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Abstract

Tumor immunosurveillance requires tumor cell-derived molecules to initiate responses

through corresponding receptors on antigen presenting cells (APC) and a specific effector
response designed to eliminate the emerging tumor cells. This is supported by evidence

from immunodeficient individuals and experimental animals. Recent discoveries suggest that
adjuvanticity of tumor-derived heat shock proteins (HSPs) and dsDNA are necessary for tumor-
specific immunity. There is also the obligatory early transfer of tumor antigens to APCs. We
argue that tumor-derived HSPs deliver sufficient chaperoned antigen for cross-priming within

the quantitative limits set by nascent tumors. In contrast to late-stage tumors, we are only just
beginning to understand the unique interactions of the immune system with precancerous/nascent
neoplastic cells, which is important for improved cancer prevention measures.
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Emergence of nascent cancer cells and immune responses

The idea that spontaneous eradication of neoplasms by the immune system can occur
prior to any clinical manifestations was put forward over a hundred years ago[1]. The
current model of cancer immunosurveillance is based on historical data from over 6
decades and summarized in Box 1. It proposes that T cells and NK cells recognize and
eliminate emerging cancer cells. Two major gaps persist in how these immune effector
cells are primed and/or activated, related to the source of adjuvanticity, and the cross-
presentation mechanism that is sufficiently sensitive to account for the quantitative limits on
available tumor antigen. We posit here, first, that tumors harbor molecules, specifically
heat hock proteins (HSPs) and double stranded DNA (dsDNA), that are sensed by
receptors on antigen presenting cells (APCs), and act as adjuvants. Second, at least one
mechanism of cross-priming involving HSP-peptide complexes exists which satisfies the
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low amount of antigen present in nascent, emerging tumors. As pathway dysfunctions can
lead tumorigenesis, understanding the mechanistic details related to immune responses to
emerging tumors may allow the development of new experimental models and measures for
cancer prevention

Sensing of nascent, emerging tumors by the immune system

With the exception of virally-induced cancers, tumor cells are antigenically abnormal
versions of self; moreover, they do not express Pathogen Associated Molecular Patterns
(PAMPs) and therefore typically do not activate innate Pattern Recognition Receptors
(PRR) — a necessary step for the generation of innate and adaptive immune responses.

With cancer, the mammalian immune system thus relies on sensing aberrantly expressed,
non-microbial, self-molecules/markers, or Damage Associated Molecular Patterns (DAMPS)
[2]. These are typically intracellular molecules that are abruptly exposed to the extracellular
milieu, accumulated in vesicular compartments, or abnormally modified. Similar to the
PAMP-PRR axis, DAMPS generally require corresponding Damage Sensing Receptors
(DSR) that mediate downstream signaling networks and co-stimulation[3]. Priming of
CD8" and CD4™ T cells, and activation of NK cell responses, implicated in cancer
immunosurveillance, are dependent on this co-stimulation (Figure 1)[4]. Below, we discuss
recent studies assessing the effects of HSPs and dsDNAs in cancer immunosurveillance;
these studies have been conducted with molecules at physiological doses close to those
naturally present within mammalian tissues at very early stages of tumorigenesis.

Sensing extracellular Heat Shock Proteins

HSPs were the first cancer cell-derived molecules shown to be immunogenic[5-9].

HSP gp96, hsp70, hsp90, calreticulin, hsp110, and grp170 are abundant intracellular
proteins that constitute >5% of the mammalian proteome[10,11]. These six HSPs are

the immunogenic HSPs, discussed below. As a consequence of cellular necrosis (also
characterized as immunogenic cell death)[12-15], or aberrant secretory pathways, tumor
cells can expose HSPs to the extracellular environment where they can be sampled by

the immune system[5,13,16]. In mammalian in vitro systems, murine or human APCs,

such as dendritic cells (DC) or macrophages cultured with purified mammalian HSPs lead
to the upregulation in B7, CD40, and MHC Il as well as the release of cytokines and
chemokines, including IL-B, IL-6, IL-12p40, TNF-a, CXCL10, and others[13,17,18]. The
production of such factors has been reported to be fully dependent on the DC-expressed
receptor CD91/LRP1[19-22] — the first DSR to be identified; indeed, CD91 inhibition

with antibodies or competitive ligands, or CD91 deletion in genetically modified mice
(CD91ACD11c ") or knockdown via siRNA, renders DCs and macrophages, unresponsive
to extracellular immunogenic HSPs[21-23]. Moreover, upon HSP binding to DCs, tyrosines
within the intracellular domains of CD91 are synergistically phosphorylated (identified via
anti-pTyr antibodies)[17]; this in turn mediates signal transduction events via a network

of molecules including p38 MAPK, STAT1, NF-xB, components of the inflammasome
(NLRP3, ASC, caspase 1), and representative intermediaries[17,18]. The activation status of
these molecules has been monitored through their phosphorylation or catalytic function in
murine and human APCs. Aside from CD91, other receptors for HSPs such as scavenger
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receptor A, TLR2/4, and CD40, have been reported[24—-26]; however, conclusive evidence
of their /in vivo biologic activity in APC activation is lacking[27]. Immunization of mice
with microgram quantities of purified HSPs leads to the migration of antigen-bearing

DCs from tumor sites to draining lymph nodes/spleen (as observed by flow cytometry of
CD11c* cells)[28], priming of tumor-specific CD8" and CD4" T cells (as measured by
cytotoxicity of a large number of murine tumors, and cytokine release assays)[5,29,30],

and activation of NK cells (as measured by IFN-vy release)[31]. Similar observations have
been made in patients with melanoma, renal cell carcinoma, and glioblastoma[32-34].
Given that a typical mammalian cell harbors approximately 2—-3pg of gp96, ~20-30pg of
hsp90 and ~10-15pg of hsp70, the amount of HSPs released by tens of cells during early
tumorigenesis falls well within the effective range that can modulate APCs function[35].
The immunobiology of HSPs and their quantity make them superb candidates as tumor-
derived molecules that can generate adjuvanticity for cancer immunosurveillance. Testing
this requirement has proven difficult though, given the redundancy of multiple immunogenic
HSPs in providing adjuvanticity; generating sequential knock-out mice for all immunogenic
HSPs is a necessary but unviable approach. Instead, CD91 has been targeted. Mice lacking
CD91 expression in DCs (CD917CD11c ") have a significantly higher incidence of
methylcholanthrene (MCA)-induced tumors when compared to littermates with wildtype
expression of CD91 (CD917[22]. The tumors that arose in CD917ACD11c" mice were
larger and less infiltrated by effector CD4* and CD8* T cells and NK cells than in CD917/#
mice, with evidence of significantly reduced immunoediting in the tumors, as measured

by whole exome sequencing and calculation of Differential Aggretope Index (DAI) of
mutated and immunogenic neoepitopes[22]. In addition, transplantable tumors such as D122
carcinoma and SVB6 fibrosarcoma generally grew faster in CD917/CD11¢ " compared to
CD91™f mice[23]. These observations suggest that loss of CD91 eliminates immunological
pressure and allows tumors to grow faster. Moreover, these mouse studies are in strong
agreement with data from specifically, patients with CD91 mutations predicted (via Hex
Protein Docking simulations) to negatively impact HSP binding and exhibited reduced
tumor T cell-infiltration compared with patients with no CD91 mutations [22]. Furthermore,
melanoma patients with high expression of CD91 showed better prognoses with slower
growing tumors compared to low CD91 expressors, suggesting that high CD91 expression
might potentially allow for better functionality of HSPs in providing adjuvanticity for anti-
tumor CD8* and CD4* T cell responses[22,36].

Of note, responses triggered by HSPs are hormetic and context-dependent; Approximately
1 ug of purified gp96, hsp70 or hsp90 elicits anti-tumor immune responses in mice and
humans as evidenced by the rejection of MethA, D122 and CMS5 tumors, to name a
few[5,29,37-41]. Ten times this amount however, in skin and lung cancer patients with
CDO91 defects, primes regulatory T cells (measured by flow cytometry) and pro-tumor
responses in mice (enhanced tumor growth) via engagement of CD91 on plasmacytoid
dendritic cells, leading to TGF-B production, and upregulation of neuropilins (flow
cytometry)[37-40]. Hsp60 has also been shown to instigate biphasic immunoregulatory
effects in mice[42]. Therefore, in exceptional situations of excessively high extracellular
immunogenic HSPs, as may be the case for late stage bulky/necrotized solid tumors,
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we propose the HSP-CD91 axis might have a contradictory effect by promoting tumor
growth[5,29,37-41].

We posit that collectively, these studies establish a role for the HSP-CD91 axis in tumor
immunosurveillance, providing a rationale for further investigating the mechanisms and
outcomes of such signaling networks.

Sensing double stranded DNA

Human cytosolic sensor cyclic GMP-AMP (cGAMP) synthase (hcGAS) can be activated
and lead to the release of type I IFN when human monocytic THP-1 cells are pulsed in

a titrated manner by long fragments of DNA (>45bp) but which remain inactive in the
presence of short DNA (<17bp)[43]. Therefore, there is a direct proportional relationship
between DNA length and efficiency of cGAS activation; for DNA of 45 to 70 bp in size,

>1 pg/ml is required for cGAS activation, and this is reduced to > 0.167 pg/ml for DNA

of 300-500 bp and > 0.017 ug/ml for DNA of 800-2,000 bp in size, respectively[44]. This
suggests that long DNA molecules might overcome the need for high DNA concentrations
in eliciting effective activation of cGAS, which is relevant as high dsSDNA concentrations are
typically not present in emerging tumors[43,44]. Of note, cGAS in mouse transdifferentiated
BLaER1 cells respond by releasing CXCL10 to both long and short DNA with equal
efficiency[45], suggesting species-specific differences in DNA sensing and a mechanism

of detecting emerging tumors. Cellular factors such as nucleic acid-stress HMGB proteins
and nucleoid-structuring proteins (TFAM, HU) that nucleate and stabilize cGAS dimers by
prearranging DNAJ45] can also enhance the initial detection of long cytosolic DNA even
under conditions of low cGAS concentrations[44], which is pertinent for detecting emerging
tumors. Tumor-derived DNA can therefore act as a danger signal when it engages cGAS in a
sequence-independent and length-dependent manner at low ligand concentrations[44,46].
DNA binding to cGAS catalyzes the synthesis of cGAMP which activates the ER

membrane adaptor stimulator of interferon genes complex (STING) as shown in human
embryonic kidney 293 cells. In these cells, activated STING recruits kinases TBK and

IKK that phosphorylate transcription factors IRF3 and NF-xB, respectively (as shown by
immunoprecipitation and western blotting) [47,48], which induces IL-12, CXCLD9, type |
IFN production. Type | IFN can mediate cancer immunosurveillance because /fnarl ™~ mice
have a higher incidence of tumors compared to WT mice when injected subcutaneously with
MCA[49-51]. When the cGAS-deficient colon carcinoma cell line CT26, or Lewis lung
carcinoma cells, were injected into mice, the tumor cells were not rejected, indicating cGAS
expression by tumor cells, in addition to STING expression by DCs, was required for CD8*
T cell-mediated control of cancer progression[52]. BC2, YACL, and EuM1 lymphoma cell
lines exposed to DNA damaging agents such as aphidicolin in vitro intrinsically activated
transcription factor IRF3, leading to the induction and surface expression of RAE1, a ligand
for NKG2D on NK cells[53]. These observations have led to experiments that demonstrate
the ability of NK cells to mediate rejection of murine transplantable RMA lymphomas[54].

The mechanism of DNA acquisition by DCs is not completely resolved. DCs can
phagocytose entire tumor cells[55] or tumor-derived vesicles[56], and intrinsically activate
cGAS. However, tumor cGAMP itself, rather than cytoplasmic DNA, can also be transferred
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to DCs via gap junctions[52,54] which then promotes STING activation and DC-mediated
priming of CD8" T cell responses to B16 tumors[52,54].

Downregulation of cGAS and/or STING expression has been associated with tumorigenesis
in humans and poor prognosis in patients with melanoma[57], lung[58], gastric[59] and
colorectal cancers[60,61]. Presumably, these observations might support this pathway’s
involvement in cancer immunosurveillance. Recently, in intratumoral mouse splenic
conventional DCs (cDCs), blocking the inhibitory receptor TIM-3 by using an anti-TIM-3
antibody promoted extracellular DNA uptake by cDCs and activated the cCGAS-STING
pathway[62]. TIM-3 is frequently upregulated in the tumor microenvironment[63] and

can suppress this pathway of cancer immunosurveillance[62]. Of note, studies such as
these have led to therapies of advanced carcinomas, and lymphomas, with targeted STING
agonists[64].

The synopsis of experimental observations presented here suggest that the HSP-CD91 and
dsDNA-cGAS-STING axes are likely involved in cancer immunosurveillance by providing
molecular pathways that are important for tumor-associated adjuvanticity, addressing one

of the major gaps in current cancer immunosurveillance models. Other tumor-derived
molecules with adjuvanticity, but for which direct evidence in cancer immunosurveillance is
lacking, are described in Box 2.

Cross-priming of T cells in response to nascent, emerging tumors

Tumor Antigens of nascent, emerging tumors that are recognized by T cells

The innate immune sensing mechanisms described above provide signals such as co-
stimulation (signal 2) and cytokines (signal 3) that are necessary for priming adaptive
immunity. In addition, another signal that is required is antigen cross-presentation (signal 1)
by APCs such as DCs to T cells (Figure 1). CD8* T cell immunity is essential to achieve
effective tumor immunosurveillance; in mice, the obstruction of optimal effector T cell
responses through either the loss of T cells (Rag™"), STAT1 (Stat1™"), or Thl effector
molecules (e.g. IFNy, /fag™~; perforin, Pfn™~, granzyme B, Gzmb™"; and others) can lead
to a higher incidence of tumors at tissue sites of induction compared to wildtype mice[65].
Although many tumor antigens have been described, only a few represent tumor rejection
antigens. Indeed, tumor antigens can largely be classified as neoantigens (i.e., unique

and derived from random somatic mutations and give rise to mutated peptides), shared
antigens (i.e., aberrantly or over-expressed unmutated antigens) and (onco) viral antigens.
Tumors, induced by intramuscular injection of lentiviral vectors expressing Cre recombinase
into genetically engineered KrastSL-G12D/+ p53flox/flox mice, and lacking neoantigens, are
generally not cleared by the immune system, suggesting that these antigens are important
for immunosurveillance[66]. Given the random nature of mutation events, antigenic epitopes
presented to T cells are also randomly generated. A seminal study showed that tumor
immunity was rarely cross-reactive because exposure of mice to one tumor protected

the mice against secondary challenge by the same tumor, but rarely against a different
tumor[67]. Novel algorithms such as the DAI are improving the predictability of which
mutated peptides serve as rejection neoepitopes[68] and we anticipate that these will be
tested in the context of cancer immunosurveillance. Since nascent tumors comprise a few
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cells, one might assume that the net amount of antigen available is minute, and therefore
requires efficient cross-presentation of those antigens by APCs to CD8" T cells. This
certainly merits further investigation.

HSP-peptide complexes are key players in nascent tumor antigen cross-presentation

HSPs are intracellular chaperones of peptides which can include minute quantities of tumor
antigens. When highly enriched HSP preparations from human renal cell carcinomas and
mouse mastocytoma or RLdg'1 were stripped of their chaperoned peptides and analyzed

by mass spectrometry, the peptides were shown to essentially represent the antigenic
landscape of that respective tumor [27,69,70]. One microgram of total immunogenic

HSP will chaperone approximately a nanogram-femtogram of a specific antigenic/mutated
peptide[23,71]. Human and mouse cross-presentation systems, set up by incubating HSP-
peptide complexes with APCs, show that this quantity of antigen is sufficient for cross-
presentation only when chaperoned by the HSP [9,35,72]. Identical amount of soluble
antigen (without HSPs) is not sufficient for cross-presentation[71,73]. The readouts in

these cross-presentation systems were stimulation, by cytokine release, of antigen-specific
CD8" or CD4* T cells. There are other mechanisms of cross-presentation in which a
10,000-fold higher amount of antigen than present in nascent tumors have been used

and these are not the focus here[74]. For the former cross-priming protocols[9,35,72],
HSP-(neo)peptide complexes, upon release by tumor cells /n vitro, are taken up via CD91-
mediated endocytosis by DCs and macrophages in co-culture experiments and the peptides
are cross-presented to CD8" and CD4" T cells[19,20,75]. Removal of four HSPs from
mouse lymphoma (EL.4) lysates by immunoprecipitation showed that the depleted lysates
were incapable of cross-priming when injected intradermally into mice -- as shown by the
lack of tumor-specific CD8* T cell-mediated cytotoxicity ex vivo one week later, despite the
presence of soluble tumor antigen in those lysates[71]. Of note, depletion of multiple HSPs
in vivo is problematic given that mice and cells are not viable without them. Therefore,
despite its caveats, a single HSP receptor, i.e. CD91, has been targeted; in this study,
transplantable (D122 lung carcinoma and SVB6 fibrosarcomas) and induced tumors grew
faster in CD91/70¥/floxcD11c e mice compared to wildtype mice, indicating that they failed
to mount anti-tumor-specific immune responses, even though these CD9170x/floxcp11cCre
mice could still mount efficient CD8* T cell responses against CD91-independent
immunogens such as CFA/OVA[22]. Moreover, titration of antigen abundance using the
D122 tumor further showed that the CD91-HSP pathway was essential for effective antigen
cross-presentation to T cells when the target antigen quantity was low, as evidenced by the
loss of tumor rejection in mice with loss of CD91 (CD9170%floXxCcD11cC7) or in mice in
which CD91 was inhibited with the antagonist receptor-associated protein[23]. Once again,
this supports the importance of the HSP receptor CD91 in cancer immunosurveillance and
suggests that HSP-peptide complexes are the likely ligands, although further assessments are
warranted. To support the notion that HSPs constitute CD91 ligands in this context, DCs
derived from CD9170XfloXcD11c € mice were found to not cross-present gp96-chaperoned
antigen to T cells when antigen loads were low and could no longer provide signals 2

and 3[23]. As expected, CD9170¥floxcD11c ¢ mice failed to prime anti-tumor CD8*

and CD4* T cell responses when immunized with HSPs (as evidenced by the decreased
number of tumor-infiltrating T cells), while CD9170X/flox |jttermates did [23]. We posit that
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CDO91 is dispensable at higher antigen loads, and that when mice are challenged with large
doses of tumor cells, presumably, alternative molecular mechanisms might mediate antigen
transfer[23]. We argue that the collective evidence supports the idea that tumor antigens
which are chaperoned by HSPs, are cross-presented by APCs via CD91 to mount CD8" and
CD4* T cell responses that can reject nascent, emerging tumors.

Concluding remarks

Newly emerging data support a role for HSP-CD91 and dsDNA-cGAS-STING signaling
axes in cancer immunosurveillance but further rigorous work is warranted to confirm

this, especially in humans. Individual sensing mechanisms initiating downstream signaling
responses might potentially be generalizable among emerging tumors, and we speculate that
these sensing mechanisms might overlap and/or be redundant, presumably as a mechanism
of host defense to reduce the incidence of tumor escape. This hypothesis certainly raises
numerous questions (see Outstanding Questions). Alternative pathways may also exist under
specialized conditions; one of these involves natural 1IgM, and is summarized in Box 3.
Presumably, at least one established mechanism of cross-presentation exhibits some degree
of redundancy given that multiple HSPs can cross-present their chaperoned antigens. Given
the recent advances in whole exome sequencing and proteomics, human inborn errors

of immunity are increasingly being discovered, which may provide unique opportunities

for molecular discovery and targeting in the context of cancer immunosurveillance.

We advocate for pathways involving CD91 and cGAS/STING as important in cancer
immunosurveillance, and suggest that they be considered as new candidate targets for
enhancing adjuvanticity. In this context, we are also excited about the possibility of studying
the underlying molecular mechanisms that support effective immunosurveillance in a unified
systems-immunology framework, as dictated by tumor types and histologic origins.
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Adjuvant
molecules that can trigger activation and maturation of APCs, e.g. DCs, that prime T cell
responses by triggering co-stimulation and cytokine production

Adjuvanticity
the condition of a molecule to confer innate immune stimulation

Antigen presenting cells
immune cells that can take up and present antigen to induce an adaptive immune response

Cellular Necrosis
type of cell death where plasma membranes are disrupted and cellular contents are leaked
into the extracellular space
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CD91/LRP1
cell surface receptor on APCs ; involved in endocytosis of HSPs and signaling in response to
HSPs

Cross-priming
The ability of certain APCs to acquire exogenous antigen and present derivative peptides on
the cell surface by MHC | to initiate a CD8* T cell response

Differential Aggretope Index (DAI)

algorithm index that represents differences in MHC binding affinity between wildtype and
corresponding mutated peptides; it is a strong predictor of which mutated peptides will
generate a T cell response

Damage Sensing Receptor (DSR)
Receptors of the innate immune system that recognize molecules released by damaged or
dying host cells

Effector T cell
subset of T cells that execute effector functions by producing cytokines (CD4") and/or
cytotoxic mediators (CD8™) to target specific antigens

Gap Junctions
intercellular channels that allow the exchange of small molecules and ions

Heat shock protein (HSP)

Family of intracellular proteins that respond to cellular stress. A subset of HSPs, called the
immunogenic HSPs, chaperone antigens and initiate immune responses when released from
cells by binding to CD91 on APCs

Immunoediting/Tumor editing

During the clonal expansion of tumors, tumors are modified by the immune system as they
adapt. These modifications include downregulation or elimination of tumor antigens that are
targeted by T cells

Inflammasome
multiprotein oligomers in the cytosol of innate cells responsible for the activation of
inflammatory responses following their activation and assembly

Neoantigen
antigens expressed uniquely by tumors; typically resulting from mutated proteins processed
into peptides and presented by MHC to T cells

Neuropilins
Transmembrane glycoproteins expressed in neurons and DCs. On DCs, neuropilins can
engage and promote Treg function

Pathogen Associated Molecular Patterns
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broad molecular epitopes expressed by pathogens and recognized by receptors on the innate
immune system

Pattern Recognition Receptors (PRR)
Receptors of the innate immune system that recognize broad patterns expressed by
pathogens

Regulatory T cells
subset of CD4* T cells involved in immunoregulation or suppression of other immune cells

Stimulator of interferon genes (STING)
Adaptor protein downstream of cGAS that recruits kinases TBK1 and IRF3 to induce type 1
IFNs and pro-inflammatory cytokine expression

Shared antigen
antigens expressed across cancers and tissues of the same type

Th1 effector molecules

Proteins of the immune system that are necessary for the development of CD4* helper T
cell type 1 immune responses responsible for the clearance of tumors and pathogens. These
proteins include signaling and cytolytic proteins

Tumor rejection antigens
Tumor-derived molecules that when targeted by the immune system, lead to elimination of
the tumor

Viral antigen
molecules expressed by viruses processed and presented by infected cells to the immune
system
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Box 1:
Historical Perspective on cancer immunosurveillance

The idea that spontaneous eradication of neoplasms by the immune system could occur
prior to any clinical manifestations was first made in 1909[1]. Decades later, several
investigators showed that purebred animals could be immunized against a tumor that
was originally induced in an animal of the same strain and such immunity was not
caused by MHC differences between the host and tumor cells[76,77]; this established
the concept that tumors were antigenic and immunogenic. The formal paradigm of
cancer immunosurveillance described an evolutionary necessity for a mechanism of
elimination or inactivation of potentially dangerous mutant cells and speculated that
lymphocytes mediated this process[78,79]. The paradigm suggested that there was a
constant liberation of “self-markers”, which in this opinion, we propose include HSPs
and dsDNA, for recognition by immune cells. Evidence for this hypothesis comes
primarily from immunocompromised individuals and experimental animals bearing a
higher incidence of cancer than individuals with intact immune systems. Transplant
recipients on immunosuppressive medications and individuals with HIV-1/AIDS develop
skin, lung, bladder, prostate, rectum, and colon cancers at rates 10-25 times higher than
healthy individuals[80]. Mice deficient in key cells or molecules required for adaptive
immunity are generally more susceptible to developing experimentally-induced tumors
than wildtype mice[66,81], although some exceptions have been reported[82,83]. Other
anecdotal evidence has been derived from observations of increased cancer incidence in
the elderly --often ascribed to or associated with immunosenescence -- and in individuals
living with chronic stress and associated immune decline[84,85]. So, how do these
tumors emerge in the first place? Recent estimates suggest that in an adult human, 50—
70 billion nucleated cells turn over each day, or 30-50 million cells per minute[86].
Each time a mammalian cell divides, 1.2 x 1010 nucleotides are polymerized[87]. DNA
polymerases &, which are involved in the bulk of genomic DNA replication, have error
rates of 10 to 10 per nucleotide polymerized[87]. Based on these error rates and
accounting for base mismatch repair, on average, it has been estimated that 100,000 to
1,000,000 errors occur per diploid genome during every cell division[87]. Given this
net error rate of DNA replication during cell division and the possible occurrence of
these mutations in oncogenes or mutational hotspots, the calculated risk of generating a
malignant cell is not infrequent [8].
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Box 2:
Other stimuli that may provide adjuvanticity

There are several other tumor-derived molecules worth mentioning that have been shown
to possess adjuvanticity in studies /in vitro, but there is no evidence of their role in tumor
immunosurveillance. These include nuclear proteins (High mobility box-1; HMGB1,
HMGN?1), Adenosine triphosphate (ATP), Uric Acid, and 1L-33[3]. Several recent studies
have also linked certain microbial communities to specific types of cancers, particularly
gut-associated cancers[88]. Recently, gut-distal tumors such as lung[89,90], bone[91] and
breast tumors[92-94] have been shown to be colonized by bacteria. Bacteria have been
localized within both cancer cells and immune cells, with bacterial strain composition
varying based on tumor type[91]. Therefore, these are important considerations as such
stimuli may influence anti-cancer immunological responses within the microenvironment
of established tumors, along with regulatory mechanisms (e.g. the CD24-Siglec G or
-Siglec10 pathway in mice and humans, respectively)[95].
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Box 3:

Natural IgM may mediate alternative cancer immunosurveillance
mechanisms

Natural IgM antibodies are germline encoded, do not undergo affinity maturation,

and are commonly observed early in polyreactive immune responses to antigenic
stimulation[96]. If natural IgM antibodies cross-react with an antigen expressed

by an emerging tumor, they might provide an alternate mechanism for cancer
immunosurveillance[97,98]. In mice, natural IgM can recognize neoantigens on tumor
cells, such as changes in glycoprotein patterns. The resulting antigen-lgM complexes

can be acquired by Ly6C* monocytes via Fc receptors which results in activation of the
monocytes[98]. These circulating mouse monocytes present neoantigen-derived peptides
by MHC to CD4* T cells which in turn, facilitate such CD4" T cell engagement with
Batf3* DCs through CD40-CD40L interactions[98]. The now licensed Batf3* DCs can
cross-prime effector CD8* T cells against tumor (neo)-antigens (Figure 2)[98]. In this
study, recipient transgenic PMEL, Batf3”/~, Cd4~~, Ccr2”~, and uMT female mice,
were used to demonstrate the necessity for diverse CD8* T cell repertoires, as well as
diverse Batf3* DCs, CD4* T cells, tissue-trafficking monocytes, and B cells, respectively,
in immune-mediated control of B16F10 tumors[98]. However, this mechanism does

not address the cross-priming of antigen- specific T cells by IgM. Relatively large
(1-100 mg) doses of ovalbumin and adoptive transfer of OT-1 cells were used, which
poorly reflect genuine tumor antigen in amounts, location, and context, in tumor-bearing
hosts. Of note, in addition to cellular adaptive responses, anti-tumor IgM antibodies

can also mediate direct cytopathic effects and the destruction of nascent tumors by
identifying tumor-modified cell surface epitopes, as shown in mice[98]. In humans,
natural IgM antibodies reactive against certain tumor-associated antigens have been
reported during the asymptomatic stages of cancer and used as an early biomarker for
breast cancer[99], indicative of active cancer immunosurveillance, although this warrants
further investigation[97,100]. Overall, these studies also highlight the importance of B
cells and their associated antibody repertoire in recognizing tumor-associated neoantigens
and in facilitating cancer immunosurveillance.
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Figure | in Box 3.
Natural IgM as an alternative pathway for cancer immunosurveillance.
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Outstanding Questions:

Is there functional redundancy or dominance among the HSP-CD91

and dsDNA-cGAS-STING pathways in tumor immunosurveillance? These
could be addressed in mouse systems lacking both STING and CD91.
Reintroduction of one or the other might establish the necessity or sufficiency
of each pathway.

Given the heterogeneity of tissue-resident populations of APCs, what is

the identity of APC subset(s) responsible for initiating and orchestrating
immunity to emerging tumors and are these tissue-dependent? The availability
of many DC knockout mouse models makes this question readily addressable
using tissue-specific tumor induction procedures. The reported differences
between males and females in tissue-specific density, development and
function of DCs might have a bearing on sex dependent differences in tumor
incidence.

Avre there inborn errors of the HSP-CD91 and dsDNA-cGAS-STING
pathway? Although a few mutations in CD91 that affect function have been
identified, a comprehensive search for other mutations in these pathways has
yet to be undertaken.

Does the microbiome influence the emergence of tumors? The presence of
gut microbes and microbial-derived products in established tumors has been
reported. However, to our knowledge, it is not known if these may influence
the establishment of immune responses to nascent, emerging tumors by
shaping the tumor microenvironment. Germ-free mice colonized with specific
gut microbiota may be used to address this question.
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Highlights:

Tumor-derived heat shock proteins (HSPs) and dsDNA are self-derived
mammalian molecules that can provide adjuvanticity necessary to initiate
adaptive immune responses.

We propose that the receptors for HSPs and dsDNA, which are CD91 and
STING, respectively, may play a crucial role in cancer immunosurveillance;
their loss, dysfunction, or inhibition allows for an increased incidence of
cancer in mice and humans.

Tumor antigens chaperoned by HSPs are cross-presented by dendritic cells
via CD91 to prime T cell responses. Estimates of the amount of chaperoned
antigen and HSPs satisfies the quantitative limits available in nascent,
emerging tumors, and we argue that this strongly supports such a mechanism
as a likely important cross-presenting pathway in cancer immunosurveillance.
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Key Figure, Figure 1. Model of sensing and elimination of emerging tumors by the mammalian
immune system.

(A) Tumor-derived molecular stimuli can provide adjuvanticity that is necessary for priming
and activating anti-tumor T cell and NK cell responses during cancer immunosurveillance.
Tumor cell death leads to the release of HSPs[5,13,16] and dsDNA[56]. (i) Tumor-derived
HSPs bind to CD91 expressed on DCs and undergo endocytosis along with the chaperoned
peptides[21-23]. Peptides are processed and presented by MHC | and MHC 11[9,35,72].
Upon binding HSPs, CD91 is phosphorylated and initiates signaling pathways within the
DC leading to upregulation of CD86 and CDA40, the release of cytokines, and maturation of
DCs[17,20-23,75]. (ii) dsDNA binds to cGAS in DCs after internalization[55,56]. dsSDNA
may bind cGAS in the tumor cell itself and cGAMP can transport into DCs via gap
junctions[52,54]. cGAS activates STING in the DC leading to upregulation of CD28,
release of cytokines, and maturation of DCs[43-45,51,52]. Mature DCs migrate to lymph
nodes where they prime naive CD8* and CD4™* T cells to become anti-tumor effector T
cells. Mature DCs can also activate NK cells via cytokines[31,53,54]. Effector T cells and
activated NK cells mediate cancer cell death.
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