in dendritic cells. J Immunol, 164, pp. 5998-6004.

FROGER, B. (2003). Danger signals. GEO Connex, 2, pp. 48-49.

Kim, T. S., GOrskr, S. A., HAHN, S., MurpHY, K. M. and BrRACIALE, T. J. (2014). Distinct dendritic cell subsets
dictate the fate decision between effector and memory CD8+ T cell differentiation by a CD24-dependent
mechanism. Immunity, 40, pp. 400-413.

CAMINSCHIL I, PROIETTO, A. I., AHMET, E, KiTsouLis, S., TeH, J. S., Lo, J. C. Y., et al. (2008). The dendritic cell
subtype-restricted C-type lectin Clec9A is a target for vaccine enhancement. Blood, 112, pp. 3264-3273.

MILLER, ]. E, KurTs, C., ALLISON, J., Kosaka, H., CARBONE, F. and HEaTH, W. R. (1998). Induction of peripheral
CD8+ T-cell tolerance by cross-presentation of self antigens. Immunol Rev, 165, pp. 267-277.

PATEL, S. P. and KUrRZROCK, R. (2015). PD-L1 Expression as a Predictive Biomarker in Cancer Inmunotherapy.
Mol Cancer Ther, 14, pp. 847-856.

LAU, J., CHEUNG, J., NAVARRO, A., LIANOGLOU, S., HALEY, B., TotpAL, K, et al. (2017). Tumour and host cell
PD-L1 is required to mediate suppression of anti-tumour immunity in mice. Nat Commun. Nature Publishing
Group, 8, p. 14572.

ZHAo, T, L1, C., Wu, Y,, L1, B. and ZHANG, B. (2017). Prognostic value of PD-L1 expression in tumor infiltrating
immune cells in cancers: A meta-analysis. PLoS One, 12, €0176822.

MELERO, I, GRIMALDI, A. M., PEREZ-GRACIA, J. L. and Ascierto, P. A. (2013). Clinical development of
immunostimulatory monoclonal antibodies and opportunities for combination. Clin Cancer Res, 19, pp.
997-1008.

Hopr, E S., O'Day, S. J., MCDERMOTT, D. E, WEBER, R. W,, SosMAN, ]. A., HAANEN, J. B,, et al. (2010). Improved
survival with ipilimumab in patients with metastatic melanoma. N Engl ] Med, 363, pp. 711-723.

ToOPALIAN, S. L., Hopr, F. S., BRAHMER, J. R., GETTINGER, S. N., SmITH, D. C., MCDERMOTT, D. F, et al. (2012).
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl ] Med, 366, pp. 2443-2454.

Yu, X., HARDEN, K. C., GONZALEZ, L., FRANCESCO, M., CHIANG, E., IRVING, B,, et al. (2009). The surface protein
TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory dendritic cells.
Nat Immunol, 10, pp. 48-57.

LINES, J. L., PANTAZI, E., MAK, J., SEMPERE, L. F, WANG, L., O'CONNELL, S., et al. (2014). VISTA is an immune
checkpoint molecule for human T cells. Cancer Res, 74, pp. 1924-1932.

NaGiow, S. E, voN ScHEIDT, B., AkiBa, H., YAGiTA, H., TENG, MWL. and SmyTH, M. J. (2011). Anti-TIM3
antibody promotes T cell IFN-y-mediated antitumor immunity and suppresses established tumors. Cancer Res,
71, pp. 3540-3551.

Woo, S.-R., Turnis, M. E., GOLDBERG, M. V., BANKOTIL, J., SELBY, M., NIRSCHL, C. ], et al. (2012). Immune
inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral immune escape.
Cancer Res, 72, pp. 917-927.

VANPOUILLE-BOX, C., LHUILLIER, C., BEzU, L., ARANDA, E, YaAmMAzAKI, T., Kepp, O, et al. (017). Trial watch:
Immune checkpoint blockers for cancer therapy. Oncoimmunology, 6, e1373237. Taylor & Francis.

SANMAMED, M. E, PASTOR, F, RODRIGUEZ, A., PEREZ-GRACIA, J. L., RODRIGUEZ-RUIZ, M. E., JURE-KUNKEL, M.,
et al. (2015). Agonists of Co-stimulation in Cancer Immunorapy Directed Against CD137, 0X40, GITR, CD27,
CD28, and ICOS. Semin Oncol, 42, pp. 640-655.

Porroxk, K., Kim, Y., ZHOU, Z., HURTADO, ], Kim, K., PICKARD, R,, et al. (1993). Inducible T cell antigen 4-1BB.
Analysis of expression and function. J Immunol, 150, pp. 771-781.

MELERO, I, JOHNSTON, J. V., SHUFFORD, W. W,, MITTLER, R. S. and CHEN, L. (1998). NK1.1 Cells Express 4-1BB
(CDw137) Costimulatory Molecule and Are Required for Tumor Immunity Elicited by Anti-4-1BB Monoclonal
Antibodies. Cell Immunol, 190, pp. 167-172. 1999/01/08.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

GENERAL BIBLIOGRAPHY

MELERO, L., SHUFORD, W. W,, NEWBY, S. A., ARUFFO, A., LEDBETTER, J. A., HELLSTROM, K. E., et al. (1997).
Monoclonal antibodies against the 4-1BB T-cell activation molecule eradicate established tumors. Nat Med, 3,
pp. 682-685.

AZNAR, M. A., LABIANO, S., D1AZ-LAGARES, A., MOLINA, C., GARASA, S., AZPILIKUETA, A, et al. (2018). CD137
(4-1BB) Costimulation Modifies DNA Methylation in CD8+ T Cell-Relevant Genes. Cancer Immunol Res, 6, pp.
69-78.

SANCHEZ-PAULETE, A. R, LABIANO, S., RODRIGUEZ-RUI1Z, M. E., AZPILIKUETA, A., ETXEBERRIA, I, BoLAROS, E.,
et al. (2016). Deciphering CD137 (4-1BB) signaling in T-cell costimulation for translation into successful cancer
immunotherapy. Eur ] Immunol, 46, pp. 513-522.

LARKIN, J., CHIARION-SILENI, V., GONZALEZ, R., GROB, ]. J., CowEy, C. L,, Lao, C. D,, et al. (2015). Combined
Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl ] Med. nejm, 373, pp. 23-34.

WOLCHOK, J. D., CHIARION-SILENI, V., GONZALEZ, R., RuTkowsk1, P, Gros, J. -], Cowey, C. L., et al.
(2017). Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N Engl ] Med,
NEJMoal709684.

CoLey, W. B. (1910). The Treatment of Inoperable Sarcoma by Bacterial Toxins (the Mixed Toxins of the
Streptococcus erysipelas and the Bacillus prodigiosus). Proc R Soc Med, 3, pp. 1-48.1910/01/01

LicHTY, B. D,, BREITBACH, C. ], STOJDL, D. E and BELL, ]. C. (2014). Going viral with cancer immunotherapy.
Nat Rev Cancer, 14, pp. 559-567. 2014/07/06. Nature Publishing Group.

Liu, Z., RAVINDRANATHAN, R., KALINSKI, P, GUo, Z. S. and BARTLETT, D. L. (2017). Rational combination of
oncolytic vaccinia virus and PD-L1 blockade works synergistically to enhance therapeutic efficacy. Nat Commun,
8, p. 14754. Nature Publishing Group.

Kaurman, H. L., KoHLHAPPR, E. J. and ZL0zA, A. (2015). Oncolytic viruses: A new class of immunotherapy drugs.
Nat Rev Drug Discov, 14, pp. 642-662.

CLEMENS, M. J. (2004). Targets and mechanisms for the regulation of translation in malignant transformation.
Oncogene, 23, pp. 3180-3188.

LANG, E. E, CoNrAD, C., GOMEZ-MANZANO, C., YUNG, W. K. A., SAWAYA, R., WEINBERG, ]. S., et al. (2018). Phase
I Study of DNX-2401 (Delta-24-RGD) Oncolytic Adenovirus: Replication and Immunotherapeutic Effects in
Recurrent Malignant Glioma. J Clin Oncol, JCO2017758219.

VERA, B., MARTINEZ-VELEZ, N., XIPELL, E., ACANDA DE LA ROCHA, A., PATINO-GARCIA, A., SAEZ-CASTRESANA, J.,
et al. (2016). Characterization of the Antiglioma Effect of the Oncolytic Adenovirus VCN-01. PLoS One, 11,
e0147211.

ZAMARIN, D., HOLMGAARD, R. B, Ricca, J., PuiTT, T., PALESE, P., SHARMA, P, et al. (2017). Intratumoral
modulation of the inducible co-stimulator ICOS by recombinant oncolytic virus promotes systemic anti-tumour
immunity. Nat Commun. Nature Publishing Group, 8, p. 14340.

MOESTA, A. K., COOKE, K., PIASECKI, J., MITCHELL, P., ROTTMAN, J. B., FITZGERALD, K., et al. (2017). Local
Delivery of OncoVEX mGM-CSF Generates Systemic Antitumor Immune Responses Enhanced by Cytotoxic
T-Lymphocyte-Associated Protein Blockade. Clin Cancer Res, 23, pp. 6190-6202.

Liu, B. L., ROBINSON, M., HAN, Z. -Q., BRANsSTON, R. H., ENGLISH, C., REAY, P, et al. (2003). ICP34.5 deleted
herpes simplex virus with enhanced oncolytic, immune stimulating, and anti-tumour properties. Gene Ther, 10,
Pp. 292-303.

ANDTBACKA, R. H. L., KaAurMAN, H. L., CoLLICHIO, E, AMATRUDA, T., SENZER, N., CHESNEY, J., et al. (2015).
Talimogene Laherparepvec Improves Durable Response Rate in Patients With Advanced Melanoma. J Clin
Oncol, 33, pp. 2780-2788.

RiBAS, A., DUMMER, R., PuzaNoV, 1., VANDERWALDE, A., ANDTBACKA, R. H. I., MICHIELIN, O, et al. (2017).
Oncolytic Virotherapy Promotes Intratumoral T Cell Infiltration and Improves Anti-PD-1 Immunotherapy. Cell,
170, pp. 1109-1119.¢10.



TESIS.  SERIE CIENCIAS DE LA SALUD

90. ZAJAKINA, A., SPUNDE, K. and LunpsTROM, K. (2017). Application of alphaviral vectors for immunomodulation
in cancer therapy. Curr Pharm Des.

91. QUETGLAS, J. I, Ruiz-GUILLEN, M., ARANDA, A., CASALES, E., BEZUNARTEA, J. and SMERDOU, C. (2010).
Alphavirus vectors for cancer therapy. Virus Res, 153, pp. 179-196.

92. SMERDOU, C. and LILJESTROM, P. (1999). Two-helper RNA system for production of recombinant Semliki forest
virus particles. ] Virol, 73, pp. 1092-1098.

93. YING, H., ZAks, T. Z., WANG, R. E, IrvINE, K. R., KAMMULA, U. S., MARINCOLA, E M., et al. (1999). Cancer
therapy using a self-replicating RNA vaccine. Nat Med, 5, pp. 823-827.

94. MELERO, L., QUETGLAS, J. I., REBOREDO, M., DUBROT, J., RODRIGUEZ-MADOZ, J. R.,, MANCHERO, U,, et al. (2015).
Strict requirement for vector-induced type I interferon in efficacious antitumor responses to virally encoded
IL12. Cancer Res, 75, pp. 497-507.

95. DIEBOLD, S. S., SCHULZ, O., ALEXOPOULOU, L., LEITNER, W. W,, FLAVELL, R. A. and REIs E Sousa, C. (2009).
Role of TLR3 in the immunogenicity of replicon plasmid-based vaccines. Gene Ther, 16, pp. 359-366.

96. RODRIGUEZ-MADOZ, J. R., PRIETO, J. and SMERDOU, C. (2005). Semliki forest virus vectors engineered to express
higher IL-12 levels induce efficient elimination of murine colon adenocarcinomas. Mol Ther, 12, pp. 153-163.

97. QUETGLAS, J. I, LABIANO, S., AZNAR, M. A., BoLANOS, E., AZPILIKUETA, A., RODRIGUEZ, 1., et al. (2015).
Virotherapy with a Semliki Forest Virus-Based Vector Encoding IL12 Synergizes with PD-1/PD-L1 Blockade.
Cancer Immunol Res, 3, pp. 449-454.

98. QUETGLAS, J. I, DUBROT, J., BEZUNARTEA, J., SANMAMED, M. E, HERVAS-STUBBS, S., SMERDOU, C.,, et al. (2012).
Immunotherapeutic Synergy Between Anti-CD137 mAb and Intratumoral Administration of a Cytopathic
Semliki Forest Virus Encoding IL-12. Mol Ther, 20, pp. 1664-1675.

99. LunDpsTROM, K. (2017). Oncolytic Alphaviruses in Cancer Immunotherapy. Vaccines, 5.

100.RUFFELL, B., CHANG-STRACHAN, D., CHAN, V., RosENBUSCH, A., Ho, C. M. T., PRYER, N., et al. (2014).
Macrophage IL-10 Blocks CD8+ T Cell-Dependent Responses to Chemotherapy by Suppressing IL-12
Expression in Intratumoral Dendritic Cells. Cancer Cell, 26, pp. 623-637. Elsevier Inc.

101. MARTINEZ-LOPEZ, M., IBORRA, S., CONDE-GARROSA, R. and SANcHO, D. (2015). Batf3-dependent CD103+
dendritic cells are major producers of IL-12 that drive local Th1 immunity against Leishmania major infection
in mice. Eur ] Immunol, 45, pp. 119-129.

102. MITTAL, D., VIJAYAN, D., PUTZ, E. M., AGUILERA, A. R., MARKEY, K. A., STRAUBE, J., et al. (2017). Interleukin-12
from CD103+ Batf3-dependent dendritic cells required for NK-cell suppression of metastasis. Cancer Immunol
Res, 5, canimm.0341.2017.

103. LASEK, W., ZAGOZDZON, R. AND JAKOBISIAK, M. (2014). Interleukin 12: still a promising candidate for tumor
immunotherapy? Cancer Immunol Immunother, 63, pp. 419-435.

104. ANANDASABAPATHY, N., BRETON, G., HURLEY, A., CASKEY, M., TRUMPFHELLER, C., SARMA, P, et al. (2015).
Efficacy and safety of CDX-301, recombinant human FIt3L, at expanding dendritic cells and hematopoietic stem
cells in healthy human volunteers. Bone Marrow Transplant, 50, pp. 924-930.

105. KaTo, H., TAKEUCHI, O., SATO, S., YONEYAMA, M., YAMAMOTO, M., MATsuL K., et al. (2006). Differential roles
of MDAS5 and RIG-I helicases in the recognition of RNA viruses. Nature, 441, pp. 101-105.

106. SALAUN, B., CosTE, I, RissoaN, M. -C., LEBECQUE, S. J. and RENNO (2006). T. TLR3 can directly trigger apoptosis
in human cancer cells. ] Immunol, 176, pp. 4894-4901.

107. FUERTES, M. B., KacHA, A. K, KLINE, ], W00, S. -R., KrRaNz, D. M., MURPHY, K. M,, et al. (2011). Host type I
IFN signals are required for antitumor CD8 * T cell responses through CD8a * dendritic cells. ] Exp Med, 208,
Pp. 2005-2016.

108. SPRANGER, S., LUKE, J. ], BAo, R, ZHa, Y., HERNANDEZ, K. M, L1, Y,, et al. (2016). Density of immunogenic
antigens does not explain the presence or absence of the T-cell-inflamed tumor microenvironment in melanoma.
Proc Natl Acad Sci, 113, E7759-68.



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

GENERAL BIBLIOGRAPHY

MCcKENNA, H. J., STOCKING, K. L., MILLER, R. E., BRASEL, K., DE SMEDT, T., MARASKOVSKY, E., et al. (2000).
Mice lacking fIt3 ligand have deficient hematopoiesis affecting hematopoietic progenitor cells, dendritic cells,
and natural killer cells. Blood, 95, pp. 3489-3497.

CURRAN, M. A. and ALLISON, J. P. (2009). Tumor vaccines expressing flt3 ligand synergize with ctla-4 blockade
to reject preimplanted tumors. Cancer Res, 69, pp. 7747-7755.

STIEVANO, L., TOSELLO, V., MARCATO, N., ROSATO, A., SEBELIN, A., CHIECO-BIANCHI, L., et al. (2003). CD8+
+ T Cells That Lack Surface CD5 Antigen Expression Are a Major Lymphotactin (XCL1) Source in Peripheral
Blood Lymphocytes. ] Immunol, 171, pp. 4528-4538.

BREWITZ, A., EICKHOFF, S., DAHLING, S., QuasT, T., BEpOUTL S., KROCZEK, R. A, et al. (2017). CD8+ T Cells
Orchestrate pDC-XCR1+ Dendritic Cell Spatial and Functional Cooperativity to Optimize Priming. Immunity,
46, pp. 205-219.

WAaNG, H., Day, J,, Hou, S, QiaN, W, L1, B., Ma, ], et al. (2005). Treatment of hepatocellular carcinoma with
adenoviral vector-mediated Flt3 ligand gene therapy. Cancer Gene Ther, 12, pp. 769-777.

Hou, S., Kou, G, Fan, X., WANG, H., Q1aN, W,, ZHANG, D., et al. (2007). Eradication of hepatoma and colon
cancer in mice with FIt3L gene therapy in combination with 5-FU. Cancer Immunol Immunother, 56, pp.
1605-1613.

OKADA, N, SASAKI, A., NIWA, M., OKADA, Y., HATANAKA, Y., TANI, Y,, ef al. (2006). Tumor suppressive efficacy
through augmentation of tumor-infiltrating immune cells by intratumoral injection of chemokine-expressing
adenoviral vector. Cancer Gene Ther, 13, pp. 393-405. Nature Publishing Group.

SPRANGER, S., DA1, D., HorToN, B. and Gajewskr, T. E (2017). Tumor-Residing Batf3 Dendritic Cells Are
Required for Effector T Cell Trafficking and Adoptive T Cell Therapy. Cancer Cell, 31, pp. 711-723.e4. Elsevier Inc.

SPRANGER, S., Bao, R. and Gajewskl, T. E (2015). Melanoma-intrinsic p-catenin signalling prevents anti-
tumour immunity. Nature, 523, pp. 231-235.

CASARES, N., ARRIBILLAGA, L., SAROBE, P., DOTOR, J., LoPEz-D1az DE CERIO, A., MELERO, L., et al. (2003).
CD4+/CD25+ regulatory cells inhibit activation of tumor-primed CD4+ T cells with IFN-gamma-dependent
antiangiogenic activity, as well as long-lasting tumor immunity elicited by peptide vaccination. J Immunol, 171,
Pp. 5931-5939.

CASARES, N., RUDILLA, E, ARRIBILLAGA, L., LLoP1Z, D., RiEZU-Bo], . I, LozaNo T, et al. (2010). A Peptide
Inhibitor of FOXP3 Impairs Regulatory T Cell Activity and Improves Vaccine Efficacy in Mice. ] Immunol, 185,
pp. 5150-5159.

ARCE VARGAS, F, FUrNEss, A. J. S., SoLomoN, I, Josui, K., MEkkaoul, L., LEsko, M. H., et al. (2017).
Fc-Optimized Anti-CD25 Depletes Tumor-Infiltrating Regulatory T Cells and Synergizes with PD-1 Blockade
to Eradicate Established Tumors. Immunity, 46, pp. 577-586.

KimM, J. M., RASMUSSEN, J. P. and RUDENSKY, A. Y. (2007). Regulatory T cells prevent catastrophic autoimmunity
throughout the lifespan of mice. Nat Immunol, 8, pp. 191-197.

CALzASCIA, T, PELLEGRINI, M., LIN, A., GArzA, K. M., ELFORD, A. R., SHAHINIAN, A., et al. (2008). CD4
T cells, lymphopenia, and IL-7 in a multistep pathway to autoimmunity. Proc Natl Acad Sci U S A, 105, pp.
2999-3004.






ANNEX 1
REVIEW ARTICLE

ANTIGEN CROSS-PRESENTATION AND T-CELL
CROSS-PRIMING IN CANCER IMMUNOLOGY
AND IMMUNOTHERAPY






600D SCIENCE Annals of Oncology 0: 1-12, 2017
BETTER MEDICINE doi:10.1093/annonc/mdx237
BEST PRACTICE Published online 1 September 2017

REVIEW

Antigen cross-presentation and T-cell cross-priming in
cancer immunology and immunotherapy

A.R. Sénchez-Paulete', A. Teijeira’, F. J. Cueto®, S. Garasa', J. L. Pérez-Gracia*®, A. Sdnchez-Arréez',
D. Sancho?" &I. Melero™***!

'Division of Immunology and Immunotherapy, Center for Applied Medical Research (CIMA), University of Navarra, Pamplona; “immunobiology Laboratory,
Fundacién Centro Nacional de Investigaciones Cardiovasculares Carlos Ill (CNIC), Madrid; *Department of Biochemistry, Faculty of Medicine, Universidad Auténoma
de Madrid, Madrid; “University Clinic, University of Navarra, Pamplona, Spain; *CIBERONC, Madrid, Spain

*Correspondence to: Dr Ignacio Melero, CIMA, Avenida Pio XII, 55, 31008 Pamplona, Spain. Tel: +34 948 194 700; E-mail: imelero@unav.es

*Both authors contributed equally as senior authors.

Dendiritic cells (DCs) are the main professional antigen-presenting cells for induction of T-cell adaptive responses. Cancer cells
express tumor antigens, including neoantigens generated by nonsynonymous mutations, but are poor for antigen presentation
and for providing costimulatory signals for T-cell priming. Mounting evidence suggests that antigen transfer to DCs and their
surrogate presentation on major histocompatibility complex class | and Il molecules together with costimulatory signals is para-
mount for induction of viral and cancer immunity. Of the great diversity of DCs, BATF3/IRF8-dependent conventional DCs type 1
(cDC1) excel at cross-presentation of tumor cell-associated antigens. Location of cDCls in the tumor correlates with improved
infiltration by CD8" T cells and tumor-specific T-cell immunity. Indeed, cDC1s are crucial for antitumor efficacy using checkpoint
inhibitors and anti-CD137 agonist monoclonal antibodies in mouse models. Enhancement and exploitation of T-cell cross-
priming by cDCTs offer opportunities for improved cancer immunotherapy, including in vivo targeting of tumor antigens to
internalizing receptors on cDC1s and strategies to increase their numbers, activation and priming capacity within tumors and
tumor-draining lymph nodes.

Key words: cross-presentation, cross-priming, cancer immunotherapy, dendritic cells, T cells

Introduction been chzliracterized 'in -huma-n-s [?—91. While the demonstration of
the relative cross-priming ability in different human DCs subsets re-

In a series of experiments involving immunization with major quires further study [10, 11], understanding and exploiting cross-
histocompatibility complex (MHC)-incompatible mouse spleno-  riming is becoming very important in cancer immunotherapy, as
cytes osmotically loaded with chicken ovalbumin (OVA), Michael ¢ affects a variety of key issues ranging from the development of
Bevan discovered that the antigen-presenting cells for MHC class I 1o re efficacious vaccines [12] to understanding the effect of immu-
restricted OVA epitopes were necessarily recipient antigen-present- nostimulatory monoclonal antibodies [13]. Figures 1 and 2 sum-
ing cells [1]. This phenomenon was termed cross-priming, since the  1jze antigen capture and cross-presentation by DCs in the tumor
read-out was the ensuing activation of antigen-specific T cells. The  icroenvironment (TME) and tumor-draining lymph nodes

set of mechanisms involving uptake, processing and presentation of (1 Ns), and how targeting such DCs offers translational opportuni-
cell-associated or soluble extracellular antigens receives the name of  (jes for the development of cancer therapies.

cross-presentation. Interestingly, MHC class I cross-presentation
can lead to antigen-specific tolerance that can be referred to as
"cross-tolerance" [2]. Dendritic cells (DCs) were identified as the
subset of myeloid cells most efficient at cross-presentation [3].
Discoveries over recent years suggest that a very specific subset of  Steinman and Cohn [14] first described DCs as a phagocytic cell type
DCs excels at cross-presentation [4, 5], and equivalent subsets have  in mouse spleen with dendrite-shaped protrusions, which could

DC subsets specialized in cross-priming

©The Author 2017. Published by Oxford University Press on behalf of the European Society for Medical Oncology.
Allights reserved. For permissions, please email: journals permissions@oup.com
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Figure 1. Depiction of the processes and factors involved in tumor antigen cross-presentation to T cells. Numbered boxes represent the
stages of T-cell cross-priming in draining lymph nodes and at the tumor site. Intrinsic and environmental factors promoting antitumor T-cell
responses are depicted in green, while those linked to inhibition of antitumor immune responses are depicted in red. DC, dendritic cell; ER,
endoplasmic reticulum; ICD, immunogenic cell death; LVs, lymphatic vessels.
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Figure 2. Summary of current therapeutic strategies that improve cross-priming of antitumor T cells. The intervention strategies for cancer
treatment relying on tumor-antigen cross-priming are schematically represented in relation with the anatomical site of action. Of note, the
doses of chemo or radiotherapy eliciting immunogenic cell death (ICD) are likely to be greater than those causing immunomodulation in
the tumor microenvironment. DAMP, damage-associated molecular pattern; DC, dendritic cell; MDSC, myeloid-derived suppressor cell; TLR,

toll-like receptor.

prime and activate naive T cells upon antigen presentation [3].
Michael Lotze in mice [15, 16] and Ron Levy in humans [17] pion-
eered work to use DCs in tumor immunotherapy by incubation of
DCs with tumor antigens in different forms to elicit tumor-specific
T-cell immunity upon reinfusion of the antigen-loaded DCs into the
tumor-bearing hosts. In most of these instances, the DCs used for im-
munotherapy were differentiated from monocytes in culture.
Following exciting results against transplantable mouse tumors [18—
20], a large series of therapeutic vaccine clinical trials have been
carried out but with as yet limited clinical efficacy [21].

Over the years since their discovery, it has been revealed that
DC lineage is very complex and encompasses a variety of subsets
both in mice and in humans. DC heterogeneity adds an extra
layer of complexity to instructing and manipulating immunity.
Several DC subsets are functionally defined by their capacity to
activate naive T cells, including conventional DCs (cDCs), plas-
macytoid DCs (pDCs), Langerhans cells and monocyte-derived
DCs [22-25]. These DCs are subdivided based on their depend-
ence on specific transcription factors in their ontogeny and show
diverse functional responses, phenotypic markers and tissue

2 | Sanchez-Paulete et al.
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distribution [22-31]. In addition, DCs can be differentiated in
culture from monocytes or bone marrow precursors under the
influence of granulocyte-macrophage colony-stimulating factor
(GM-CSF), FIt3L or other cytokines [32-34]. These GM-CSF-
derived DCs generated ex vivo have been extensively used in ex-
perimentation with the caveat that they imperfectly reflect their
naturally existing counterparts.

pDCs comprise a subgroup of DCs dependent on the E2-2
transcription factor and co-express CD11c and PDCA1 (CD317)
in mice, and BDCA2 (CD303) and BDCA4 (CD304) in humans.
The main role of pDCs seems to be the abundant production of
type I interferon (IFN-a/f) associated with viral sensing. IFN-o/
B is a factor known to enhance cross-priming [35] and report-
edly, pDCs themselves can cross-present melanoma shared anti-
gens in vitro [36]. The involvement of pDCs in cross-priming
in vivo could be mostly indirect via type I IFN production al-
though pDC direct involvement cannot be excluded.

Langerhans cells that are found in the epidermis are endowed
with some antigen cross-presentation capability in humans [37,
38] and can migrate to draining LNs [37]. Probably, their main
physiological role is antiviral defense of the skin [39].

cDCs are best known for their high efficiency in initiating and
directing T-cell responses [22, 24, 26, 27, 29]. In mice, cDCs ex-
press CD11lc and MHC class IT and can be subdivided into
CD11b" (¢DC2) and CD11b~ (cDC1) subsets [25]. cDC2 can be
identified by surface coexpression of CD11b and SIRPa (CD172a)
in mice, and BDCAI1 (CD1Ic¢) in humans. cDC2 are dependent on
the transcription factor IRF4 for ontogeny and include subsets
defined by ontogenic dependence on Notch 2 or KLF4, associated
with Th17 and Th2 immunity, respectively [40-42]. Indeed,
cDC2s direct Th2 immunity in allergic asthma [43].

CD11b™ "CD8a-like" cDCls comprise CD8" DCs in lymphoid
organs and their CD103* CD11b~ counterparts in nonlymphoid
tissues that share gene expression patterns and depend on specific
transcription factors, including IRF8 and BATF3 [44]. They have
been recently reported to derive from a unique myeloid precursor
[45, 46]. cDC1 express XCR1, CLEC9A/DNGR-1, CD8o. and/or
CD103 in mice, while in humans they can be best identified by
XCR1, CLEC9A/DNGR-1 and BDCA3 (CD141) staining [47]. This
subset very efficiently cross-presents extracellular antigens, particu-
larly cell-associated antigens, to CD8™ T cells [4, 44, 48-50]. When
activated, cDCls also produce high amounts of Th1-differentiating
cytokines including IL-12, as observed both in human and in mice
[8, 51-53] and provide essential signals for generation of resident
memory CD8" T cells [54]. Although probably sculpted by evolu-
tion to initiate and sustain anti-viral immune responses [55], the
superior capacity of ¢DCls for the induction of cytotoxic T
lymphocyte (CTL) and Th1 responses makes them uniquely suit-
able for combatting cancer [4, 13, 56]. Recent evidence in trans-
planted mouse tumors shows the key role of cDCls in the baseline
CD8-mediated immune response against tumor antigens [4, 57],
while their presence in the TME of human tumors correlates with
the intensity of CD8 T-cell infiltrates [58-60]. cDCls come in two
forms similarly fit for cross-priming. In the mouse, CD8o" DCs are
naturally resident in lymphoid tissues, whereas CD103" DCs lack-
ing CD8a. expression are deployed in peripheral tissues and upon
activation migrate to LNs to meet T cells for antigen presentation.
Given that these subsets are mainly involved in antiviral immune
responses, it is likely that LN-resident cDCls mainly deal with

ANNEX 1

infections causing widespread viremia, while non-lymphoid tissue
migratory cDC1s would handle viral infection at the point of entry.
More recently, cancer vaccination attempts have been made
using reinfusion of defined populations of DCs obtained ex vivo
upon immunomagnetic sorting from peripheral blood, including
the use of BDCA1" and pDCs [61-63]. The paucity of BDCA3"
cDCls in peripheral blood has so far precluded similar
approaches with these cells although efforts to separate such a
professional cross-priming subset in clinical-grade conditions are
ongoing [www.procrop.eu (28 March 2017, date last accessed)].

Intracellular molecular players in cross-
presentation

MHC-I cross-presentation requires the processing and trimming
of the endocytosed protein material. This processing takes place
through two main intracellular routes: the cytosolic and the vacu-
olar pathways [49]. The cytosolic pathway requires antigen ex-
port of polypeptides from endosomal compartments into the
cytosol [64], proteasomal digestion [65, 66] and transporter asso-
ciated with antigen processing (TAP)-dependent transport of
polypeptides to the endoplasmic reticulum (ER) or endosomes,
where final peptide trimming and MHC-I peptide loading take
place. Inhibition of TAP in endosomes or inhibition of endoso-
mal trafficking to the cell membrane leads to abrogation of sol-
uble OVA protein cross-presentation in a cathepsin-independent
fashion [67]. Trimming is carried out by ER-located aminopepti-
dase 1 [68] and the early endosome-associated protein insulin-
regulated aminopeptidase (IRAP) [69]. Both peptidases are
required for optimal cell-associated antigen cross-presentation. An
interesting experimental approach to deplete cross-presenting DCs
is to inject cytochrome C in vivo, such that only those DCs with
ability to cross-present that leak this pinocytosed protein to the
cytosol undergo apoptosis [70].

The vacuolar MHC-I pathway is proteasome- and TAP-
independent and does not require antigen to exit the endosomal
compartment. In this case, endosomal protein cargo is degraded
by lysosomal enzymes (cathepsins) and peptides are locally gen-
erated and trimmed to directly bind onto MHC-I molecules [71].
The exact relative contribution of the cytosolic and vacuolar
pathways to tumor antigen cross-presentation in vivo remains
unknown.

A distinctive feature of DCs specialized in cross-priming is
their ability to maintain a higher pH in endosomal compart-
ments, as compared with non-specialized DCs or macrophages.
A higher endosomal pH delays antigen protein degradation,
since lysosomal enzymes optimally perform in acidic condi-
tions. Delayed acidification of prelysosomal or lysosomal com-
partments allows for protein export to the cytosol or its loading
onto recycled MHC-I molecules in the endosome. This slow
acidification mechanism is mediated by the phagosomal
NADPH oxidase NOX2, which catalyzes reactive oxygen species
production and proton consumption in phagosomes [72, 73].
In this context, the G-protein Rac2 is required for the effective
action of NOX2 in lysosomes [74]. Sec22b is reportedly another
key molecular player, bringing together ER-derived vesicles
(ER-Golgi Intermediate Compartments, ERGIC) and phago-
somes for fusion, while delaying antigen proteolytic
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degradation in endosomes [75]. It must be acknowledged that
the molecular machinery defining uptake and MHC-I cross-
presentation of tumor cell-associated antigens still defies com-
plete understanding.

Evidence for cross-presentation and cross-
priming in cancer immunology

Tumor antigen cross-presentation is postulated to be naturally
and constantly taking place. Batf3-deficient mice, in which cross-
presentation is severely reduced, are more susceptible to tumor
engraftment than their wild-type counterparts [4]. Cross-
presentation of tumor antigens is frequently demonstrated with
the help of known surrogate antigens expressed by tumor cells,
the most common being chicken OVA, although other viral or
neoantigens known to be present in tumor cell lines could be
used in this same way. These surrogate antigens stimulate T-cell
receptor transgenic lymphocytes, e.g. OT-1 CD8" T cells recog-
nizing an H2-KP-restricted peptide of OVA. Most tumor antigens
are probably cross-presented as cell-associated material by Batf3-
dependent cDCls [44], rather than soluble individual proteins.
cDCls show high efficiency at endocytosis of material from
dying or dead cells, and from subcellular vesicles such as exo-
somes [76-80]. However, the superior capacity of ¢cDCls for
cross-presentation is attributable to their specialized antigen-
processing capacity [81, 82]. The cross-presentation ability of
cDCls is also favored by the selective expression of receptors such
DNGR-1 (CLEC9A) on their surface [83—-85]. DNGR-1 facilitates
cross-presentation of necrotic material upon interaction with
filamentous actin onto which other proteins can be adsorbed and
complexed [86, 87]. In situ tumor antigen capture is similar
among different tumor-infiltrating DCs (TIDCs), monocytes and
tumor-associated macrophages (TAMs) [58, 88], but ¢DCls
uniquely mediate the transport of antigens for cross-presentation
from the tumor to the draining LN for cross-priming of CD8"
T cells 60, 88].

Some controversy exists surrounding the superiority of
BDCA3" cDCls in cross-presentation of cell-associated antigens
in humans [6-9, 11]. Whether or not BDCA3" ¢DCls outper-
form other DC subsets in cross-presentation activity in cancer pa-
tients still remains unclear. However, mounting evidence
suggests that the presence of BDCA3™ cDCls in the TME is asso-
ciated with more abundant T-cell infiltration and better progno-
sis in cancer patients and the success of immunotherapy
approaches [57-59]. Of note, there is no published formal experi-
mental evidence that neoantigens can be cross-presented yet.

Does T-cell cross-priming take place in the
TME and/or in tumor-draining LNs?

As stated above, although macrophages and other DC subsets
phagocytose tumor antigens, CD103" ¢DCls mediate tumor
antigen transport and cross-presentation from established
tumors and early metastases to LNs [13, 58, 60, 79, 88, 89]. The
role of LN-resident DCs in tumor antigen cross-presentation is
unclear. A potential tumor antigen transfer mechanism from
CD103" to other LN DC populations has been proposed [60].
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Whether CD103"* ¢DCls or other tumor-infiltrating myeloid
cells mediate cross-priming in situ remains uncertain although
such a phenomenon is probably important. Transcriptomic ana-
lysis of tumor-infiltrating CD103" DCs revealed superior expres-
sion of genes involved in cross-presentation, costimulation
ability and IL-12 production over non-BATF3-dependent DCs,
suggesting that their role could be carried out in the TME [58].
Depletion of cDCs hampered an adoptive T-cell therapy experi-
ment in which LN priming would be dispensable, suggesting that
the intratumoral presence of ZBTB46™" ¢DCs is a requirement for
the continuous priming of the transferred T cells [58]. In line
with this, in situ activation of naive T cells in tumors was possible
in experiments in which T-cell recirculation was blocked with
FTY-720 and even in mice lacking LNs and spleen, thus pointing
to T-cell activation by TIDCs and/or tumor cells themselves
[90, 91]. However, other studies have reported no tumor-
associated antigen (TAA) cross-presentation from CD11c-sorted
cells from the TME [92]. A potential limitation of this and other
reports is the use of CD11c expression as the exclusive marker to
identify TIDCs, which may include a majority of TAMs in the
subsequent functional analyses [93]. Recent reports refining the
isolation of cDCI from the tumor site confirmed that these cells
are able to cross-present tumor antigen with a higher efficiency
than other DC subsets [58, 89]. In addition to DCs, it is possible
that other cells such as lymphatic endothelial cells cross-present
TAA in the TME and in TDLNSs, but their function seems to be
more closely related to cross-tolerance than to eliciting antitumor
immunity [94].

Immunosuppressive factors for DCs in the
TME

Tumor-derived factors influencing DC function have been re-
cently reviewed in detail by the group of Michael Shurin [95].
TIDC:s are exposed to tumor-associated and extracellular immu-
noregulatory factors that may render DCs non-functional or even
actively immunosuppressive [96]. These deleterious mechanisms
comprise metabolic, immune-mediated, biochemical or mechan-
ical factors (Figure 1).

A very important signaling route that is involved in cross-
priming inhibition in tumors is controlled by the B-catenin path-
way. Previous work suggested that the activation of B-catenin
signaling favors a tolerogenic state in DCs [97, 98]. Wnt ligands
and other molecules promoting B-catenin signaling, both in tumor
cells and inside DCs, mediate DC exclusion from the TME and the
inhibition of their antitumor immune functions, respectively. The
group of Thomas Gajewski identified melanoma cell-intrinsic B-
catenin signaling as the main cause for a downregulation of CCL4
production and hence of DC chemoattraction. As a result, there is
T-cell exclusion from the TME [57] (While this review was in edi-
torial production, the findings in [99] were confirmed and cDC1
cells were found, in an experimental melanoma model, to be key to
chemoattract CD8+ T cells to the TME by means of CXCL9 and
CXCL10 production. Also, CXCL9 and CXCL10 mRNA in human
melanomas were found to correlate with a gene signature denoting
cDCl infiltrate.). DC-intrinsic B-catenin signaling is also active in
TIDCs, and it both disrupts cross-presentation and reprograms
DC to induce tolerance, generating T regulatory cells (Tregs) as a
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result of their TGFf production [100]. In some cases, Wnt ligands
are tumor derived [101]. Ensuing IDO-1 expression has been pro-
posed as one of the mechanisms underlying tolerization by DCs
[102]. This enzyme causes tryptophan depletion and production
of immunosuppressive kynurenine and other metabolites in the
TME [103-105].

It should not be forgotten that the physical and chemical condi-
tions of the TME affect the functions of the leukocytes that dare to
infiltrate the malignant tissue. Solid tumors contain large hypoxic
areas, due to poor vascularization and the leaky nature of tumor-
irrigating blood vessels. Hypoxia has been shown to cause a shift
toward glycolytic metabolism and increased responsiveness to LPS
stimulation in DCs [106]. It has also been observed that hypoxia
exposure reduces IL-12 production by DCs [107], which is par-
tially rescued by HIF-1a silencing [108]. The specific contribution
of the hypoxic tumor environment to the maturation status and
function of TIDC:s has still to be determined. The overall picture is
that while hypoxia dampens the antitumor functions of myeloid
cells, it improves the performance of T cells [109].

A glycolytic switch is characteristic of both DC and T-cell acti-
vation to an effector phenotype [110]. Glucose availability in the
TME is a critical limiting factor for T-cell activation and function
[104, 111]. The local concentration of certain aminoacids and
waste metabolites also dramatically influences T-cell and DC
function in the tumor, often dampening antitumor immune re-
sponses [112, 113]. TIDCs are prone to accumulation and oxi-
dization of lipid bodies [114], which can hamper efficiency of
cross-priming and produce other dysfunctions through chronic
induction of the ER stress response [115-117]. Hence, targeting
metabolic pathways in TIDCs might represent an interesting op-
portunity for cancer immunotherapy [118, 119].

There is ample evidence that functional immune cell receptors
acting as checkpoints [120] repress anti-cancer immunity [121].
DCs express high levels of PD-L1 and PD-L2 upon stimulation
[88]. PD-1 expression has also been demonstrated on TIDCs in
human cancerous tissue and blood [122], as is also the case with the
coinhibitory receptor Tim-3 [123]. The expression of these check-
points and their counter-receptors on DCs interferes with the DC
maturation processes inhibiting NF-xB activation [122], HMGB1
function as TLR4 agonist [123, 124] and cytosolic nucleic acid rec-
ognition in the TME. Therefore, checkpoint surface molecules on
DCs ultimately exert a negative effect on the cross-priming of T
cells. Whether or not the expression of these checkpoint molecules
on DCs is directly involved in the clinical antitumor efficacy of PD-
1/PD-LI blockade is an issue that remains to be elucidated.

TIDC differentiation from circulating monocytes is also af-
fected by tumor-derived factors such as M-CSF (CSF1) and IL-6,
which favor macrophage differentiation [125]. TAMs are great
producers of IL-10 in the TME [126], which is known to act as an
immunosuppressive factor for cross-priming DCs [51].

Activation of TIDCs by administration of TLR agonists such as
poly:IC (TLR3) or imiquimod (TLR7/8), among other strategies,
aims to reverse their tolerogenic status [13, 127-129] (Figure 2).
A strategy currently being tested in clinical trials against melanoma
involves local transfection of TIDCs using mRNA encoding for T-cell
costimulatory molecules [130-132]. Transfection of IL-12 into ex
vivo-generated DCs for intratumoral injection has also been reported
to improve antitumor responses in mice and humans [133, 134].

ANNEX 1

Immunogenic cell death and cross-priming

The concept of immunogenic cell death (ICD) proposed by
Guido Kroemer and collaborators [135-137] is intimately bound
to the concept of tumor immunogenicity, cross-priming and DC
function. ICD can induce an adaptive effector immune response
against antigens present in the dying cell [138]. It is important to
remember that ICD is an active process within the dying cell,
which releases alarmins and chemotactic factors leading to DC at-
traction and activation (Figure 3).

DCs are key mediators in the building of an immune response
against cells undergoing ICD. ICD activates antigen cross-
presentation in several ways: (i) attracting cross-presenting DCs
to dying cells (i.e. ATP, mitochondrial formyl peptides) [91,
139], (ii) increasing the uptake and processing/presentation of
dead cell-associated antigens by DCs (i.e. exposure of calreticulin,
heat shock protein 70, exposure of phosphatidylserine) [140, 141,
142] and (iii) licensing DCs for CTL activation (i.e. HMGBI act-
ing on TLR4 or ATP acting in P2X;) [141, 143, 144]. An interest-
ing mechanism has been reported in this regard: CD24 on cDCls
can adsorb HGMBI to be trans-presented to RAGE on T cells
[124]. Accordingly, in the absence of DCs, responses against vac-
cines or conventional anti-cancer treatments inducing ICD are
impaired [91, 143, 145].

Hypericin-based photodynamic therapy [145], radiotherapy
[146, 147], certain chemotherapeutics [91, 138] and other inter-
ventions [148] have been demonstrated to elicit ICD in vitro and
are candidate strategies for cancer vaccine preparation. Cell freez-
ing and thawing is widely regarded as generator of a non-
immunogenic necrotic death and, as a result, does not lead to
efficient antigen cross-priming [145]. However, a simple heating
step following cell lysis might halt protein degradation by peptid-
ase inactivation and allow for T-cell cross-priming [149].

A recent paper by the group of Matthew Albert identified a
cancer cell-intrinsic RIPK1-NF-kB signaling pathway that was
required for a form of programmed necrosis called necroptosis
[150]. Mice immunized with necroptotic cells established stron-
ger responses than those immunized with apoptotic or frozen/
thawed cells. Immunization again was dependent on cross-
priming by Batf3-dependent DCs. Similar results were obtained
in an additional publication using CT26 necroptotic cells [151].
No mechanism has been reported so far linking necroptosis to
facilitated cross-priming.

This concept of ICD is reminiscent of the postulates of the
danger model originally proposed by Polly Matzinger, accord-
ing to which the immune system is set up to respond to agents
causing tissue and cell damage [152]. The overall concept is that
alarmins released or exposed [153] during ICD change the func-
tional profile of DCs, even in sterile conditions, in a process
known as maturation or activation. As a consequence, costimu-
latory molecules for T cells become expressed on the plasma
membrane along with abundant MHC-antigen complexes and
IL-15Ra coupled to IL-15 on the DC surface that is thereby
trans-presented to signaling receptors on T cells [154]. The in-
duction of IL-12 and ligands for T-cell costimulatory receptors
of the tumor necrosis factor receptor (TNFR) family such as
CD27L (CD70), CD137L, OX40L [155-157] are considered
paramount in this process (Figure 3).
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Figure 3. Schematic representation of the mechanisms reportedly coupling immunogenic tumor cell death with T-cell cross-priming by
dendritic cells (DCs). (A) Molecular players involved in cell-associated antigen uptake and processing for cross-presentation by DCs and DC
activation/maturation. Mechanisms linked to antitumor effects are depicted in green, and those linked to protumor effects are depicted in
red. (B) Postulated key cell-to-cell interactions mediating antitumor T-cell cross-priming against tumor antigens.

Targeting tumor antigen to DCs to favor its
cross-presentation

An attractive way that has been explored for immunization
against tumors is the targeting of tumor antigens to DCs using
monoclonal antibodies (mAbs) directed to DC surface receptors
that internalize upon ligation.

The group of Ralph Steinman efficiently targeted antigen to the
DC surface receptor DEC205 [158]. Using this strategy, CD8-
and CD4-mediated responses were generated, the former being
TAP-dependent. Without coadministration of an agonist anti-
CD40 monoclonal antibody (mAb) as a DC-activating adjuvant,
vaccination was actually tolerogenic. This effect was mainly
mediated by CD8o" ¢cDCls in the mouse. DEC205 targeting dir-
ects the antigens to late endosomes and lysosomes [159].
Targeting antigens to CD40, unlike DEC205, delivers antigen to
early EEA1" endosomes and is a more efficient strategy for cross-
presentation. This is consistent with the notion that intracellular
trafficking to early endosomes is required for efficient cross-
presentation. Targeting to CD40 potentiates cross-priming by
both Batf3-dependent and Batf3-independent DCs, reportedly
achieving better responses than those obtained by anti-DEC205
antigen complexes [159]. This strategy is being pursued in clinical
trials with anti-DEC205 mAb linked to NYESO-1 antigen
(NCT01834248, NCT02166905).

DNGR-1 (CLECYA) is an internalizing receptor with high ex-
pression narrowly restricted to cDCls in mouse and humans, al-
though it shows low expression on other cell types [84, 85, 160,
161]. Its main function may be the routing of necrotic cell-
derived material into nonlysosomal compartments for cross-
presentation [55, 162, 163]. Targeting cDCls with protein
antigens coupled to anti-DNGR-1 mAbs was much superior to
control IgG-bound antigen in generating antitumor immune re-
sponses, when combined with adjuvants such as anti-CD40 or
poly:IC [84]. In a similar manner, coupling TAA to a short pep-
tide that targets DNGR-1 has been shown to induce antitumor
immunity [164].

Since cDCls selectively express the chemokine receptor XCR1,
targeting of this receptor with a construct of its ligand XCL1

coupled with antigen was also effective in inducing CD4 and CD8
T-cell-mediated responses against viral infection [165].

A caveat for the formulation of antigens targeted to DC recep-
tors is that the nature of the most immunogenic tumor antigens
is usually ignored. Indeed, the most powerful tumor antigens are
the result of unique non-synonymous mutations in their trans-
lated genes whose peptide sequences fit the autologous MHC-I
and MHC-II alleles acting as antigen-presenting molecules. Such
antigens specific to each tumor are named neoantigens. The use
of cancer neoantigens for vaccination holds much promise for
the delivery of efficacious immunotherapy strategies [166], par-
ticularly when combined with checkpoint inhibitors [167].
Targeting neoantigens to cross-priming DCs seems to be a rea-
sonable strategy, but preparing individual DC-targeting moieties
for each patient is a daunting biotechnical challenge. mRNA cod-
ing for neoantigens and/or shared antigens has been complexed
with liposomal carriers and administered systemically, generating
potent vaccine-specific antitumor immunity in a DC-dependent
way, provided that the charge and size of the lipoplexes is opti-
mized [168]. This approach, using neoantigens and shared tumor
antigens, is currently being tested in clinical trials against melan-
oma and breast cancer (NCT02410733, NCT02316457).
Alternatively, naked synthetic mRNA encoding cancer neoanti-
gens can be injected inside LNs with ultrasound guidance achiev-
ing powerful vaccine effects [169].

Cross-priming involvement in various
cancer therapies

We will briefly discuss the involvement of cross-priming in cur-
rently used therapeutic strategies and the potential for improve-
ment of both cytotoxic therapy and immunotherapy upon
combination with cross-priming enhancers.

Chemotherapy

Chemotherapy can improve immunotherapeutic approaches in
two main ways: first, by inducing ICD of tumor cells, allowing for
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antitumor T-cell cross-priming by native DCs; second, by modu-
lating the phenotype of tumor-associated regulatory populations
such as regulatory T cells (Tregs), TAMs or myeloid-derived sup-
pressor cells. It is now well known that not all chemotherapeutic
agents induce ICD [136]: anthracyclines such as doxorubicin or
mitoxantrone [138, 140] and cyclophosphamide [170] are strong
inducers of ICD and tumor antigen cross-presentation, while cis-
platin is not [171]. Additionally, systemic gemcitabine was shown
to recover dysfunctional cross-presentation by TAMs and TIDCs
[92] whereas it was ineffective in cDC1-deficient Batf3”" mice
[172]. One report pointed to a Batf3-independent subset of
tumor-infiltrating CD11c* CD11b* Ly6C™ cells as responsible
for the ensuing immune response to ICD induced by anthracy-
clines [91]. This suggests a more complex interplay of immune
cells involved in the response to chemotherapy. The proimmune
effects of chemotherapy may need lower doses than the max-
imally tolerable dose levels used as a standard [173]. All in all, the
line of work pioneered by Guido Kroemer and Laurence Zitvogel
puzzled the world of clinical oncology, since in mouse models
some forms of chemotherapy act against tumors with an absolute
need for cellular immune responses dependent on ICD [135].

Radiotherapy

Tonizing radiation is an ICD inducer, and therefore a good candi-
date for successful combination with immunotherapy [138, 174,
175]. Radiotherapy (RT) has been shown to potentiate tumor anti-
gen cross-presentation in mouse models [176]. Several groups
explored the intratumoral injection of DCs into irradiated mouse
tumor models with positive results [177, 178]. The functions of
cDCls sensitive to IFNo have been found to be very important for
the immune-mediated therapeutic effects of local irradiation
[179]. These findings are consistent with the requirement for DC-
mediated cross-priming in mouse models in which RT induces
abscopal effects to concomitant non-irradiated tumors, that can be
greatly potentiated with immunomodulatory anti-PD-1, anti-
CTLA-4 and anti-CD137 mAbs [180-184]. It should be kept in
mind that TIDCs under the irradiation beam also undergo func-
tional changes [185]. Curiously, a conversion from pro- to anti-
tumor myeloid populations occurs in the TME of tumors irradi-
ated at low doses [186]. Active combinations of RT and local TLR
agonists have been preclinically reported [187] and clinically tested
against follicular lymphoma [188] and breast cancer [189].

Immunotherapy

Type I IEN (IFNa/f) potentiates cross-presentation by DCs [35]
and it has been found to be clinically active against a number of
malignancies [190]. The antitumor activity of type I IFN requires
type-1 IFN receptor (IFNAR) function on ¢cDCls in mouse mod-
els [191, 192]. IFNAR absence in CD11c cells leads to reduced
intratumoral accumulation of DCs and decreased cross-
presentation capability on a per-cell basis. The antitumor effect
of anti-CD47 is also dependent on IFNAR and this agent is
known to potentiate antigen cross-presentation by DCs and
macrophages both at the tumor site and in TDLNs [193]. CD47
functions as a ligand for SIRPa, acting as a don’t-eat-me signal.
Accordingly, if anti-CD47 mAb disrupts this inhibitory inter-
action, more phagocytosis takes place. Conceivably IFNo/p

ANNEX 1

enhances cross-presentation and cross-priming against the cell-
associated endocytosed material.

Stimulator of IFN genes (STING) agonists are potent type I IFN
inducers [194]. Not surprisingly, local immunotherapy based on
STING agonist cyclic dinucleotides given intratumorally abso-
lutely requires STING expression in Batf3-dependent DCs [195]
and this function is required to enhance the therapeutic results of
immune checkpoint blockade in the B16 melanoma mouse model
[196].

Immune checkpoint blockade with anti-PD-1/PD-L1 and anti-
CTLA4 has been demonstrated to be ineffective in Batf3-deficient
mice [13, 88, 167]. Moreover, Batf3-dependent DCs are critical
for the antitumor activity of anti-CD137 agonist immunostimu-
latory mAbs [13]. In fact, systemic DC expansion and local
stimulation with FIt3L and poly-ICLC synergized with PD-1/
PD-L1 blockade and CD137 stimulation [13] or mutant BRAF
inhibition [88]. These results suggest that the numbers of such
DCs mediating cross-priming and their activation status can be
modulated to enhance other immunotherapy interventions.

Conclusion

Direct presentation by malignant cells of tumor antigen to T cells
is crucial at the effector killing phase, but inefficient to prime and
sustain the cytotoxic immune response [197]. Cytotoxic T
lymphocytes need therefore to recognize their cognate antigen on
professional antigen-presenting cells. Only a few years ago, cross-
priming was a black box in terms of our mechanistic knowledge
[198]. The molecular and cellular details on how, where and
under which circumstances cross-presentation of tumor antigens
efficiently takes place are crucial for understanding immune re-
sponses against tumors and will certainly provide multiple
opportunities for progress in cancer immunotherapy.
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CD137 (4-1BB, TNF-receptor superfamily 9) is a surface glycoprotein of the TNFR family
which can be induced on a variety of leukocyte subsets. On T and NK cells, CD137 is
expressed following activation and, if ligated by its natural ligand (CD137L), conveys
polyubiquitination-mediated signals via TNF receptor associated factor 2 that inhibit
apoptosis, while enhancing proliferation and effector functions. CD137 thus behaves as a
bona fide inducible costimulatory molecule. These functional properties of CD137 can be
exploited in cancer immunotherapy by systemic administration of agonist monoclonal
antibodies, which increase anticancer CTLs and enhance NK-cell-mediated antibody-
dependent cell-mediated cytotoxicity. Reportedly, anti-CD137 mAb and adoptive T-cell
therapy strongly synergize, since (i) CD137 expression can be used to select the T cells
endowed with the best activities against the tumor, (ii) costimulation of the lymphocyte
cultures to be used in adoptive T-cell therapy can be done with CD137 agonist antibodies
or CD137L, and (iii) synergistic effects upon coadministration of T cells and antibodies
are readily observed in mouse models. Furthermore, the signaling cytoplasmic tail of
CD137 is a key component of anti-CD19 chimeric antigen receptors that are used to redi-
rect T cells against leukemia and lymphoma in the clinic. Ongoing phase II clinical trials
with agonist antibodies and the presence of CD137 sequence in these successful chimeric
antigen receptors highlight the importance of CD137 in oncoimmunology.
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Introduction

CD137 (4-1BB, tnfsfr9) was originally reported by the group
of B. Kwon in 1992 as a ¢cDNA clone whose sequence showed
homology to TNF receptors and as being selectively expressed in
activated versus resting T cells [1, 2]. With the first monoclonal
antibodies specific for this surface glycoprotein, these same inves-
tigators demonstrated that ligation of CD137 could result in cos-
timulatory signals for T lymphocytes, which cooperate with those
elicited via the TCR-CD3 complex [3]. Their studies in mouse [2]
and human [4] T lymphocytes showed consistent results between
species in terms of inducing T-cell proliferation, enhancing IL-2
production and inhibiting apoptosis [5]. The next landmark
discovery in the study of CD137 was the identification of CD137-
Ligand (4-1BBL or tnfsf9), a molecule of the TNF family, by Alder-
son et al. [6, 7]. To date, CD137L remains the only intercellu-
lar ligand known for CD137, although the extracellular domain
of CD137 reportedly binds to fibronectin [8] and to galectin-9
[9]. Coimmunoprecipitation of CD137 with the signaling adap-
tors TRAF-2 (TNF receptor associated factor 2) and TRAF-1 (TNF
receptor associated factor 1) has been reported [10-12], as well
as the sequences required for the interaction between CD137 and
TRAF-2 [13]. The crystal structure of the CD137L trimer has been
resolved, and a model for interaction with CD137 has been pro-
posed that is analogous with that of other members of the TNFR
family [14].

A proposed model for CD137 signaling and
its regulation

Signaling via CD137 proceeds from ligated molecules at the cell
surface, which become cross-linked either by trimerized ligand
[14] or multivalent antibodies [3] (Fig 1). CD137 has been
immunoprecipitated both as a monomer and as a dimer [2]. Extra-
cellular binding of galectin-9 to CD137 has shown to be a factor
keeping preassembled CD137 complexes together [9], which are
then further cross-linked by antibody or by CD137 ligand (Fig 1).
Across the TNFR family, it seems that trimers are the optimal sig-
naling complexes [15], although a role for the formation of mul-
timers of higher order is likely. The orientation of the monomers
in the assembled complexes does not appear to be relevant for
signaling, since mAbs binding different distant epitopes over the
molecule have been shown to induce the same functional effects
[16]. Although a conformational change of CD137 in these com-
plexes cannot be definitively ruled out, this molecular event has
not been observed with other members of the TNF-TNFR family
and its requirement would not be absolute. CD137 associates with
the adaptors TRAF-2 and TRAF-1 in its cytoplasmic tail, resulting
in coimmunoprecipitation, which is enhanced upon CD137 activa-
tion in T cells [12, 17]. TRAF-2 is expressed in resting T lympho-
cytes, while TRAF-1 increases its levels of expression following
activation [18]. In this way, the composition of the membrane
CD137-TRAF complexes changes during lymphocyte activation.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The intrinsic biochemical activity of TRAF-1 is still unknown
[19], although it has been reported to link CD137 receptor sig-
naling to alternative NF-kB activation via NIK (NF-kB-inducing
kinase) in TCR-stimulated T cells [20, 21]. TRAF-2 encompasses
an E3 ubiquitin ligase domain (Really Interesting New Gene
(RING) domain) predicted to polyubiquitinate substrate proteins
in conjunction with the Ubc13 (ubiquitin-conjugating protein 13)
as its only E2 enzyme companion [22, 23] (Fig 1). However,
the RING domain of TRAF-2 might not be able to accommo-
date ubiquitin moieties [24] and it is possible that the polyu-
biquitination reactions are mediated instead by cIAP-1 and cIAP-2
(cellular inhibitor of apoptosis protein), which physically asso-
ciate with TRAF-2 [25]. In fact, an inactive mutant c-IAP protein
in transgenic mice impairs NF-kB and ERK activation via CD137
[26].

Polyubiquitin chains linking the carboxyl terminus of ubiquitin
molecules to the Lys63 of the next ubiquitin are well known to
offer docking sites for downstream signaling components, giving
rise to activation complexes that recruit other signaling molecules
that dock to the scaffold [27, 28].

We propose that the main action of CD137 is to place two
or more TRAF-2 molecules in close molecular proximity to each
other. Under these circumstances, a constitutive process of tran-
subiquitinating sister TRAF-2 molecules would be set in action.
Transubiquitination would proceed as long as the short molecular
distance between sister TRAF-2 molecules is maintained. Accord-
ingly, sister TRAF-2 molecules would be the first substrates of
the ensuing reaction. Growing K63 polyubiquitin chains would
then act to recruit TAK-1-TAB1/2 (transforming growth factor
beta-activated kinase 1—TAK-1 binding proteins 1 and 2) into
these complexes and this kinase complex would in turn phos-
phorylate other downstream substrates, leading to activation of
the canonical route of NF-kB via IKKB and NEMO (NF-kB essen-
tial modulator) [27] as well as MAP kinases via MEKK1 [29, 30]
(Fig 1).

Hence, the major factor driving CD137 signaling is postulated
to be the relative density of TRAF-2-assembled CD137 moieties
in micropatches of plasma membrane, as predicted to occur in
immune synapses, formed by CD137* lymphocytes and CD137L*
antigen-presenting cells [31].

Spontaneous signaling from unligated CD137 should however
be avoided to prevent uncontrolled or overstimulation of lym-
phocytes. In our recent research, we have observed that the K63
deubiquitinases (DUBs) A20 [32] and CYLD [33] downregulate
CD137-elicited ubiquitination and signaling toward NF-kB activa-
tion in transfected cell lines as well as on primary T cells (Azpi-
likueta, A. et al., manuscript in preparation). Therefore, it can be
envisioned that these proteases are constantly removing polyu-
biquitin chains. Degradation by DUBs is proposed to take place
either when polyubiquitin chains are not protected by the trimer-
ized CD137 complex, or when K63 polyubiquitin chains are not
made faster than the protease enzymatic speed of the DUBs. In
other words, constant deubiquitination may keep the pathway
under control and terminate signaling in the absence of ligand
binding.

www.eji-journal.eu
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It has also been reported that CD137 becomes internalized
upon ligation with anti-CD137 antibodies, and is trafficked to an
endosomal compartment in a K63-polyubiquitin-dependent fash-
ion [16]. Whether the natural ligand, CD137L, causes internal-
ization as well remains to be seen; this process could serve to
be another level of regulation of the pathway. CD137 internal-
ization on dendritic cells as also been observed upon binding to
CD137L fusion proteins used to target antigens for vaccination
[34]. Intriguingly, recent research has shown that CD137L~~ T
cells express higher levels of CD137. This was attributed to unde-
tectable CD137L protein expression, albeit detectable at the mRNA
level, leading to the interpretation that without CD137L, CD137
could not be internalized and therefore higher levels on the cell
surface are observed [35].

TRAF-1 is chiefly induced via NF-kB signaling [36], and hence
is predicted to more avidly assemble into the complexes once
T cells are costimulated. Its molecular function is incompletely
understood, but TRAF-1 may also operate by molecular proxim-
ity to other functional partners when recruited to multimolecu-
lar complexes. Although TRAF-2 has been coimmunoprecipitated
with CD137 from cells at baseline, the CD137-TRAF-2 interaction
has been shown to be enhanced upon ligand binding as a result
of as yet unknown mechanisms [10-12]. It would be important to
investigate how TRAF-2 and TRAF-1 functionally interact in these
complexes.

Overall, CD137 signaling is fostered by multimerization, and
we propose that cross-linking CD137 molecules and their adap-
tors within short molecular reach is the key factor. The enzymatic
activity of TRAF-2, which self-ubiquitinates, or more likely K63-
transubiquitinates close sister TRAF-2 molecules, is postulated to
be the key triggering event. Regulation of this pathway by K63
DUBs modulates the intensity of the signal and prevents undesired
ligand-independent activation. Figure 1 summarizes the proposed
molecular events to turn on and regulate downstream CD137 sig-
naling.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. TRAF-2 transubiquitination mod-
el of CD137 signaling. Schematic represen-
tation of the mode of action of TRAF-2
attached to the cytoplasmic tail of CD137.
According to this model, TRAF-2 has consti-
tutive K63 polyubiquitin ligase E3 activity.
When CD137 becomes multimerized by lig-
and or antibody, it brings TRAF-2 molecules
into proximity so they can start transubig-
uitinating one another with the help of the
Ubc13 E2 enzyme donating activated ubig-
uitins. These structures generate docking
sites for the TAK-1-TAB1/2 complex and
potentially other signaling proteins. This
pathway is postulated to be quenched by
rapid deubiquitination by K63 DUBs that are
constantly removing polyubiquitin chains.
This complex keeps signaling from endo-
somes once internalized by agonistic anti-
CD137 mAbs [16, 123].

Agonist anti-CD137 monoclonal antibodies
in the treatment of malignant diseases

The acceptance of CD137 as a costimulatory molecule has engen-
dered fruitful research into using it in cancer immunotherapy. A
collection of anti-mouse CD137 mAbs [37] were able to induce
rejection of transplanted tumors in syngeneic mice, or at least to
delay tumor progression [38]. Among the mAbs able to cause this
effect were rat IgG antibodies that blocked or did not block ligand
binding [36, 371, suggesting an agonist activity of the antibodies,
which was also observed in in vitro T-cell cultures [37]. The ther-
apeutic activity of anti-CD137 antibodies was critically dependent
on CD8" T cells and also dependent on NK cells in certain mod-
els [38, 39]. Furthermore, the costimulatory molecule CD28 was
not essential for the antitumor effect of anti-CD137 monoclonal
antibody therapy, even though CD28 strongly contributes to elic-
iting CD137 surface expression on CD8" T cells following antigen
stimulation [40].

The contribution of dendritic cells to the therapeutic effect
was studied in CD11¢-DTR (diphtheria toxin receptor) transgenic
mice, which self-ablate CD11c* cells upon repeated diphtheria
toxin treatment [41]. This study suggested a role for dendritic
cell-mediated antigen presentation in anti-CD137 antibody ther-
apy, leading to the interpretation that dendritic cell-mediated
presentation of tumor antigens was critical to prime the base-
line antitumor immune response that anti-CD137 mAbs potently
costimulate. More recently, we have found a key role for Batf3
(basic leucine zipper transcription factor ATF-like 3)-dependent
dendritic cells, which are the main mediators of tumor antigen
cross-priming [42].

With regard to the role that CD4" T cells play in anti-CD137
therapy, there are paradoxical effects. On the one hand, depletion
of CD4" T cells negatively affects therapy in some models [36],
while in others, CD4" T-cell elimination potentiates the thera-
peutic effects [43]. The potentiating effects of the CD4" T-cell
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depletion [44] are likely due to the destruction of the Treg-cell
compartment in the tumor microenvironment.

To complicate the therapeutic picture even more, several
groups explored the effects of the same anti-CD137 antibodies
that had been previously shown to elicit curative anti-tumor immu-
nity, in mouse models of autoimmunity. It was found that anti-
CD137 mAbs improved murine autoimmune conditions mediated
by autoreactive CD4™ T cells, such as experimental autoimmune
encephalomyelitis (EAE) [45], lupus-like syndromes [46], and
collagen-induced arthritis [47]. However, anti-CD137 treatment
worsened CD8-mediated autoimmune diabetes in NOD (nonobese
diabetic) mice [48, 49] and exacerbated graft versus host disease
[37, 50]. In fact, in healthy mice, anti-CD137 mAbs have been
shown to cause polyclonal CD8-dominated infiltrates in the liver,
which in turn raise transaminase serum levels [51].

The effects of anti-CD137 mAb on the functionality of regula-
tory T cells remain an active area of discovery. It is clear that
CD137 is expressed on the plasma membrane of natural and
induced Treg cells [52], including those infiltrating experimental
tumors [53]. Anti-CD137 mAb can regulate function [54, 55] and
differentiation [52] of Treg cells. However, the extent of the con-
tribution of Treg-cell modulation by the anti-CD137 mAb on the
overall antitumor therapeutic activity is still under investigation.

When agonist anti-CD40 mAbs were described to rely on the
CD32 FcR (Fc receptor) to crosslink the antibody in order to
mediate the antitumor effects of anti-CD40 therapy [56-59], we
performed experiments in FcRIIB~/~ mice, and showed that the
activity of anti-CD137 therapy against solid tumors was preserved
in the absence of such FcR crosslinking (Morales-Kastresana,
A., unpublished observations). Similarly, subsequent experiments
indicated that the anti-CD137 antibodies were able to induce
internalization in vivo without CD32 involvement for its agonistic
activity (Morales-Kastresana, A., unpublished observations). The
involvement of other FcRs in the activity of anti-CD137 antibodies
has not yet been explored.

In mouse models of cancer, successful combinations between
anti-CD137 antibodies and peptide vaccines [60-62], dendritic
cell vaccines [62-64], chemotherapy [65, 66], radiotherapy
[67-69], virotherapy strategies [70-72], cytokine gene therapy
[73, 74], adoptive T-cell therapy [75-77] and other strategies
have been shown to lead synergistic, often curative, anti-tumor
activity, as summarized in Figure 2. Soluble forms of trimerized
CD137L have been also shown to be synergistic with TLR ago-
nists [78]. Importantly, anti-CD137 mAbs have been shown to
exert synergistic effects in conjunction with checkpoint inhibitors
[79], such as anti-CTLA-4 [80] and anti-PD-1 (programmed cell
death 1) mAbs [53, 81, 82], against difficult-to-treat mouse tumor
models such as B16 melanomas or 4T1 breast carcinomas.

Combination therapies involving CD137 mAbs were shown to
be effective in inducing complete tumor rejections on larger and
less immunogenic tumors if given in higher order combinations
(triplets or quadruplets) with other immunostimulatory mono-
clonal antibodies, such as those directed against CD40 [83], CTLA-
4 [84], OX40 [64, 85], and PD-1/PD-L1 (programmed death-
ligand 1) [86]. These combinations have shown beneficial effects
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even against primary carcinogen-induced sarcomas [83] and hep-
atocellular carcinomas arising in oncogene transgenic mice [87].

Recombinant forms of multimeric CD137L, either in the form
of a soluble agent or as a gene construct transfected to tumor
cells [88, 89], have also been used with less potency in gene
therapy strategies. Of note, in a gene therapy approach involving
mouse models of transplantable colon cancer, the CD137L con-
struct showed strong synergy with IL-12 cotransfer [88, 89]. Gene
transfer of membrane-bound, single chain anti-CD137 mAb was
shown to be therapeutically more potent than the CD137 L con-
structs [90, 91], giving rise to strong systemic antitumor immunity
in these mice that was mediated by CD87 T cells, with a prominent
role for NK cells [90, 91].

Two fully human IgG4 anti-CD137 mAbs (Urelumab and PF-
05082566) are currently being developed in phase I/1I trials in
the clinic, either as monotherapies or in combination with mAbs
blocking PD-1 (NCT02253992, NCT02534506, NCT02179918,
NCT01307267). Both antibodies, when tested as monotherapy
agents, show evidence of partial antitumor activity at least against
melanoma and lymphoma [92, 93]. In the case of Urelumab,
but not PF-05082566, a dose-dependent liver inflammation was
shown to occur in a fraction of patients. The mechanisms behind
liver inflammation as an on-target side effect remain obscure, but
probably resemble the observations made in mice [51, 94]. A pos-
sible explanation arises from the fact that any recombinant anti-
body administered to animals or human beings tends to accumu-
late passively in the liver, as evidenced by PET imaging [95, 96].
Hence, it is possible that the selectively high bioavailability in the
liver may explain hepatitis because of the proinflammatory actions
of the antibodies on yet to-be-determined liver-resident CD137"
cells. Variable antigen-independent absorption into the liver, per-
haps mediated by FcRs, may explain differences in liver toxicity
observed among the anti-CD137 mAbs under clinical development
and also differences in terms of susceptibility to these adverse reac-
tions among individual patients.

As clinical trials on immunotherapy combinations progress
[971, we have recently reported evidence for antitumor effects of
Urelumab when used in conjunction with anti-PD-1 (Nivolumab)
to treat immunodeficient Rag-/-IL-2Ry-/-mice, which had been
coengrafted with human tumors and human lymphocytes [98]. In
a setting of these mice coengrafted with a gastric carcinoma and
lymphocytes from the same patient, it was possible to study tumor
infiltrates of human lymphocytes using multiplex immunofluores-
cence on tumor sections. Interestingly, CD137+ human T lympho-
cytes were prominent in the infiltrates of mice treated with the
immunostimulatory mAbs that were able to curtail tumor growth.

Another exciting discovery was the finding that anti-CD137
mAbs strongly enhance, in both mice and humans, the ADCC
(antibody-dependent cell-mediated cytotoxicity) activity medi-
ated by NK cells [99]. In this study, it was shown that when FcRyIIl
(CD16A) on NK cells recognize IgG antibodies coating target
tumor cells, this induces CD137 expression on the NK cells, which
greatly enhances ADCC if the NK cells are stimulated via CD137
[99]. Synergy of anti-CD137 mAbs with ADCC-eliciting anti-tumor
mAbs in the clinic, such as Rituximab [100], Trastuzumab [101],
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Figure 2. Landscape of synergistic interactions of immunotherapies based on the combination of CD137-based and other anticancer therapeutics.
Arrows represent described combinations with main references to the literature provided.

or Cetuximab [102], is currently being addressed in clinical trials
(NCT02420938, NCT02110082, NCT02252263, NCT01307267).

CD137 in synergy with adoptive T-cell
therapy

Infusion of cultured T cells is becoming a prominent strategy in
cancer therapy. For example, the infusion of expanded autologous
tumor-infiltrating T lymphocytes has been shown to yield excellent
results in a fraction of melanoma patients [103]. More recently,
ex vivo gene engineering of the lymphocytes to be infused, via
transfecting either TCRs recognizing tumor antigens, or single-
chain, antibody-based chimeric antigen receptors (CARS), is taking
center stage [103].

Recently, adoptive cell therapy and CD137-mediated costim-
ulation have been shown to cooperate (Fig 2) in a four-pronged
manner. These effects are as follows:

(i) CD137 and PD-1 are expressed precisely by those tumor-
infiltrating lymphocytes (TILs) showing a stronger response
to tumor antigens [104-106]. Hence, immunomagnetic and
FACS techniques have been implemented to select CD137"
TILs as the fittest population to generate therapeutic lym-
phocyte cultures for adoptive transfer.

(ii) CD137 agonist antibodies can be used to effectively deliver
costimulation during ex vivo culture achieving a better yield
in terms of the numbers of lymphocytes and their anti-tumor
activity [76]. Costimulation of these cultures could also be
achieved with the cognate CD137 ligand [107].

(iii) In mouse tumor models, combined treatment with adop-
tive T-cell therapy and anti-CD137 mAb synergize at various
levels. CTLs under the influence of the infused anti-CD137

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

antibody perform better effector functions against the tumor
[771, and show greater penetration of the malignant tissue,
as observed by in vivo microscopy. This is due, in part, to
stimulation of CD137 ectopically expressed on endothelial
cells in tumor vessels [108, 109]. These CD137-stimulated
tumor vessels go on to express adhesion molecules and
chemokines in a proinflammatory response that facilitates
T-cell homing to the tumor site [109].

(iv) The signaling domain of CD137 is a key constituent of the
cytoplasmic tail of successful CARs [110, 111]. Its function
is critical for T-cell persistence and expansion following infu-
sion [110, 111]. In this respect, CD137 surpasses CD28 as a
T-cell stimulatory molecule and provides a tonic signal that
avoids exhaustion [112]. However, CD137 can be replaced
by other members of the TNFR family, such as CD27 [113],
to construct CARs. Nevertheless, CARs combining the cyto-
plasmic tail of CD137 are achieving astonishing clinical effi-
cacy against B-cell leukemias, lymphomas, and myelomas
[114-117].

Future directions and conclusions

The tumor microenvironment is rich in CD137, as it is expressed
by effector and regulatory T lymphocytes at this location [53].
This rich CD137 expression is likely to be maintained by TCR-
mediated antigen recognition, and potentiated by hypoxia, acting
in a HIF1la (hypoxia-induced factor 1a) dependent fashion [53,
118]. Ascertaining the direct and indirect effects of CD137 ligation
on the migration and function of TILs will be of much interest.
More importantly, biotechnology strategies must be deployed to
target or locally deliver CD137 agonists to tumors to maximize
exposure and limit systemic toxicity (e.g., in the liver and bone
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marrow). In fact, most CD137 expressed at a given time point is
present only in the tumor microenvironment [53].

A better understanding of the CD137 signaling pathways may
permit pharmacological or genetic manipulation, although these
signaling mechanisms are shared by other members of the TNFR
family and other surface receptor systems [119, 1201, and as such
could encompass off-target side effects.

Combination is the key word to make the most of CD137-
based immunotherapy (Fig 2). As mentioned, clinical trials are
in progress to exploit its synergy with PD-1/PD-L1 blockade and
cytotoxic monoclonal antibodies such as Rituximab and Cetux-
imab. Vaccines, including neoantigen-based vaccines, and adop-
tive T-cell transfer, should follow in this strategy of immunother-
apy combinations [97, 121, 122]. Overall, there can be no doubt
that CD137-based immunotherapy clearly offers many interesting
opportunities for clinical and translational development.
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