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Abstract A subset of patients with a variety of cancers
shows evidence of a natural adaptive immune response
against their tumor, as evidenced by spontaneous T-cell
infiltration, circulating anti-tumor T cells, or antibody
responses. Evidence has indicated that such natural
immune responses have positive prognostic import in early
stage disease and may be predictive of clinical response to
immunotherapeutics in advanced disease. However, these
observations raise a new critical fundamental question—
what innate immune signals might be generated in the
context of non-pathogen-induced cancers that drive pro-
ductive antigen presentation toward induction of an adap-
tive immune response? Gene expression profiling in
melanoma revealed that tumors having high expression of
T-cell markers also show evidence of a type I IFN tran-
scriptional signature. Mechanistic experiments in mice
have revealed that a spontaneous CD8' T-cell response
against transplantable tumors depends on host type I IFN
signaling, through a mechanism dependent upon CD8o™*
dendritic cells (DCs). The requirement for type I IFN
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production by host DCs has suggested a subset of innate
immune sensing receptors and signaling pathways that
might be involved with initiating this process. Elucidating
further these innate immune mechanisms should provide
new insights into cancer immunotherapy.
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Evidence for spontaneous T-cell responses against
cancer

Contrary to the preconceptions of many in the field, a
spontaneous immune response against human cancers is a
relatively frequent occurrence. Infiltration with activated T
cells into the tumor microenvironment has been observed
in a subset of patients with a variety of cancer histologies.
In early stage colorectal cancer, the presence of effector/
memory CD8" T cells in the tumor has powerful prog-
nostic importance [1], having recently been reported to be
more predictive of outcome than TNM stage [2]. Similar
positive prognostic import has been observed in breast
cancer and in ovarian cancer [[3], [4]]. Primary melanoma
lesions have long been categorized based on the presence
or absence of tumor-infiltrating lymphocytes [5]. In meta-
static melanoma, the presence of an inflamed tumor
microenvironment that includes a T-cell infiltrate appears
to predictive for clinical response to several immunother-
apies. This includes clinical benefit to several cancer vac-
cines, the anti-CTLA-4 mAb ipilimumab, and IL-2 [6-11].
Thus, the presence of an ongoing dialog between a tumor
and the host immune response may predict the ability of an
immunotherapeutic intervention to tip the balance in favor
of immune-mediated tumor control.
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While the presence of a T-cell infiltrate in the tumor
microenvironment may be an interesting biomarker, it is
important to know whether among those T cells might be a
subset having specificity for tumor antigens. In melanoma,
the use of peptide/class I MHC multimers has confirmed
the presence of CD8" T cells that recognize shared tumor
antigens within the tumor microenvironment [12-14].
Spontaneous generation of CD8" T cells detected among
circulating PBMCs also has been observed, against NY-
Esol, Melan-A, and MAGE-10 [15-17]. Thus, even though
additional T cells may be recognizing unique or mutated
antigens, these results suggest that an immune response
directed against the tumor is being mounted. This data
suggesting spontaneous immunity against tumor antigens
should not be completely surprising, as they are in keeping
with established knowledge of immune-mediated parane-
oplastic syndromes that are caused by cross-reactive anti-
bodies generated against tumor-associated molecules [18].
Spontaneous antibodies against a broad range of proteins
has been observed to occur early in prostate cancer
development [19], arguing that immune responses against
tumor-associated molecules extends beyond melanoma and
may be a common occurrence.

If natural immune responses are indeed generated
against cancers, at least in a subset of patients, the question
arises as to why those tumors are not spontaneously
rejected. In most cases, the presence of an apparent host
immune response has positive prognostic and/or predictive
value, arguing that this process is favoring a better clinical
outcome even if it is not complete. Analysis of melanomas
having an “inflamed” phenotype that includes a T-cell
infiltrate has demonstrated high level of expression of
putative negative regulatory mechanisms that likely sup-
press T-cell function. This includes the tryptophan-catab-
olizing enzyme indoleamine-2,3-dioxygenase (IDO); PD-
L1, the main ligand for the inhibitory receptor PD-1;
CD41CD25%FoxP3™ regulatory T cells (Tregs); and also
T-cell anergy, a T-cell-intrinsic hyporesponsive state [20].
Strategies to block or reverse these immune-inhibitory
pathways are attractive approaches for cancer immuno-
therapy. Each strategy has been confirmed to be active in
preclinical models [21-24], and several approaches are
currently being explored clinically. Thus, for the subset of
patients with a T-cell-inflamed tumor microenvironment in
which negative regulation appears dominant, there are
great expectations that effective immunotherapies are
becoming established. However, for the major subset of
patients with tumors that lack this natural immune response
and have non-inflamed tumor phenotypes, these therapies
may have limited value. Thus, attention is shifting toward
understanding the mechanisms that underlie the presence
or absence of a spontaneous anti-tumor immune response,
with the hopes of ultimately transforming those tumors into
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the inflamed subtype and thus expand the subset of patients
capable of responding to immune-based therapies.

A role for host type I IFN signaling in innate tumor
recognition

In order to begin to investigate potential mechanisms of
innate immune recognition of melanoma that might bridge to
an adaptive immune response, gene-expression profiles of
human melanoma metastases [7] were interrogated for
transcriptional patterns associated with T-cell markers.
Indeed, expression of a set of genes known to be driven by
type I IFNs was observed to correlate with TCR transcripts.
This raised the possibility that type I IFN signaling might be
involved in natural immune responses against tumors. In
order to test this hypothesis experimentally, a set of mouse
models was utilized in which tumors were engineered to
express a model antigen against which T-cell response could
be measured. Indeed, implantation of these transplantable
tumors into syngeneic mice in vivo led to a CD8" T-cell
response that was detectable in the draining lymph node
around 6 days later. This model system allowed for the
utilization of knockout mice lacking specific host immune
components to examine for their necessity upstream from
this T-cell priming. Mice deficient in the type I IFN receptor
or the downstream signaling molecule Statl showed mark-
edly diminished spontaneous T-cell responses, arguing for
the necessity of this pathway in vivo. A corresponding
increase in IFN-f transcripts was detected by qRT-PCR in
the tumor-draining lymph node that preceded the T-cell
response, most of which was produced by CD11c™" dendritic
cells (DCs). Mechanistically, the requirement for type I IFNs
mapped to the antigen-presenting cell/DC compartment. The
vast majority of DC properties and functions were found to
be intact in type I IFN"'~ receptor or Statl™’~ animals.
However, it was found that the CD8a+ DC subset failed to
accumulate in the tumors in the absence of host type I IFN
signaling. Batf3 /= mice, which lack the CD8«" DC subset,
also showed defective T-cell priming against tumor-associ-
ated antigens. Mixed bone marrow chimera studies mapped
the major type I IFN signaling activity to the CD8o* DC
lineage. Together, these data argue that host DCs “sense”
something derived from the implanted tumor in vivo, which
drives IFN-p production and cross-priming via CD8«" DCs
[25]. These data are consistent with the work of Reis e Sousa
and colleagues who have demonstrated a role for Clec9a, a
receptor highly expressed on CD8x" DCs, in the cross-
presentation of antigen from dying cells [26].

A similar set of experiments has been performed by the
laboratory of Dr. Robert Schreiber. Using a panel of
immunogenic tumors that are spontaneously rejected by
immunocompetent mice, they also found a role for host
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type I IFN signaling for this potent spontaneous immune
response. In vitro, they provided evidence that one role for
type I IFN is to improve DC-mediated cross-presentation
[27]. In vivo, they also have demonstrated a role for the
CD8ot DC lineage for spontaneous rejection of these
tumors [28]. These data are, therefore, quite in agreement
and support a critical role for host type I IFNs in the
generation of natural anti-tumor T-cell responses.

What are the host innate sensing pathways that drive
type I IFN production?

The identification of type I IFN production by host APCs
as an important step during the innate immune recognition
of tumors in vivo during the bridge to adaptive immunity
has pushed the problem further upstream toward the
identification of the receptor system and tumor-derived
ligand that mediate this effect. The field of innate immune
sensing is growing rapidly, with several distinct families of
proteins having been identified and additional family
members still uncharacterized. The toll-like receptor sys-
tem was the first to be identified, members of which signal
via the adaptors MyD88 or TRIF to lead to production of
inflammatory cytokines and upregulated expression of
costimulatory ligands [29]. Other classes include the NOD-
like receptors (NLRs, many of which activate the inflam-
masome) [30], C-type lectin receptors [31], and cytosolic
nucleotide sensors that recognize either RNA or DNA and
have been defined in the context of viral infection [32-34].
In addition, the extracellular ATP sensor P2X7R has been
suggested to detect the presence of ATP that may be
released from dead or dying cells [35, 36]. It is conceivable
that tumor-derived products could engage one or more of
these receptor systems and initiate innate immune activa-
tion. Experiments performed killing cancer cells with

Fig. 1 Model for the role of
host type I IFNs in the innate
immune sensing of cancer. Still
unidentified tumor-derived
substances appear to induce the
production of IFN-f from host
CD11ct DCs. This, in turn, acts
to promote cross-presentation of
tumor-derived antigens to host
CD8™" T cells, via the CD8a™
subset of DCs. This innate
immune activation and
inflammation in the tumor
microenvironment also may
facilitate the effector phase of
the anti-tumor T-cell response
and support the final steps of
tumor rejection

Lymph node

specific chemotherapeutic agents or radiation has sup-
ported the potential role for TLR signaling via HMGBI1
released from dying tumor cells, and also for the inflam-
masome [37, 38]. However, preliminary data from our
laboratory have excluded a mandatory role for either
MyD88, Trif, or P2X7R in the spontaneous immune
response against tumor-associated antigens in Vivo
(unpublished data). Additional work will be needed to
define the relevant pathways during a natural immune
response against tumors in which the mechanisms of death
of a subset of cells within a growing tumor mass may be
distinct.

Clinical implications

There are several implications of this fundamental work
toward clinical application. First, the opportunity has arisen
to begin to investigate the molecular mechanisms that
explain why a subset of patients develops a spontaneous
immune response against their tumor while a major subset
does not. One potential explanation may reside at the level
of polymorphisms in immune regulatory genes that impact
on thresholds of innate immune sensing. Within the type I
IFN pathway itself, numerous gene polymorphisms have
been identified that have strong association with clinical
lupus [39, 40]. Thus, pursuit of germline gene polymor-
phisms that may be associated with the presence or absence
of a T-cell infiltrate is an attractive consideration. Somatic
mutation differences between tumors of individual patients
also may exist that could activate specific accessory
oncogene pathways that either activate or repress the
expression of immunoregulatory genes by the tumor cells.
A systematic interrogation of patient tumor samples for
genetic alterations associated with an immune infiltrate
also should be pursued. Once key mechanisms are
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established, then it will be of interest to know whether
immune selection pressure against a tumor phenotype that
stimulates innate immunity might arise through immune
editing, much as adaptive T-cell responses can sculpt tumor
phenotype.

A second major clinical implication of these findings is
that they may open the possibility of new immunothera-
peutic interventions based on augmenting innate immune
activation in the tumor context. Introducing local expres-
sion of innate immune cytokines or activators of innate
immune sensing pathways could have therapeutic utility. In
fact, converting a “non-inflamed” tumor microenviron-
ment into the “inflamed” phenotype that can support the
effector phase of the anti-tumor T-cell response may rep-
resent one of the biggest current challenges to the field.
Examples to be considered include introduction of type I
IFNs, TLR agonists, or ligands for the NLR or nucleic acid
sensing pathways. The most effective local immune mod-
ulators at the level of the tumor microenvironment would
subsequently need to be formulated in such a way as to
allow systemic administration but preferential accumula-
tion in metastatic tumor sites. Such therapeutic approaches
could ultimately combined with vaccination of adoptive
T-cell therapy as methods to increase specific T-cell fre-
quencies, or with blockade of negative regulatory pathways
such as PD-L1/PD-1 interactions (Fig. 1).
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