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Abstract

Introduction: Colorectal cancer remains the second leading cause of cancer death in the United
States, underscoring the need for novel therapies. Despite the successes of new targeted agents for
other cancers, colorectal cancer suffers from a relative scarcity of actionable biomarkers. In this
context, the intestinal receptor, guanylyl cyclase C (GUCY2C), has emerged as a promising target.

Areas Covered: GUCY2C regulates a tumor suppressive signaling axis that is silenced through
loss of its endogenous ligands at the earliest stages of tumorigenesis. A body of literature supports
a cancer chemoprevention strategy involving reactivation of GUCY2C through FDA-approved
cGMP-elevating agents such as linaclotide, plecanatide, and sildenafil. Its limited expression in
extra-intestinal tissues, and retention on the surface of cancer cells, also positions GUCY2C as a
target for immunotherapies to treat metastatic disease, including vaccines, chimeric antigen
receptor T-cells, and antibody-drug conjugates. Likewise, GUCY2C mRNA identifies metastatic
cells, enhancing colorectal cancer detection and staging. Pre-clinical and clinical programs
exploring these GUCY 2C-targeting strategies will be reviewed.

Expert Opinion: Recent mechanistic insights characterizing GUCY2C ligand loss early in
tumorigenesis, coupled with results from the first clinical trials testing GUCY 2C-targeting
strategies, continue to elevate GUCY2C as an ideal target for prevention, detection, and therapy.
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1.0 Introduction

Since our previous review in 2017 [1], the relative incidence and mortality of colorectal
cancer in the United States has remained unchanged - colorectal cancer represents the fourth
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most incident cancer and second leading cause of cancer death in men and women [2].
Widespread adoption of colonoscopy as a screening and preventative measure represents a
success story, producing remarkable declines in colorectal cancer incidence through the past
two decades. However, this decline has tapered as of 2016, and hides an alarming 2% annual
increase in incidence among individuals <55 years of age since the mid-1990s [2].
Furthermore, a sizable fraction of patients (21%) still present with late-stage disease at the
time of diagnosis, and the 5-year survival rate drops precipitously when comparing patients
presenting with local disease (90% survival) to those presenting with metastases (14%
survival)[3]. These latest statistics underscore the importance of early detection and the
unmet need for late-stage therapies.

Here we highlight the most recent updates on preventative, diagnostic, and therapeutic
approaches targeting the colorectal cancer biomarker, guanylyl cyclase C (GUCY2C).
GUCY2C (also commonly known as GC-C, or the STa receptor, STaR) is a transmembrane
receptor expressed on the surface of intestinal epithelial cells [4]. In normal physiology, it
plays a tumor-suppressive role, restricting epithelial transformation through a variety of
pathways regulated by its second messenger, cyclic guanosine monophosphate (cGMP) [5,
6,7,8,9, 10, 11, 12]. In colorectal adenomas, loss of expression of the endogenous ligand
for GUCY2C, guanylin, orphans the receptor, which is thought to contribute to tumor
progression [13, 14, 15, 16, 17, 18]. Importantly, GUCY 2C protein expression is retained in
the primary tumor and metastases [16, 18, 19, 20, 21]. These features create an opportunity
for (1) primary chemoprevention, through reactivation of the receptor with FDA-approved
GUCY2C agonists, (2) immunotherapies targeting extra-intestinal GUCY2C as a tumor-
specific antigen, and (3) detection of metastatic cells expressing the otherwise intestinally
restricted protein (Figure 1). We will first briefly review the molecular features of colon
cancer and the GUCY 2C/cGMP signaling axis, and then describe efforts to target this axis
for colorectal cancer therapy.

2.0 Colorectal cancer genetics and targeted therapies

Since Vogelstein and Fearon first proposed their description of the adenoma carcinoma
sequence, colorectal cancer has provided the prototypic example of an oncogenic mutational
event [22]. This model proposes that colorectal cancer arises from series of sequential
mutations in key growth-regulatory genes, corrupting normal intestinal epithelial renewal,
and enabling the formation of an adenomatous polyp. The most commonly mutated gene in
sporadic (non-hereditary) colorectal cancer is the tumor suppressor, adenomatous polyposis
coli (APC), mutated in 80% of tumors [23]. APC serves several roles in the nucleus,
including regulation of DNA damage repair, replication fork dynamics, and spindle
assembly during cell division [24, 25, 26, 27]. However, its canonical role is in the
cytoplasm, where APC serves as the scaffold for the sequestration, polyubiquitination, and
proteasomal degradation of p-catenin, the transcriptional mediator of the pro-proliferative
Whnt signaling pathway that regulates intestinal crypt-villus differentiation [28, 29].
Spontaneous mutation of one allele of APC produces allelic heterozygosity, and loss of the
second allele (loss of heterozygosity) eliminates APC expression, permitting intracellular p-
catenin accumulation, oncogenic transcription, and growth of a polyp. Accumulation of
subsequent mutations in oncogenes, like KRAS (mutated in 43% of tumors), and in tumor
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suppressors, like 7P53 (mutated in 64% of tumors), enable the progression from adenoma to
carcinoma [23, 30]. These genetics also underlie a hereditary form of colorectal cancer,
familial adenomatous polyposis (FAP), in which patients harbor a germline mutation in one
allele of APC, develop hundreds of colorectal adenomas, and typically require full
colectomy before the age of 40.

The availability of large datasets of sequenced tumors, such as The Cancer Genome Atlas,
has refined our understanding of colon cancer to encompass a genetically heterogeneous
disease that arises through three distinct mutational sequences (although considerable
overlap between these pathways occurs, and acquired mutations frequently converge on key
pathways, like Wnt signaling, regardless of the initiating mutations) [31]. APC loss is
thought to be the driving mutation in the most common pathway, the cAromosomal
instability pathway (CIN; 65-70% of tumors), which is characterized by aneuploidy,
insertions, deletions, loss of heterozygosity at tumor suppressor gene loci, and other
alterations in large sections of DNA [32, 33]. CIN tumors harbor relatively few single base
pair mutations, but do generally acquire KRAS and TP53 mutations.

Less frequently (<15%), colon tumors arise through the microsatellite instability pathway
(MSI), defined by loss of DNA mismatch repair proteins, most commonly MLH1 or MSH2
[23, 31]. Their loss disrupts normal DNA repair, permitting the accumulation of mutations in
short, repetitive DNA sequences called microsatellite sequences. These frequent DNA base
pair mutations phenotypically distinguish MSI from CIN tumors, and contribute to a more
rapid tumor progression (1-3 years, vs. 10 or more years for CIN tumors) [34]. MSI tumors
also exhibit aberrant methylation of key DNA regulatory regions, described as the CpG
island methylator phenotype (CIMP), producing epigenetic silencing of key tumor
suppressor genes. MLHI promoter methylation represents the most common driver of the
MSI phenotype. Although most MSI tumors arise sporadically, the most common hereditary
colon cancer syndrome, hereditary non-polyposis colorectal cancer (HNPCC, or Lynch
syndrome), arises from germline mutations in MLHI or MSHZ.

Finally, the third pathway of tumorigenesis, the serrated neoplasia pathway, is named for the
histologically distinct, sawtooth appearance of its polyps. Accounting for 15% of colorectal
cancers, serrated polyps are highly associated with early mutations in BRAF, a relatively
rare mutation in conventional colorectal tumors, suggesting a distinct route of tumor
initiation [31, 35]. Subsequent mutations converge with the MSI or CIN pathways; serrated
lesions acquire mutations in mismatch repair genes, producing an MSI phenotype, or
mutations in TP53 and activation of oncogenic Wnt signaling with a microsatellite-stable
phenotype.

Despite the relatively well-defined genetic basis for the disease, a persistent challenge in
colorectal cancer management is the relative scarcity of effective drug targets [36]. Our
current pharmacologic repertoire reflects this issue: nonsteroidal anti-inflammatory drugs
(NSAIDs) represent the only widely accepted chemoprevention agents. Aspirin is the most
studied NSAID in chemoprevention clinical trials, and the only agent accepted for non-
hereditary colorectal cancer, but its attributable risk reduction is modest, and it is only
recommended for patients with concomitant cardiovascular risk or Lynch syndrome [37].
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Aspirin’s mechanism of cancer prevention remains debated, but it inhibits several pathways
linked to tumorigenesis, including prostaglandin synthesis, inflammation, platelet activation,
and pB-catenin activity [37]. Non-aspirin NSAIDs, including sulindac and celecoxib have also
been shown to reduce colorectal polyp number, although gastrointestinal and cardiovascular
safety concerns have relegated their use to highest-risk populations, such as patients with
FAP [37]. The mainstay of tumor prevention remains modification of risk factors (smoking,
alcohol consumption, body mass index) and removal of precancerous adenomatous polyps
during colonoscopy.

With regards to advanced disease, the antimetabolite, 5-fluorouracil (5-FU), and vitamin,
leucovorin, have remained the backbone of first-line chemotherapy since the early 1990s
[38]. Their combination with oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) are the current
standard. These chemotherapeutic agents broadly target replicating cells, including both
cancer and normal cells. In contrast, targeted therapies recognize features unique to cancer
tissue, ideally limiting off-target cell-death. FDA-approved agents for targeted therapy
include agents opposing angiogenesis (bevacizumab), immune checkpoints (pembrolizumab
and nivolumab), and oncogenic pathways such as those regulated by the epidermal growth
factor receptor (EGFR; cetuximab and panitumumab) and BRAF (vemurafenib) [36]. The
molecular profile of a tumor dictates the choice of targeted agent. For example, EGFR
inhibitors have proven effective in the treatment of metastatic colorectal cancer because
cancer cells often depend on the proliferation, angiogenesis, and survival signals generated
by EGFR. However, these agents are ineffective for the large percentage of tumors harboring
mutant KRAS or BRAF mutations because these mutations constitutively activate the
oncogenic signaling circuits downstream of EGFR. Likewise, the use of BRAF inhibitors is
restricted to the 8-12% of colon tumors harboring activating mutations in BRAF, and
immune checkpoint inhibitors, although lauded in other cancers, only appear to benefit the
3-7% of patients with the microsatellite instability-high phenotype [36]. Despite these
promising new agents, as noted in the introductory statistics, patients with metastatic disease
are rarely cured. The identification of actionable molecular targets remains of critical
importance.

3.0 Theintestinal GUCY2C/cGMP signaling axis

Recent studies have revealed a role for the intestinal epithelial receptor, GUCY2C, as a
novel target for colorectal cancer therapy. Canonically involved in intestinal fluid secretion
[39], our understanding of the axis has evolved to include roles in epithelial proliferation and
apoptosis [5, 6, 15, 40], DNA damage response [8, 10, 41, 42], Gl barrier integrity [7, 8, 43],
epithelial-mesenchymal cross-talk [11], inflammation [44], satiety [45, 46], and other
aspects of epithelial homeostasis [9]. Importantly, GUCY2C is ubiquitous throughout the
intestine and retained on primary tumor and metastatic tissue derived from the intestine,
significant features for diagnostic and therapeutic goals [19, 20, 21].

3.1 Canonical biology of the GUCY2C/cGMP axis

Guanylyl cyclases are an enzyme class responsible for the catalysis of guanosine
triphosphate (GTP) to the second messenger, cGMP [4, 47]. GUCY2C is a transmembrane

Expert Rev Clin Pharmacol. Author manuscript; available in PMC 2021 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rappaport and Waldman Page 5

receptor expressed on the brush border of the intestinal epithelium. Its endogenous ligands,
collectively known as guanylins, are small peptide hormones secreted by the epithelium into
the intestinal lumen. Uroguanylin, secreted in the small intestine, and guanylin, secreted in
the large intestine, are synthesized as propeptides and processed into 16-mer and 15-mer
mature peptides, respectively [48, 49]. Both mature peptides harbor two disulfide bonds,
conferring stability in the intestinal lumen. This paracrine hormone axis, regulated by the
guanylins and GUCY2C, canonically controls intestinal secretion. Agonist stimulation of the
GUCY2C extracellular ligand binding domain activates its intracellular catalytic domain,
leading to the production of cGMP. cGMP in turn targets several effector proteins, including
cGMP-dependent protein kinases (PKGs), phosphodiesterases (PDEs), and cGMP-gated ion
channels [4]. Direct activation of PKG I, as well as indirect activation of protein kinase A,
drives phosphorylation and translocation of the cystic fibrosis transmembrane regulator
(CFTR) to the cell surface [50, 51, 52]. Simultaneously, PKG inhibits the apical Na*/H*
exchanger (NHE3) also present on the cell surface [50, 51, 52]. Together, modulation of
these channels results in HCO3™ and CI~ secretion, with Na* retention in the intestinal
lumen; this osmotic gradient results in fluid secretion into the intestine.

Disorders of the GUCY2C/cGMP signaling axis result in intestinal secretion syndromes.
GUCY2C was originally discovered as the receptor for the bacterial heat stable enterotoxins,
STs, the agents responsible for traveler’s diarrhea [39]. STs are a family of peptides sharing
a conserved C-terminal region, which is processed to a mature peptide with three disulfide
bonds conferring heat and pH stability [4, 53]. Enterotoxigenic bacteria, such as £. coli, K.
pneumonia, V. cholera, and Y. enterocolitica, colonize the gut and secrete these peptides,
which have high affinity for the GUCY2C extracellular domain and produce uncontrolled
CFTR-mediated secretion, manifesting as secretory diarrhea [4, 53]. In addition to aberrant
agonist stimulation, mutations in GUCY2C itself have been reported in small populations,
resulting in hereditary hypo- and hyper-secretion syndromes. The recently described familial
GUCY2C diarrhea syndrome arises from a single missense mutation in the GUCY2C
catalytic domain, producing receptor hyperactivation [54, 55, 56]. Conversely, hereditary
inactivating mutations in the ligand-binding and catalytic domains produce meconium ileus
(neonatal intestinal obstruction), due to diminished intestinal secretion and stool motility
[57, 58].

3.2 GUCY2C/cGMP axis and colorectal cancer

Beyond regulating fluid secretion, the GUCY2C/cGMP axis has emerged as a regulator of
homeostatic circuits dysregulated during tumorigenesis. For example, evidence from genetic
mouse models suggests that cGMP signaling regulates the proliferation, differentiation, and
turnover circuits that underlie normal epithelial renewal in the intestine. Genetic ablation of
guanylin, GUCY2C, or the downstream effector, PKGII, produces mice with crypt
abnormalities, including hyperproliferation, expansion of the pool of transit amplifying cells,
and loss of differentiation of the secretory cell lineage [6, 15, 59]. GUCY2C ™'~ mice also
exhibit changes in the relative populations of crypt stem cells, with an increase in the reserve
BMI1* cells responsible for crypt injury response [60]. Transcriptomic profiling of the
intestinal epithelium from GUCY2C ™/~ mice suggests that this phenotype reflects activation
of the pro-proliferative AKT signaling pathway, resulting in reprogramming to a glycolytic
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metabolism, commonly associated with oncogenic processes [12]. In turn, activation of
GUCY2C signaling opposes these processes through PTEN, the canonical inhibitor of AKT
[12]. Furthermore, cGMP regulates proliferation through cell cycle arrest. Intestinal
epithelium from GUCY2C ™/~ mice exhibits accelerated progression through the G1/S
transition, and altered expression of regulators of the cell cycle (e.g. pRb, CDK4, cyclin D1,
p27) [6]. Administration of agents that increase intracellular cGMP, including ST,
uroguanylin, cell-permeable cGMP, or the PDE inhibitor, zaprinast, slow cell cycle
progression in human colorectal cancer cell lines and mice [6, 8, 61].

In addition to opposing pro-proliferative circuits in the gut, the GUCY2C/cGMP axis also
regulates DNA damage sensing and repair. Mice harboring one mutant allele of APC (the
APCMI+ mouse model) develop spontaneous intestinal tumors, mimicking the driving
mutation of human colorectal cancer. Concomitant deletion of GUCY2C in these mice
increases the frequency of DNA double strand breaks, genomic instability, APC loss of
heterozygosity, and tumorigenesis [8, 42]. Likewise, in a chemical model of tumorigenesis,
where mice are exposed to the carcinogen, azoxymethane, GUCY2C deletion exacerbates
tumorigenesis [42]. This phenotype in part reflects increased oxidative DNA damage arising
from metabolic reprogramming and ROS generation in proliferative cells. But it was
recently reported that GUCY2C~/~ mice also exhibit an impaired response to genotoxic
injury, such as ionizing radiation, through a mechanism mediated by p53 [10]. Oral
administration of the GUCY2C ligand, ST, reduced gastrointestinal radiation toxicity,
including a reduction of double strand breaks, aneuploidy, and mitotic disruption, suggesting
that cGMP circuits directly oppose hallmarks of chromosomal instability.

Silencing of cGMP signaling represents an early and near universal feature of colorectal
cancer. Suppression of cGMP effectors have been widely reported, including downregulation
of PKGI expression and upregulation of PDEs that hydrolyze cGMP [62, 63, 64, 65].
Interestingly however, GUCY2C is retained throughout tumor progression, and its normal
cellular localization remains intact [16, 18, 20, 21, 66, 67]. Furthermore, GUCY2C
mutations are rare, suggesting that the receptor remains functional; only 4% (22/537) of
colorectal tumors in The Cancer Genome Atlas harbor GUCYZ2C mutations (TCGA-COAD
and -READ datasets)[68]. Bashir et. al. recently observed a nuance to this observation
however; while GUCY2C expression is retained in the most frequent histological and
molecular subtypes of colon cancer (conventional and microsatellite unstable tubular
adenomas), expression is lost in human and mouse serrated adenomas [18]. Loss of
GUCY2C expression in these tumors arises from loss of CDX2 expression, a necessary
transcription factor for GUCY2C [69].

Although GUCY2C itself is largely spared, the process of transformation orphans the
receptor through near-universal loss of its ligands. Guanylin and uroguanylin are among the
most commonly lost gene products in colorectal cancer; the loss of their paracrine signaling
is thought to be the dominant mechanism of silencing cGMP signaling during tumorigenesis
[13, 14, 66, 70, 71]. Hormone loss is conserved across mice and humans, and occurs early in
tumorigenesis, at the precancerous adenoma stage [16, 18]. The loss of guanylin was
recently attributed to the altered transcriptional program downstream of mutant APC [16].
Conditional biallelic deletion of Apcin mice eliminates guanylin expression and
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downstream cGMP signaling within days. Conversely, re-expression of wild type APC in
human colorectal cell lines reconstitutes guanylin expression, suggesting that hormone loss
may be a reversible phenomenon, controlled by mutant Wnt signaling. These observations
lead to a tempting hypothesis that GUCY2C ligand insufficiency silences the tumor
suppressive functions of cGMP signaling, producing a microenvironment conducive to
transformation.

4.0 Targeting GUCY2C/cGMP for colorectal cancer chemoprevention

The loss of GUCY2C activating ligands in tumorigenesis, coupled with retention of the
receptor in the most common tumor subtypes, lends itself to a paradigm of pharmacologic
reconstitution of cGMP signaling. Two primary approaches have been explored in pre-
clinical and clinical settings — (1) administration of GUCY2C ligands, aiming to replace
those lost in the course of disease, and (2) administration of small molecule PDE inhibitors,
opposing the hydrolysis of intracellular cGMP.

4.1 GUCY2C ligand replacement

The disappearance of the endogenous GUCY 2C ligands, guanylin and uroguanylin, coupled
with retention of the receptor on the luminal aspect of the epithelium, creates an opportunity
for oral hormone replacement therapy. The earliest evidence of efficacy comes from the
observation that APC™"+ mice fed uroguanylin in the diet develop fewer intestinal
adenomas [66]. Subsequent studies have demonstrated that restoration of cGMP signaling
with natural GUCY2C ligands has a tumor suppressive effect. For example, transgenic
guanylin opposes tumorigenesis associated with diet-induced obesity in mice [72]. Likewise,
mice colonized with E. coli engineered to express ST develop fewer tumors than those
colonized with wild type £. coli[73]. Indeed, administration of GUCY2C agonists has been
widely shown in cell and mouse models to oppose the oncogenic circuits regulated by
cGMP, such as proliferation [5, 6, 61], matrix remodeling [74, 75], DNA damage sensing
[10], and metabolic reprogramming [12].

FDA-approved synthetic GUCY2C agonists represent a promising new avenue to translate
cGMP-dependent chemoprevention into man. Two agents have been approved, both
targeting the canonical secretory function of GUCY2C for the treatment of chronic
idiopathic constipation and constipation predominant irritable bowel syndrome [53].
Linaclotide (Linzess; Ironwood Pharmaceuticals), approved in 2012, is a 14 amino acid
analog of ST [76]. Like ST, it is stabilized by three disulfide bonds and differs only by a
single tyrosine/leucine substitution. Plecanatide (Trulance; Synergy Pharmaceuticals),
approved in 2017, is a 16 amino acid analog of uroguanylin, again stabilized by two
disulfide bonds and differing only by a single aspartate/glutamate substitution [77]. Both
agents have been explored in pre-clinical chemoprevention studies. A recent report in
APCMI+ mice showed that linaclotide administered in drinking water reduced polyp counts
by 67%, and reproduced features of cGMP signaling, including a reduction of crypt
proliferation and restoration of differentiation of the secretory cell lineage [78]. Likewise, in
a model of inflammation-induced tumorigenesis (mediated by dextran sodium sulfate, DSS)
orally-administered plecanatide opposed the formation of dysplastic lesions [79].
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These observations formed the basis for the first clinical trial in a small human cohort
examining colorectal bioactivity of linaclotide [80]. Linaclotide is formulated for gastric
release, and perhaps unsurprisingly, failed to stimulate colorectal cGMP production at
baseline; however, in patients administered a polyethylene glycol bowel preparation,
linaclotide stimulated cGMP synthesis and markers of epithelial cGMP activity, including
phosphorylation of VASP and reduced expression of the epithelial proliferation marker,
Ki67. The authors speculated that the bowel prep flushed active agent further down the
intestinal tract. Promisingly, the findings suggested that signaling mechanisms reported in
mice are likely conserved in humans. A subsequent trial evaluating oral linaclotide
bioactivity in patients with a history of colorectal adenoma or carcinoma is ongoing, with a
predicted completion date in 2021 (NCT03796884). Study participants receive oral
linaclotide or placebo daily for seven days, followed by standard of care colonoscopy or
surgical resection of tumors. Cyclic GMP, GUCY 2C, guanylin, and Ki67 levels will be
assessed in biopsy specimens of tumor and matched normal adjacent tissue.

Several potential obstacles to the translation of GUCY2C agonists for chemoprevention are
worth noting. While oral GUCY2C agonists have been shown to reduce intestinal polyp
burden in mice, it remains an open-ended question if the utility of these agents lies in tumor
prevention or tumor therapy. In part, this question remains unanswered due to limitations of
colon cancer mouse models, which do not fully recapitulate human disease progression; the
most-widely used model, the APC™M"*+ mouse, succumbs to disease before adenomas
progress to invasive carcinoma. Pathologic reorganization of the epithelium and invasion
beyond the basement membrane may make the GUCY 2C ligand binding domain
inaccessible to peptides in the intestinal lumen. Hence, while oral GUCY2C agonists have
the potential to restore cGMP signaling in the colonic epithelium in the early stages of
disease, their limited systemic absorption may restrict utility as the disease progresses. An
additional obstacle is the relatively common side-effect of diarrhea in patients receiving
linaclotide or plecanatide. A recent meta-analysis reported rates of diarrhea ranging from
3.2-22%, depending on the study’s definition of diarrhea [81]. This side-effect is consistent
with their mechanism of action as anti-constipation agents, and dose-reduction may be a
reasonable means of management [81]. Given these obstacles, at-risk patient populations,
such as those with a genetic predisposition (i.e. FAP or Lynch syndrome), or a history of
previous polyps, may be the best candidates for chemoprevention with GUCY2C agonists.

4.2 Phosphodiesterase inhibitors

An alternative approach to chemoprevention recognizes the role of PDESs in antagonizing
GUCY2C signaling through the hydrolysis of cGMP [82]. PDE5 and PDE10 overexpression
has been observed in colorectal cancer cell lines, biopsy samples, and tumors from mice,
representing a potential mechanism of silencing cGMP signaling [62, 63, 64, 65]. Similar to
observations in cell and mouse models treated with GUCY2C agonists, administration of
PDE inhibitors increases homeostatic signaling by cGMP, including opposing epithelial
proliferation and inducing apoptosis [40, 62, 63, 64, 65]. Importantly, PDE inhibitors exhibit
systemic bioavailability, enabling treatment of cancer cells that may be inaccessible to
GUCY2C agonists. Co-administration of PDE inhibitors and GUCY2C ligands may
represent a means to amplify cGMP signaling beyond that of a single agent alone.
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Initial efforts to test PDE inhibition for chemoprevention in humans focused on the pan-PDE
inhibitor, exisulind, in patients with FAP and sporadic adenomas [83, 84, 85]. Although
exisulind treatment resulted in polyp regression, these trials were largely abandoned as a
result of significant hepatotoxicity. Another agent, the non-aspirin NSAID, sulindac, has
been shown to reduce polyp formation in patients with FAP, although its use is restricted by
gastrointestinal toxicity arising from cyclooxygenase(COX)-inhibition [86, 87]. The
chemopreventative effects of sulindac may be mediated by a COX-independent mechanism
involving PDE inhibition and activation of cGMP signaling [65, 88]. Sulindac derivatives
retaining PDE-inhibitory activity and lacking COX-inhibitory activity have been proposed
for chemoprevention without gastrointestinal toxicity [89]. Recent efforts have focused on
inhibition of PDE5 with sildenafil (Viagra), which benefits from decades of use and a well-
documented safety profile. In APC™"* mice, sildenafil administered in drinking water
reduced the number of polyps by 50% [78]. Similar results were observed in an
inflammatory model of tumorigenesis, where sildenafil administration opposed intestinal
inflammation and polyp multiplicity [90]. Interestingly, the anti-neoplastic effect of
sildenafil was only observed when administered prior to the neoplastic insult
(azoxymethane), consistent with reported geno-protective roles of cGMP.

Despite the body of pre-clinical evidence supporting the potential of cGMP elevating agents
for chemoprevention, the first (and only) study to address the relationship between tumor
incidence and cGMP-elevating agents was just published in 2019 [91]. This nationwide
retrospective cohort study in Sweden examined the incidence of colorectal cancer in 36,020
men, of which 4849 were prescribed a PDE inhibitor during the ten-year study period
(2005-2015). Encouragingly, patients prescribed a PDE inhibitor had a significantly lower
incidence of colorectal cancer (hazard ratio = 0.65; 95% CI, 0.49-0.85). While these results
do not imply causation, they certainly support further investigation of chemoprevention
targeting the GUCY2C/cGMP axis.

5.0 GUCY2C-targeted immunotherapies for metastatic colorectal cancer

While cancer prevention remains the clinical ideal, patients frequently present with late-
stage disease, for which existing therapies are inadequate. The five-year survival for patients
presenting with late stage colorectal cancer, for example, remains less than 10%. This past
decade has witnessed a transformation in the field of oncology with the introduction of
cancer immunotherapies, which harness the body’s immune system to target neoplastic
tissue. Despite successes in other cancers, results for colorectal cancer have been mixed,
with the most common subtypes proving stubbornly unresponsive. For example, immune
checkpoint inhibitors, which prevent neoplastic tissue from evading immune surveillance,
have proven very successful for MSI tumors (69-77% disease control rates)[92]. MSI
tumors are characterized by a high mutational burden, expression of abnormal/immunogenic
proteins, and comparatively high cytotoxic T cell and natural killer cell infiltration of the
tumor. However, the MSI phenotype is only observed in 15% of sporadic colorectal cancers,
requiring alternative approaches for patients presenting with the most common forms of the
disease. Thus, beyond checkpoint blockade for patients with metastatic MSI colorectal
cancer, no immunotherapies exist for primary or secondary prevention of colorectal cancer,
or for the treatment of metastatic MSS colorectal cancer.
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The unique anatomic characteristics of GUCY2C make it an ideal antigenic target for cancer
immunotherapies. As described above, GUCY2C is expressed primarily by the intestinal
mucosa. The extracellular domain is distinct from other guanylyl cyclases and faces the
lumen of the intestine, an “immune privileged” site inaccessible by the systemic immune
system. These key features limit the potential for autoimmune toxicity from GUCY2C-
targeted agents in systemic circulation [93, 94, 95]. Furthermore, GUCY2C expression is
retained throughout tumorigenesis, in the majority of molecular subtypes, and carried by
metastatic cells to distal sites, making it a tumor-selective target antigen for recognition by
the immune system [18, 19, 20, 21]. These features serve to maximize the potential
targetability of metastatic cells, while minimizing autoimmunity against normal tissue.
Approaches to targeting GUCY2C fall into three major strategies: vaccines, adoptive T cell
therapies, and immunotoxins.

5.1 GUCY2C vaccines

Cancer vaccines consist of a tumor antigen and an adjuvant designed to stimulate an immune
response against tumor cells [96]. These vaccines can serve a therapeutic role for patients
presenting with active metastatic disease, stimulating the expansion of the adaptive immune
response (i.e. CD4* T-helper cells, cytotoxic CD8* T cells, and antibody responses) to
destroy existing tumor cells [97]. Vaccines can also serve a preventative role, priming the
immune system to protect against future tumor development or recurrence.

A cancer vaccine targeting GUCY2C was first described in 2008 and incorporated the
extracellular domain of the receptor in a replication-deficient type 5 recombinant adenovirus
(Ad5-GUCY2C)[93]. In a proof-of-concept study in mice, vaccination with Ad5-GUCY2C
stimulated a cytotoxic CD8" T-cell response against GUCY 2C-expressing cancer cells,
eliminated metastases in the liver and lung (the most common sites of human colorectal
metastases), and extended survival without autoimmunity [93, 94]. Unexpectedly,
immunization of wild type and Gucy2c™'~ mice produced striking differences in the immune
response: both mice generated a CD8* T cell response; however, robust CD4* and B-cell
responses, and superior anti-tumor efficacy, could only be generated in Gucy2c =/~ mice
[95]. Helper CD4" T cells play a necessary role in priming CD8" T cell cytolytic activity,
generating CD8* T and B-cell memory responses, and inducing antibody production. These
studies revealed a selective CD4* T-cell tolerance, the specific elimination of CD4* T cells
recognizing the GUCY2C antigen, which limited vaccine efficacy in GUCY2C wild type
animals. To overcome this barrier, the vaccine was modified to include an influenza epitope
(S1) known to stimulate CD4* T-cell responses (Ad5-GUCY2C-S1) [95]. The new vaccine
generated CD4* T-cell responses, long-lived memory CD8* T cells, antibodies, and
enhanced anti-tumor immunity in wild type animals. Subsequent studies further refined the
vaccine efficacy by incorporating a prime-boost regimen, where animals were first
vaccinated with a GUCY2C-DNA vaccine to “prime” the immune response, followed by
Ad5-GUCY2C-S1 vaccination to “boost” GUCY2C-specific immunity [98]. Such an
approach enhanced CD8* T cell counts and antitumor efficacy due to the induction of a
more potent T cell pool with higher T-cell receptor avidity.
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A modified GUCY2C vaccine was developed for testing in human clinical trials, substituting
S1 with a different helper epitope, the pan HLA DR-binding epitope (PADRE)[99]. Efficacy
and immunogenicity of the new vaccine, Ad5-GUCY2C-PADRE, were evaluated in a phase
I study in a small cohort of ten colorectal cancer patients.[100] Ad5-GUC2C-PADRE was
well tolerated, with no toxicity in GUCY 2C-expressing tissues, or significant adverse events.
Four of the ten patients developed GUCY 2C-specific CD8" T-cell responses, but none
developed GUCY2C-specific CD4" T-cell responses, recapitulating the GUCY 2C-specific
CD4™" T-cell tolerance observed in mice. Interestingly, pre-existing immunity to Ad5
opposed the development of a GUCY 2C-immune response in some patients. Ad5 is a
relatively common respiratory pathogen, and the acquisition of neutralizing antibodies
against the vaccine vector may represent a barrier to efficacy. A subsequent iteration of the
vaccine incorporates a chimeric adenoviral vector derived from Ad5 in which the fiber
protein has been replaced with that of the rare Ad35 serotype, limiting neutralization by
Adb5-fiber-specific antibodies (Ad5.F35-GUCY2C-PADRE) [101]. A Phase Il trial
(NCT04111172) testing this new vaccine format for secondary prevention of recurrence in
colorectal, esophageal, gastric, and pancreatic cancer patients is scheduled to start in 2020.

5.2 GUCY2C chimeric antigen receptor (CAR) T cell therapy

While vaccines may be effective in primary or secondary prevention strategies, their utility
in treating metastatic disease in patients is likely to be low, necessitating the development of
more robust therapies for active disease. CAR-T cell therapies are a form of adoptive cell
therapy in which a patient’s T cells are isolated, modified ex vivoto express an engineered
receptor recognizing a tumor antigen, and re-introduced into the patient [102]. The
engineered receptor is typically a chimeric antigen receptor (CAR), consisting of an antigen-
specific antibody, coupled with intracellular T-cell receptor signaling motifs that activate
cytolytic killing upon binding the tumor antigen [103]. Importantly, the CAR recognizes
antigens in an MHC/HLA-independent fashion and theoretically can be designed with
antibodies targeting any surface antigen. Two CAR-T therapies have been FDA approved,
both targeting the B-cell antigen CD19: Tisagenlecleucel (Kymriah) for refractory acute
lymphoblastic leukemia, and Axicabtagene ciloleucel (Yescarta) for refractory diffuse large
B-cell lymphoma. Although a breakthrough for hematological malignancies, no CAR-T
therapies have yet been approved for colorectal cancer, or for solid tumors in general [102].

The first description of GUCY2C-targeted CAR-T cell therapy was reported in 2016 [104].
The proof-of-concept study compared the safety and efficacy in mice, of CAR constructs
employing two different antibodies against the extracellular domain of mouse GUCY2C.
The GUCY2C-directed CAR-T cells specifically lysed colorectal cancer cell lines
expressing GUCY2C, and in a colorectal lung metastasis model, the CAR-T cells harboring
the higher-affinity receptor effectively cleared metastases and prolonged survival. Animals
receiving the control CAR-T cells died within 30 days, but 25% of animals receiving the
GUCY2C-directed CAR-T cells survived beyond 200 days. Importantly, no CAR-T-cell-
mediated autoimmunity or intestinal infiltration was observed. A subsequent study
employing CAR-T cells targeting human GUCY2C reported similarly efficacious results in
mice with human colorectal cancer xenografts [105].
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5.3 GUCY2C immunotoxins

Immunotoxins consist of an antibody conjugated to a cytotoxic agent, enabling targeting,
endocytic uptake, and intracellular delivery of the agent to tissues expressing the target
antigen [106]. Compared to traditional chemotherapeutics, antibody-drug conjugates can
overcome widespread systemic toxicity through targeted delivery to tumor cells and
overcome intracellular efflux pumps (a common drug resistance mechanism) through
endocytic uptake [107]. Spurred by the success of monoclonal antibodies as therapeutic
agents, the growing class of antibody-drug conjugates now includes six agents FDA
approved for breast and hematologic malignancies [108].

Of all GUCY2C-targeted therapeutics, immunotoxins have progressed the furthest in clinical
trials. Despite initially promising results however, the most recent Phase |1 trials were halted
due to lack of efficacy, and the status of these agents remains to be seen. The first GUCY2C-
immunotoxin, described in 2014, consisted of a GUCY2C antibody linked to a ricin toxin
payload [109]. The immunotoxin was shown to target GUCY2C, undergo endocytosis, and
deliver its payload to the lysosome in colorectal cancer cell lines /n vitro. In mouse models
of colorectal lung metastases, the immunotoxin prolonged survival by 25% without systemic
toxicity. A subsequent GUCY2C-immunotoxin design, TAK-264, consisted of a human
IgG1 monoclonal antibody to GUCY2C conjugated via a protease-cleavable linker to
monomethyl auristatin E, an anti-mitotic agent [110]. A Phase | safety and tolerability trial
of TAK-264 enrolled 41 patients with advanced GUCY 2C-positive gastrointestinal
malignancy (85% were metastatic colorectal cancer patients) [110]. The dose-escalation
study identified a maximum tolerated dose of 1.8 mg/kg, with a manageable safety profile;
41% of patients reported drug-related Grade = 3 adverse events, most commonly
neutropenia. Two subsequent phase 1 trials were initiated, enrolling patients with GUCY2C
* gastric and gastroesophageal junction adenocarcinoma [111], or GUCY2* pancreatic
adenocarcinoma [112]. Unfortunately, both trials were discontinued due to lack of efficacy
(6% and 3% clinical response rates, respectively). The authors speculated that drug potency,
linker chemistry, tumor penetration, and/or cell internalization kinetics may have contributed
to poor efficacy. It remains to be seen if TAK-264, or subsequent GUCY2C-immunotoxin
design, will demonstrate efficacy in colorectal cancer patients.

6.0 GUCY2C as a colorectal cancer biomarker

Decisions regarding the course of colorectal cancer treatment rely heavily on the initial
survey of disease progression at the time of diagnosis. Staging refers to the evaluation of the
extent of primary tumor invasion through the bowel wall, and the spread to nearby lymph
nodes and extraintestinal tissues. While patients presenting with cancer restricted to the
bowel wall (stage | and 1) can often be cured with surgery alone, the detection of metastatic
cells in lymph nodes (stage I11) often requires aggressive treatment including adjuvant or
neoadjuvant chemotherapy [113]. Traditional staging involves histopathological examination
of resected lymph nodes, which is subject to several limitations. A recent report suggested
that less than 0.01% of available tissue is typically reviewed, and undetected metastatic cells
lead to disease recurrence in death in as many as 25% of histologically-node negative
patients [113].
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The features that make GUCY2C an appealing immunotherapeutic target have also been
leveraged to improve disease detection. GUCY2C mRNA and protein are expressed
predominantly by the intestine and are retained by cancer cells. As metastatic cells seed
extraintestinal tissues, the selective expression of GUCY2C mRNA in the cancer cells can
be used to identify occult disease. This principle was first proposed in 1996, when the
authors detected GUCY2C mRNA in colorectal tumors and patient blood samples by
polymerase chain reaction (PCR) [20]. A subsequent retrospective study examined preserved
lymph node samples from patients with histologically node-negative disease [21]. GUCY2C
MRNA could be detected by reverse transcriptase PCR (RTPCR) in samples from all
patients that ultimately developed disease recurrence (21/21), but not from those without
recurrence. Finally, a prospective trial across nine centers enrolled 257 patients with node-
negative colorectal cancer, and examined time-to-recurrence relative to GUCY2C mRNA
expression [114]. 225/257 patients had lymph nodes positive for GUCY2C, and 20.9%
developed recurrent disease in a five year period between 2002-2007. Conversely, 93% of
patients with lymph nodes negative for GUCY2C remained disease-free, confirming
GUCY2C mRNA as a sensitive staging tool and prognostic marker of disease recurrence.
Molecular staging by GUCY2C RTPCR has since been independently validated by multiple
laboratories [115, 116, 117].

7.0 Conclusion

Colorectal cancer remains the second leading cause of cancer death in the United States,
underscoring an unmet need for new preventative and therapeutic tools. Recent studies have
elevated the intestinal receptor, GUCY2C, as a desirable target for preventative, diagnostic,
and therapeutic agents. The GUCY2C/cGMP signaling axis has emerged as a putative tumor
suppressor, opposing proliferative, metabolic, genomic instability, and other oncogenic
circuits that contribute to tumorigenesis. The loss of GUCY2C endogenous ligands
represents an early and near-universal feature of the disease, silencing the GUCY2C/cGMP
axis and potentially lifting a block on tumor progression. Retention of wild type GUCY2C
expression by healthy and cancer tissue creates a new chemoprevention paradigm consisting
of exogenous oral hormone replacement to enhance cGMP generation, or downstream
inhibition of cGMP hydrolysis by phosphodiesterases. Synthetic GUCY2C ligands and
phosphodiesterase inhibitors are already FDA approved, and a clinical program testing one
of these, linaclotide, is underway. Furthermore, the dichotomous GUCY2C expression
profile between metastatic cells and extraintestinal tissue has made the receptor amenable
for an array of immunotherapies, including vaccines, CAR-T cells, and antibody drug
conjugates, all in varying stages of clinical translation. Preclinical and clinical evidence
suggests that targeting GUCY 2C for immunotherapy can be done safely without
autoimmunity. Finally, GUCY2C mRNA is a demonstrated clinical biomarker for occult
disease, offering improved sensitivity and staging over traditional histopathology. Taken
together, the unique features of GUCY2C and its downstream signaling axis provide a
promising platform for a new class of targeted therapies for the most common forms of
colorectal cancer.
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8.0 Expert Opinion

A recent special issue of Gastroenterology (Volume 158, Issue 2) summarized our current
understanding of the pathophysiological mechanisms contributing to tumorigenesis and the
latest advances in therapeutic approaches. The authors frequently noted two key
observations: (1) the success of colonoscopy adoption in reducing the incidence of colorectal
cancer over the last two decades, and (2) the relatively small fraction of colorectal cancer
patients appearing to benefit from the new targeted agents that have generated excitement for
other cancers.

Preventative strategies represent the clinical ideal. Like the Pap smear for cervical cancer,
colonoscopy is one of the rare screening measures able to reduce the incidence of disease by
removing lesions before they progress to cancer. Screening prevalence in individuals aged 50
years and older has increased from 38% to 66% since 2000, paralleling declines in mortality
of 3% per year for much of that time [3]. Less invasive screening approaches have also
entered clinical use, such as the fecal Cologuard test, which detects mutant KRAS, promoter
methylation of BMP3and NDRG4, and hemoglobin [118]. Additional assays, including a
recently approved blood test for SEPT9DNA and investigational circulating tumor cell
assays, add more promising options to the screening toolbox [119, 120].

Despite screening, patients frequently present with advanced disease requiring a
combination of surgical, radio-, and chemotherapeutic approaches. First-line
chemotherapeutic approaches, such as the fluoropyrimidines used for colorectal cancer,
broadly target dividing cells with considerable off-target effects. In contrast, much
enthusiasm surrounds precision medicine, the effort to tailor treatment to cancer- and
patient-specific features. Progress has been mixed for colorectal cancer. The molecular
phenotyping of colorectal tumors for specific markers, including MSI-status and somatic
mutations in BRAF and KRAS, now plays a central role in guiding therapeutic decisions.
For example, KRAS mutations predict a lack of benefit from anti-EGFR therapies, but a
subset of BRAF/KRAS wild type tumors harbor HER2/neu amplifications and benefit from
anti-HER2 therapies more commonly used with HER2/neu-amplified breast cancer [92].
Significantly, patients with treatment-refractory MSI-high tumors have seen remarkable
benefit from immune checkpoint inhibitors (69-77% disease control rates). These agents are
even being explored for chemoprevention in patients with Lynch Syndrome, the hereditary
predisposition to MSI-tumors (NCT03631641). But these represent a small fraction of
colorectal cancers; while remarkable strides have been made in identifying and targeting
new biomarkers in other cancers, actionable targets for the most common forms of colorectal
cancer remain stubbornly elusive.

In part, this challenge reflects the genetic heterogeneity of colorectal cancer; precision
therapy may necessarily consist of an array of agents tailored to individual tumor genotypes.
But the challenge also reflects an incomplete understanding of pathophysiological
mechanisms driving tumorigenesis. Despite acquiring many mutations over the course of
disease progression, colorectal tumors are thought to primarily arise from a specific few —
BRAF, MLH1, MSHZ2, and most commonly APC. The steps between these initial “hits” and
progression to cancer continue to be refined. In this context, GUCY2C, and its downstream
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cGMP-dependent signaling axis, has emerged as one of the earliest tumor suppressive
circuits dysregulated in cancer. The loss of the endogenous GUCY2C-activating ligand in
the colon, guanylin, has been observed in tumors arising from the three major genetic
pathways (CIN, MSI, serrated) [18], and was recently directly attributed APC loss [16],
therefore proceeding, and possibly enabling, the subsequent proliferation and genomic
instability underlying tumorigenesis. Reactivation of GUCY2C/cGMP signaling with FDA-
approved GUCY2C ligands or downstream inhibitors of cGMP-degrading
phosphodiesterases represents an exciting new chemoprevention paradigm that may be
applicable to most colorectal cancers.

There has been some debate in the field regarding the precise timeline of events linking
mutant APC to GUCY2C-inactivation. One hypothesis suggests that GUCY2C ligand loss
precedes and contributes to APC loss of heterozygosity. This hypothesis is supported by the
observations that GUCY2C/cGMP signaling opposes genomic instability [8, 10, 41, 42],
GUCY2C™"~ mice acquire more APC loss-of-heterozygosity [42], and several APC-
independent conditions that predispose to tumorigenesis also lead to GUCY2C-hormone
(e.g. inflammation, obesity) [44, 121, 122], potentially creating an environment conducive to
APC loss. Indeed, a recent study in mice indicated that stimulation of cGMP signaling with
sildenafil most-effectively opposed tumorigenesis when administration preceded the
genotoxic insult (azoxymethane), suggesting that cGMP protected the mice from the insult
[90]. However, an alternative hypothesis suggests that APC loss of heterozygosity precedes
guanylin loss, necessarily lifting a barrier to tumorigenesis imposed by GUCY2C. A recent
pair of studies demonstrated that guanylin is comparably expressed in wild type and
APCMIN* mice, and is only lost following biallelic APC deletion, suggesting that guanylin
expression is unable to prevent sporadic APC loss of heterozygosity [16, 17]. Reconstitution
of wild type APC in colorectal cancer cells was sufficient to restore guanylin expression /n
vitro, supporting the hypothesis that APC loss drives guanylin loss [16]. From a therapeutic
perspective, these observations suggest that colorectal cancer chemoprevention by targeting
GUCY2C may not oppose the initiating APC mutation leading to transformation, but may
help retain normal epithelial homeostasis despite these mutations. Given that the majority of
polyps take years to progress to carcinoma, and most naturally regress, GUCY2C-
reactivation could tip the scale further towards polyp regression. The necessity of guanylin
loss for tumorigenesis to proceed would fundamentally reframe the nature of colon cancer
from a disease of genetic mutation, to a disease of hormone insufficiency.

The same feature that makes GUCY2C amenable to pharmaceutical reactivation - its
retention on cancer cells - has also made it desirable as a biomarker and immunotherapeutic
target (vaccines, CAR-T cells, immunotoxins). These strategies have reached varying levels
of clinical translation, and clinical trials have revealed challenges to overcome. For example,
initial studies in mice with a GUCY2C-targeted vaccine revealed a surprising GUCY2C
immunological tolerance mechanism, preventing activation of all arms of the adaptive
immune system. This was overcome by redesigning the vaccine to include a CD4-helper
epitope (S1), enhancing anti-tumor immunity in mice [95]; however, the helper epitope
chosen for the first clinical trial (PADRE) failed to stimulate a CD4 response [100].
Furthermore, patient immunity to the adenoviral vector used to deliver the vaccine limited
vaccine efficacy. A reformulated vaccine, incorporating insights from the initial trial, is
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scheduled to enter a Phase 1l clinical trial in 2020 (NCT04111172). Additionally, recent
clinical trials testing the GUCY2C-targeted immunotoxin TAK-264 were terminated due to
lack of efficacy [111, 112]. The authors speculate that optimization of linker chemistry, drug
internalization kinetics, or tumor penetrance may be necessary. These trials recruited
treatment-refractory patients with GUCY 2C-expressing pancreatic and gastric cancer, and it
remains to be seen if patients with colorectal cancer will be incorporated into future trials.

Several obstacles may arise in any upcoming GUCY2C vaccine and CAR-T trials that are
worth considering. GUCY2C expression has been reported in specific nuclei of the brain
[123], creating a potential for autoimmunity that should be carefully monitored. To date,
adverse neurologic effects have not been noted in mice or humans treated with any
GUCY2C immunotherapy. We can only speculate, but the presence of the blood brain
barrier, or differences in GUCY2C subcellular localization between brain and intestine, may
make it inaccessible to systemic immunotherapies. Another obstacle to efficacy may be the
immuno-suppressive niche of solid tumors. A variety of tools have been explored to
overcome this barrier, such as local injection of CAR-T cells into the tumor, co-
administration of immune checkpoint inhibitors, and designing the CAR-T cells to co-
express stimulatory cytokines (e.g. IL-12, IL-18) [102]. Steps to further refine these
GUCY2C immunotherapies will undoubtedly be informed by the upcoming trials.

The most clinically successful efforts so far have been those exploring GUCY2C mRNA as
a biomarker to detect occult metastases and inform staging. The strategy accurately
identifies metastatic cells in patients with histologically-negative lymph nodes, predicts
time-to-recurrence, and has been validated across multiple laboratories and patient cohorts
[114, 115, 116, 117]. Aberrant GUCY 2C expression has been reported in other cancers of
the Gl tract as well, owing to oncogenic transcriptional reprogramming of these tissues,
broadening the potential applicability of these platforms [111, 112, 124]. A large body of
preclinical data provides a strong foundation for clinical translation into man, and the
coming years will undoubtedly reveal new insights.

9.0 Five Year View

The translation of GUCY2C-targeted therapies to man remains in its infancy and continues
to hold promise. This promise is underscored by the recent Swedish study, published in
2019, and the first to examine a relationship between usage of cGMP-stimulating agents and
incidence of colorectal cancer [91]. In a cohort of 36,020 men, those taking a PDE inhibitor
over the ten-year study period had a significantly lower incidence of colorectal cancer
(hazard ratio = 0.65; 95% CI, 0.49-0.85). Given that most sporadic colorectal cancers are
slow to develop (as many as ten years), and the first synthetic GUCY2C ligand, linaclotide,
was only approved in 2012, we expect similar data for patients taking linaclotide, and
possibly plecanatide, to become available over the next five years. Furthermore, we look
forward to results from upcoming trials testing linaclotide for chemoprevention in colorectal
cancer patients (NCT03796884; predicted completion in 2021), the GUCY2C-targeted
vaccine (NCT04111172; predicted initiation in 2020), and GUCY2C CAR-T cells (not-yet
scheduled). We also anticipate continued insight into the molecular steps linking GUCY2C/
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cGMP signaling to circuits underlying tumorigenesis, which may be further leveraged for
therapy.
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Article highlights

The intestinal receptor, GUCY2C, and its downstream signaling axis
regulated by cGMP, has emerged as tumor-suppressive regulator of several
oncogenic circuits underlying colorectal cancer

Inactivation of the receptor occurs early and near-universally in colorectal
cancer, through mutant APC-mediated inactivation of GUCY 2C ligand
expression. A clinical trial is underway examining reactivation of the receptor
with the FDA-approved GUCY 2C agonist, linaclotide, for colorectal cancer
chemoprevention.

GUCY2C expression is retained in cancer cells, enabling its use as a
biomarker for cancer staging and for accurate prediction of disease recurrence

GUCY2C represents a putative target for immunotherapies, including
vaccines, CAR-T cells, and immunotoxins. A clinical trial testing efficacy of
a GUCY2C-targeted vaccine is scheduled to begin this year.
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Figure 1.

GUCY2C-targeting strategies. GUCY2C is an intestinal epithelial receptor that regulates
homeostatic circuits commonly dysregulated during tumorigenesis. The loss of GUCY2C
ligands, silencing receptor signaling, represents an early and near-universal step in
tumorigenesis, leading to genomic instability, metabolic reprogramming, and uncontrolled
proliferation. Oral replacement of GUCY2C ligands represents a strategy for colorectal
cancer chemoprevention. GUCY2C expression is retained on metastatic cancer cells,
providing a biomarker that can be targeted for immunotherapies, including vaccines, CAR-T
cells, immunotoxins.
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