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Gastrointestinal cancers encompass a diverse class of tumors arising in the Gl tract, including esophagus,
stomach, pancreas and colorectum. Collectively, gastrointestinal cancers compose a high fraction of all
cancer deaths, highlighting an unmet need for novel and effective therapies. In this context, the trans-
membrane receptor guanylyl cyclase C (GUCY2C) has emerged as an attractive target for the prevention,
detection and treatment of many gastrointestinal tumors. GUCY2C is an intestinally-restricted protein im-
plicated in tumorigenesis that is universally expressed by primary and metastatic colorectal tumors as well
as ectopically expressed by esophageal, gastric and pancreatic cancers. This review summarizes the current
state of GUCY2C-targeted modalities in the management of gastrointestinal malignancies, with special
focus on colorectal cancer, the most incident gastrointestinal malignancy.
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Cancers derived from the GI tract and its associated organs are among the most prevalent and deadly in the world.
Gastrointestinal tumors include esophageal, stomach, pancreatic, small intestinal, liver, colorectal and anal [1].
Among these, colorectal cancer (CRC) represents the highest disease burden and is responsible for >40% of all
gastrointestinal tumors [1].

CRC is the third most prevalent cancer and second leading cause of cancer-related death worldwide [2]. Globally,
1.8 million new cases were diagnosed, and 881,000 deaths were attributed, to CRC in 2018 [2]. Despite improve-
ments in CRC screening over the last few decades, a majority of patients still presents with regional or distant disease
at the time of diagnosis (3. Moreover, in patients with distant metastases, the 5-year survival rate is 12%, which
has not improved over the past decade [2]. Thus, strategies to prevent and treat CRC represent a substantial unmet
clinical need.

An emerging collection of strategies to prevent, identify and treat gastrointestinal malignancies focuses on the
intestine-specific cell surface receptor guanylyl cyclase C (GUCY2C). GUCY2C serves as the transmembrane
receptor for the diarrheagenic bacterial enterotoxins as well as the intestinal paracrine hormones guanylin and
uroguanylin where it functions to regulate cell growth, metabolism and fluid secretion [4,5]. Anatomically, expression
of GUCY2C in normal tissues is restricted to intestinal epithelial cells and a subset of hypothalamic neurons (6,7].
In the context of disease, GUCY2C ligand expression is lost while the silenced GUCY2C receptor is maintained
throughout CRC carcinogenesis [5,8-10]. Furthermore, GUCY2C receptor is ectopically expressed as part of the
genetic reprogramming by a variety of gastrointestinal malignancies [5,8-10]. Collectively, these unique characteristics
in health and disease, position GUCY2C as an attractive target for chemoprevention by ligand replacement, a clinical
biomarker for detecting CRC metastases in extra-intestinal tissues and a promising immunotherapeutic target in
the treatment of gastrointestinal cancers.
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The role of GUCY2C in intestinal homeostasis

GUCY2G, originally termed STa receptor, was first identified as the receptor for the heat-stable enterotoxin (STa),
the causative agent of traveler’s diarrhea [11,12]. STa is secreted by enterotoxigenic Escherichia coli (ETEC), which
is responsible for 222 million global episodes of diarrhea and over 50,000 deaths annually [13,14]. Early studies
characterizing STa binding revealed that, in contrast to other diarrheagenic toxins such as cholera toxin, STa
resulted in intestinal cyclic GMP (cGMP) accumulation. This observation suggested that STa may signal through a
guanylyl cyclase, a family of proteins known to catalyze the conversion of GTP to cGMP and pyrophosphate [15,16].
Thus, using highly conserved sequences from guanylyl cyclase catalytic domains, GUCY2C was first cloned from
a rat small intestinal cDNA library and demonstrated to serve as both the STa receptor and source of cGMP
accumulation [17). Human GUCY2C was cloned 1 year later from the CRC tumor cell line T84 [18-20].

Structure

Human GUCY2C protein is a 1050 amino acids protein with a molecular mass of 120 kDa [20). Its single-
transmembrane spanning domain and intracellular domains (a kinase-homology domain, linker domain and
guanylyl cyclase domain) bear homology to other membrane-bound guanylyl cyclases, while its unique N-terminal
extracellular domain (residue 1-430) defines its ligand specificity [16,21,22]. Within the extracellular domain, STa
binds to a microdomain of amino acids close to the transmembrane domain (residues 387—-393) [23,24]. The exact
mechanisms by which STa binding amplifies the generation of cGMP by GUCY2C remain incompletely defined.
GUCY2C is expressed as a preformed homomultimer, and extracellular ligand binding induces intracellular con-
formational changes that stabilize the catalytically active state of the receptor [25]. The linker domain toggles the
activity of the guanylyl cyclase domain after binding of ligand, and without that domain GUCY2C is constitutively
active [26]. Furthermore, post-translational modification of GUCY2C greatly alters its activicy. GUCY2C is glyco-
sylated at ten different sites, which is necessary for catalytic activity and binding of ligand [27-29]. Phosphorylation
of GUCY2C at the kinase homology domain changes GUCY2C activity depending on the mode of stimulation:
potentiating ligand-induced ¢cGMP production, but blunting detergent-stimulated cGMP production [30,31]. An
added layer of regulation is imposed by the carboxyl-terminal tail, an understudied feature that GUCY2C shares
with sensory, but not other, receptor guanylyl cyclases. This 63-residue domain is required for the guanylyl cyclase
function of GUCY2C, but also decreases this function through phosphorylation by PKC and association with its
unique binding partner, IKEPP (intestinal and kidney-enriched PDZ protein) [32-34). Clarity on the structure and
function of GUCY2C could come from solving its crystal structure, which has yet to be reported.

Molecular mechanisms & physiology

In its canonical role, GUYC2C regulates intestinal fluid secretion through ion channels, fine tuning the osmolality
of the 8-9 1 of fluid that pass through the human intestine daily (351. GUCY2C is positioned on the apical membrane
on the brush border of intestinal villi, poised to receive luminal signals from its endogenous ligands secreted by the
intestinal epithelium [36]. In healthy intestines, these two ligands are guanylin (large intestine) and uroguanylin (small
intestine) [37,38]. These endogenous ligands share homology with STa (the exogenous bacterial toxin), highlighting
that toxin as an example of molecular mimicry evolved by ETEC (39-41). Indeed, STa is a superagonist, having a
tenfold higher affinity for GUCY2C (42). These ligands induce GUCY2C to produce the second messenger cGMP.
In turn, cGMP binds to membrane-bound cGMP-dependent protein kinase II (PKGII), relieving autoinhibition
and activating its catalytic domain [43-45]. Activated PKGII then phosphorylates the cystic fibrosis transmembrane
conductance regulator (CFTR), opening the channel that mediates luminal transport of CI~ and HCO3 ™ and the
subsequent efflux of water into the GI tract 46-48]. Beyond CFTR, PKGII also phosphorylates sodium hydrogen
exchanger 3, inhibiting the absorption of Na™ and decreasing the osmotic influx of water [49,50]. Collectively, these
actions result in an increased extracellular electrolyte concentration that drives fluid secretion into the lumen of
the intestine, manifesting as diarrhea in the context of overstimulation by STa. While PKGII is the canonical
effector of secretory function through GUCY2C, only 50-60% of GUCY2C’s secretory effect is mediated by
c¢GMP/PKGII (45,51]. The cyclic AMP (cAMP) signaling pathway and its effector PKA also phosphorylate CFTR
and sodium hydrogen exchanger 3. Complex cyclic nucleotide cross-talk is mediated by a family of enzymes called
phosphodiesterases (PDEs). Different PDE isoforms preferentially degrade cAMP or ¢cGMP, and can be activated
or repressed by cyclic nucleotides themselves with varying affinity. For example, cGMP binding activates PDE2 and
inhibits PDE3. In intestinal epithelial cells, cGMP-mediated inhibition of PDE3 decreases degradation of cAMP,
resulting in increased cAMP /PKA-mediated phosphorylation of CFTR [52. Thus, GUCY2C activity in intestinal
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enterocytes increases cyclic nucleotides directly through catalysis of GTP to cGMDP, and indirectly by increasing
the half-life of cAMP, together regulating the activity of these channels, and their trafficking to the membrane
surface [53,54].

GUCY2C is conserved across all vertebrates, and recent evidence suggests that evolutionary pressure from
ETEC incited a mutational arms race in the receptor and STa, in both primates and bats (55,56]. Human GUCY2C
mutations have been characterized by their effects on secretion, with GUCY2C loss-of-function leading to decreased
secretion and meconium ileus (neonatal intestinal obstruction), and GUCY2C gain-of-function leading to increased
secretion and secretory diarrhea [57,58]. The role of GUCY2C has been confirmed in a genetic mouse model in
which the gene for this receptor was disrupted by inserting a neomycin cassette into exon 1, eliminating protein
expression [59,60]. These GUCY2C-deficient (GUCY2C~/~) mice are resistant to oral STa but do not suffer from
meconium ileus (59,60]. Beyond defects in fluid secretion, GUCY2C~/~ mice exhibit aberrations in cell proliferation.
Specifically, elimination of GUCY2C in intestinal epithelial cells accelerates cell cycle progression resulting in crypt
hyperplasia [61]. Abnormal regulation of intestinal cell division also manifests as increased tumorigenesis. Compared
with GUCY2C*/* mice, GUCY2C~/~ mice display higher rates of tumorigenesis in genetic (APCM"/*+) and
carcinogen-induced models of CRC [62], suggesting that GUCY2C may regulate cell division and tumor initiation.

Activation of the GUCY2C signaling pathway to prevent CRC

Given its roles in intestinal epithelial homeostasis, the GUCY2C/cGMP signaling axis closely interacts with circuits
driving intestinal tumorigenesis. The genetic events underlying tumorigenesis have been refined for decades, but
a relatively recent observation is the inactivation of GUCY2C/cGMP signaling early in this process. Intestinal
transformation is characterized by a step-wise accumulation of genetic mutations, the most common of which
have been catalogued by large-scale sequencing studies of colorectal tumors [63]. In that context, >80% of sporadic
(nonfamilial) CRCs arise from a two-hit inactivating mutation in the tumor suppressor APC, or an activating
mutation in its downstream target 3-catenin [64,65]. These ‘gatekeeper’ mutations lift a block on epithelial prolifer-
ation, enabling the development of a precancerous polyp (adenoma) [64,65]. Acquisition of subsequent mutations
(7P53, KRAS and PIK3CA being the most common after APC), and activation of downstream oncogenic signaling
circuits characterizes the transition from adenoma to carcinoma [63]. Recent studies have revealed that the progres-
sion through this well-characterized adenoma—carcinoma sequence correlates with disruption of GUCY2C/cGMP
signaling. While the mutational events underlying CRC represent irreversible steps, requiring chemotherapy or
surgery to remove tumor tissue, the loss of cGMP signaling represents an intriguing reversible step in tumorigenesis,
where pharmacologic agents reactivating this signaling axis have the potential to oppose or prevent the disease.

Loss of GUCY2C signaling in CRC

The loss of homeostatic signaling by the GUCY2C/cGMP axis arises commonly in intestinal transformation. Dis-
ruption of several elements of the axis has been reported. Intracellular cGMP accumulation and subcellular localiza-
tion is tightly regulated by PDEs which hydrolyze the cyclic nucleotides, cGMP and cAMP, to the nucleotides GMP
and AMD, respectively. Pathologic upregulation of PDE family members accelerates cyclic nucleotide degradation,
reducing signaling by this second messenger. In human colon cancer cell lines, tumor samples and APC™"/* mouse
adenomas, there is increased expression of cGMP-specific PDE5 and PDE10 [66-69]. Pharmacologic inhibition of
these overexpressed PDEs decreased tumor cell growth in these studies, suggesting that the restoration of cGMP
opposes the oncogenic phenotype. Suppression of the cGMP effector, PKGI, also has been observed in cancer cell
line and colon tumor samples [70]. Reconstitution of PKG expression appears to inhibit cancer cell and xenograft
growth rates as well.

Interestingly, GUCY2C protein itself seems to be largely spared during tumorigenesis. Retention of GUCY2C
expression throughout the adenoma-carcinoma sequence has been widely observed [8,71-75). Furthermore, The Can-
cer Genome Atlas reports only 4% (22/537) of colon and rectal tumor specimens harbor mutations in GUCY2C
(TCGA-COAD and -READ datasets; https://portal.gdc.cancer.gov/), suggesting that wild-type GUCY2C is re-
tained in the majority of CRCs. Moreover, localization and surface expression of the receptor is also retained in
histologic sections from tumors [8,75].

While receptor expression, localization and wild-type sequence are largely retained in transformed tissue, the
GUCY2C ligands, guanylin and uroguanylin, are among the most commonly lost gene products in CRC (71,76~
791. Loss of the autocrine and paracrine signaling mediated by these two secreted hormones appears to be a
key mechanism of GUCY2C/cGMP signaling dysfunction in cancer. Loss of these hormones occurs early in
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tumorigenesis, as can be readily observed in histologic sections of human tubular adenomas, the precancerous
lesion arising from APC loss of heterozygosity [8,75]. Furthermore, this event is conserved between species, and
ligand loss also is a hallmark of intestinal tumorigenesis in mice [8,75]. Blomain ez 4/. recently reported that guanylin
loss is part of the altered transcriptional program downstream of mutant APC'[8,75]. In mouse models of conditional
biallelic Ape deletion, guanylin expression and downstream cGMP signaling disappears within days, and in human
colon cancer cells, re-expression of wild-type APC reconstitutes guanylin expression [8,75]. Additionally, mice lacking
guanylin through genetic deletion develop crypt hyperplasia, consistent with the phenotype of mice lacking GucyZ2c,
and consistent with a role for the hormone in epithelial growth control (s11. While it remains unclear if the loss of
GUCY2C/cGMP signaling is a bystander effect or a necessary step in tumorigenesis, these observations suggest that
the mutations driving intestinal transformation produce a microenvironment of GUCY2C ligand insufficiency,
silencing the tumor suppressive properties of this signaling axis. This principal of an otherwise functional, but
orphaned, receptor persisting throughout tumorigenesis creates an opportunity to therapeutically restore cGMP
signaling through exogenous hormone replacement [so].

Restoring GUCY2C signaling for CRC chemoprevention

In addition to aforementioned observations of GUCY2C/cGMP signaling dysfunction in tumor samples, patho-
logic GUCY2C ligand loss also arises from diet-induced obesity and intestinal inflammation, conditions which
predispose to the development of CRC [6,81-83]. Furthermore, regions of the world with endemic diarrheagenic
bacteria (e.g., the bacteria responsible for traveler’s diarrhea), which produce the GUCY2C agonist, STa, have a
lower incidence of CRC [84,85]. While these observations are correlative, it is tempting to speculate that pre-existing
conditions (obesity, inflammatory syndromes) that reduce intestinal cGMP predispose the epithelium to transfor-
mation, while life-long exposure to STs increases GUCY2C activation and opposes epithelial dysplasia. Supporting
this concept, in a carcinogen-induced model of tumorigenesis (azoxymethane), mice colonized with ST-secreting E.
coli developed fewer tumors than those colonized with control E. coli (86). Given its tumor-suppressive properties and
disruption preceding and during tumorigenesis, the GUCY2C/cGMP signaling axis has emerged as a promising
target for CRC prevention.

Several approaches targeting elements of the GUCY2C/cGMP signaling axis have been explored, including
targeting cGMP generation through GUCY2C agonists, or cGMP degradation through small-molecule PDE
inhibitors. Importantly, several of these pharmacologic agents are already US FDA approved for other purposes.
The first FDA-approved synthetic GUCY2C agonist was the ST analog, linaclotide (Ironwood Pharmaceuticals,
MA, USA), approved in 2012 for patients with chronic idiopathic constipation and constipation-predominant
irritable bowel syndrome (87). More recently, the uroguanylin analog, plecanatide (Synergy Pharmaceuticals, NY,
USA), was approved for the same syndromes and exhibits similar safety and efficacy profiles [8s]. Both agents agonize
GUCY2C and stimulate cGMP production, taking advantage of canonical cGMP-stimulated fluid secretion to
treat symptoms of constipation. Acting downstream of GUCY2C, the PDES5 inhibitor, sildenafil, has been in use
for over 20 years to treat erectile dysfunction, and is also approved for the treatment of pulmonary hypertension
and benign prostatic hyperplasia (89]. PDE inhibition augments the activity of endogenous GUCY2C ligands by
slowing the rate of intracellular cGMP degradation.

Preclinical studies in mice support potential efficacy of cGMP-elevating agents for colon cancer prevention. In
the first demonstration of this concept, Shailubhai ¢z a/. reported that dietary uroguanylin supplementation reduced
tumor burden in mice fed a high-fat diet and genetically predisposed to develop intestinal tumors (APC™™/F) (71).
Over the past 3 years, four additional reports have built upon these initial observations. Much like the initial
observations with uroguanylin, oral administration of sildenafil or linaclotide in the drinking water, or plecanatide
in the food, reduced tumor multiplicity in the APC™™" mice [90,91]. In a different model of tumorigenesis,
mediated by the carcinogen azoxymethane and the inflammatory agent, dextran sodium sulfate, sildenafil was also
shown to reduce tumor multiplicity [66,92]. Interestingly, the benefit of sildenafil was observed when administered
at the earliest stages of transformation, <1 month after the initial insult, suggesting a role for cGMP signaling in
the earliest stages of the disease process [66,92].

A body of evidence supports the potential for cGMP-elevating agents to oppose tumorigenesis, but whether
these observations will translate to humans remains an open-ended question, and human studies remain in their
infancy. The first study to address the question recently examined the incidence of colon cancer in patients
taking PDE inhibitors [93]. In a nationwide retrospective cohort study of 36,020 Swedish men diagnosed with a
colorectal adenoma, 4849 were prescribed a PDE inhibitor during the study period (2005-2015). Incidence of
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CRC development was significantly reduced in patients taking the PDE inhibitor (hazard ratio = 0.65; 95% CI:
0.49-0.85). While this represents a correlation between cGMP-agent and lower tumor incidence, the results are
encouraging. Given that CRC takes as long as 10 years to progress from polyp to carcinoma, and the new class of
GUCY2C synthetic agonists (linaclotide and plecanatide) were only approved in 2012, a correlation between the
use of these agents and incidence of cancer has yet to be investigated. Furthermore, these agents are formulated for
upper gastrointestinal release, rather than colorectal release. A recent study examined the colorectal bioactivity of
linaclotide (formulated for gastric release) in a small human cohort (941. The agents failed to stimulate colorectal
c¢GMP production at baseline; however, in the context of a bowel prep, which the authors speculate flushed
active agent further down the GI tract, linaclotide induced epithelial cGMP and homeostatic signaling, such
as phosphorylation of VASP and reduced expression of the epithelial proliferation marker, Ki67. Together these
findings suggest that mechanistic insights made in mice are likely conserved in humans. A clinical trial evaluating
linaclotide in patients with stage 0-3 CRC is currently ongoing (NCT03796884).

GUCY2C as a biomarker in gastrointestinal malignancies

Seminal studies mapping GUCY2C expression across normal physiologic tissues identified GUCY2C as an
intestinally-restricted protein [17]. Subsequent studies examining GUCY2C in gastrointestinal cancers revealed
its expression is widely maintained throughout CRC carcinogenesis, and ectopically expressed by other malig-
nancies associated with the GI tract [73,95,96]. Collectively, these data suggested that GUCY2C could be used as
a molecular marker for identifying metastatic CRC cells outside of intestinal tissues as well as an indicator of
gastrointestinal malignancy.

Colorectal cancer

In CRC, the single most predictive marker for predicting patient outcome is stage of disease at diagnosis (3. Staging
of disease is most commonly based on the tumor node metastasis system which evaluates the primary tumor, extent
of lymph node involvement and presence of extra-intestinal metastases [97]. Clinically, patients presenting with
ostensibly localized disease undergo surgical resection of the primary tumor as well as the neighboring lymph nodes
to define disease staging [98]. Crucially, the presence of lymph node metastases (LNM) is widely considered to be one
of the most important factors in CRC staging, as LNM involvement is an indication for more aggressive treatment
beyond surgery including neoadjuvant therapy [97,99]. The gold standard for identifying LNM is histopathological
assessment by a pathologist [97]. However, histopathological evaluation methods used to identify LNM have limited
sensitivity and consequently result in understaging and undertreating CRC. Specifically, up to 30% of patients
with pathology-negative nodes exhibit disease recurrence and ultimately die from metastatic disease [100], suggesting
the existence of occult metastatic cells missed during histopathological evaluation. Thus, improved techniques for
detecting occult metastases are needed.

The observation that GUCY2C is widely maintained throughout carcinogenesis combined with its restricted
expression profile led to the hypothesis that GUCY2C could act as a biomarker to identify occult CRC metastases
in lymph nodes [73). Initially, a retrospective clinical study of 21 stage II CRC patients evaluated pathology-negative
nodes for evidence of GUCY2C mRNA. Utilizing reverse-transcription PCR (RT-PCR) to identify GUCY2C
mRNA in resected lymph nodes, 11 patients tested negative while ten patients tested positive for GUCY2C.
Importantly, detection of GUCY2C in lymph nodes was associated with disease recurrence, suggesting GUCY2C
mRNA may reflect the presence of micrometastases and could carry prognostic value [72]. Following this study, a
prospective trial verified GUCY2C prognostic value in a multicenter, blinded clinical study. This prospective trial
enrolled 257 patients with pathology-negative lymph nodes across nine centers. In total, 2570 resected lymph nodes
were assessed by histopathologic evaluation and RT-PCR for GUCY2C mRNA. Following resection, patients were
monitored up to 5 years for signs of disease recurrence. The trial identified 225 patients with lymph nodes testing
positive for GUCY2C and 32 patients with lymph nodes testing negative for GUCY2C. In this study, patients
with lymph nodes testing positive for GUCY2C exhibited a higher risk of recurrence, earlier time to recurrence
following resection, and reduced disease-free survival compared with patients testing negative for GUCY2C [101].
Thus, these studies established GUCY2C as a biomarker for identifying occult metastases in regional lymph nodes
and assessing patient risk. The utility of GUCY2C RT-PCR has subsequently been independently validated and
replicated by several laboratories [102,103].

Recently, a thorough analysis of GUYC2C expression among different CRC types was conducted (8]. CRC is

a heterogeneous disease and a prevailing classification system categorizes colorectal carcinomas into three distinct
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pathways of origin: microsatellite instability (MSI), chromosomal instability (CIN) and the CpG island methylator
phenotypes (CIMP) [104,105]. Among these pathways, the majority of CRC tumors (~75%) arise via the CIN
pathway [106]. In this analysis, robust GUCY2C was reported in tumors of CIN and MSI origin, but not in
CpG island methylator phenotypes tumors [8]. Absent GUCY2C in serrated adenomas was attributed to loss
of cell-derived xenograft 2 (CDX2), a transcription factor required for GUCY2C expression. Collectively, these
data suggest that, while the vast majority of CRC tumors exhibit robust GUCY2C expression and are therefore
candidates for biomarker detection and GUCY2C-directed therapies, CRC patients with serrated adenomas may
not be amenable to these modalities due to GUCY2C loss.

Other gastrointestinal malignancies

While GUCY2C is not expressed in normal esophagus, stomach or pancreas, ectopic GUCY2C expression has been
reported in gastrointestinal malignancies derived from these tissues [96]. Ectopic GUCY2C expression by stomach
and esophagus is attributed to intestinal metaplasia. During neoplastic transformation, esophageal and stomach
adenocarcinomas undergo intestinal metaplasia whereby neoplastic cells acquire molecular and histological charac-
teristics of differentiated intestinal enterocytes. Consequently, these neoplastic cells express intestinal transcription
factors, such as CDX2, thereby inducing de novo expression of intestinal-specific genes including GUCY2C [96,107].
Indeed, GUCY2C mRNA and protein is detected in well-differentiated intestinal-type gastric and esophageal
tumors, but absent in gastrointestinal tumors not associated with intestinal metaplasia such as poorly differentiated
and signet ring carcinomas [108].

A recent comprehensive analysis assessed GUCY2C protein status in 627 gastrointestinal tumors including
esophageal, gastric, pancreatic and colorectal [74]. As expected, colorectal tumors exhibited the highest frequency of
GUCY2C positivity, with 98% of tumors staining for GUCY2C. Among other gastrointestinal malignancies, the
frequency of GCC-positivity was similar with 59% of esophageal, 68% of gastric and 64% of pancreatic tumors
staining positive for GUCY2C. Thus, in addition to CRC, the majority of esophageal, gastric and pancreatic
tumors may be amenable to GUCY2C detection and targeting.

GUCY2C as an immunotherapeutic target

The concept that the immune system possesses the capacity to recognize and eliminate cancer cells has transformed
cancer management. Indeed, widespread success of immune checkpoint inhibitor therapy has demonstrated the po-
tential of immunotherapeutic approaches. However, effective immunotherapeutic options for many gastrointestinal
malignancies are limited. For example, in CRC, immune checkpoint inhibitor therapy is only approved for a small
minority of patients with MSI tumors [109]. Thus, for the majority of CRC tumors, alternative immunotherapeutic
approaches are needed.

Qualities that define GUCY2C as a biomarker of metastatic disease also make it an ideal target for immunotherapy.
As described previously, GUCY2C expression in healthy tissues is restricted to intestinal epithelial cells and a
small subset of CNS neurons. Thus, GUCY2C detected outside these tissues indicates malignant disease and
represents a tumor-specific marker targetable by pharmacologic agents. GUCY2C-directed immunotherapeutics
therefore leverage a dichotomous expression profile between normal and cancerous tissues to deliver systemic
antitumor responses that eliminate metastases while sparing normal GUCY2C-expressing tissues of the intestinal
mucosa and CNS. Initial strategies targeting GUCY2C began with vaccination and expanded into antibody—
drug conjugates (ADCs), bispecific T-cell engagers (BiTEs) and chimeric antigen-receptor (CAR)-T cells (CAR
T cells) as the field of immunotherapy evolved. A summary of completed and ongoing clinical trials utilizing
GUCY2C immunotherapeutics is detailed in Table 1.

Vaccines

The first immunotherapeutic approach targeting GUCY2C was a vaccine in 2008 [110]. Protein sequence alignment
of GUCY2C to the guanylyl cyclase family revealed significant homology across intracellular domains but an anti-
genically unique extracellular domain. Thus, the extracellular domain of GUCY2C was selected as a vaccine target
and cloned into recombinant adenovirus serotype 5 (Ad5) for immunogenicity and CRC tumor challenge studies.
Vaccination with Ad5-GUCY2C induced GUCY2C-specific CD8™ T-cell responses but a lack of GUCY2C-specific
CDA4" T cell and antibody responses. Moreover, compared with control vaccination, Ad5-GUCY2C significantly
reduced tumor burden and increased survival in mouse models of liver and lung metastases (the two most com-
mon sites of CRC metastases) [111]. Importantly, Ad5-GUCY2C induced antitumor immunity without generating
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Table 1. Guanylyl cyclase C-targeted immunotherapeutics in clinical trial.

Type of immunotherapy Drug name Phase Cancer indication Status Identifier
Vaccine Ad5-GUCY2C-PADRE | Colorectal Completed NCT01972737
Ad5.F35-GUCY2C-PADRE lla Gastrointestinal Initiated NCT04111172
malignancies
Antibody-drug conjugate TAK-264 | Gastrointestinal Completed NCT01577758
malignancies
1l Pancreatic Terminated NCT02202785
Bispecific T-cell engager PF-07062119 | Gastrointestinal Ongoing NCT04171141

malignancies

autoimmunity toward normal GUCY2C-expressing tissues. Induction of GUCY2C-specific antitumor immunity
in the absence of colitis is attributed to limited immune cross-talk between systemic and mucosal compartments.
Seminal studies using HIV vaccines demonstrated that the route of vaccination profoundly impacts the quality of
the immune response. For example, administration of an HIV vaccine orally generates robust mucosal immunity
while subcutaneous or intramuscular administration using the same vaccine generates HIV-specific immunity in
the spleen but an absence of those responses in mucosal tissues [112-114]. Limited mucosal immunity is attributed
to a lack of mucosal homing receptors on T cells primed systemically [115,116). GUCY2C vaccines therefore exploit
immune compartmentalization to constrain GUCY2C immunity to systemic circulation, where metastatic cancer
cells may be present, without inducing colitis against GUCY2C on normal mucosal tissues. Similarly, absence of
encephalitis following Ad5-GUCY2C vaccination likely reflects limited trafficking and/or access of T cells to the
CNS [117,118].

After proof-of-concept studies established GUCY2C as a safe and effective cancer vaccine antigen, additional
studies aimed to enhance the therapeutic efficacy of GUCY2C vaccines. Studies comparing Ad5-GUCY2C im-
munogenicity between GUCY2C*/+ and GUCY2C~ /= mice demonstrated that, while Ad5-GUCY2C induces
only GUCY2C-specific CD8" T cells in GUCY2C+/+mice, Ad5-GUCY2C vaccination in GUCY2C~/~ mice
generates GUCY2C-specific CD47% T cell and antibody responses [119,120]. Moreover, Ad5-GUCY2C vaccina-
tion of GUCY2C~/~ mice induces superior antitumor immunity compared with Ad5-GUCY2C vaccination of
GUCY2C*+/+ mice [120]. Collectively, these data suggest a selective tolerance of GUCY2C-specific CD4™ T cells in
GUCY2C** mice, and that GUCY2C immunity in these mice could be enhanced by recruiting CD4* T cell help.
While CD8" T cells directly lyse tumor cells, helper CD4™ T cells are required for the priming of effector CD8"
T cells with optimal cytolytic function, the development of long-lived memory CD8™ T cells, and the production
of antibodies against T-dependent antigens [121,122]. To test this hypothesis, a vector was constructed comprising
the GUCY2C extracellular domain fused to an immunogenic CD4" T-cell epitope from influenza known as site
1 (S1). Vaccination of GUCY2C*/* mice with Ad5-GUCY2C-S1 induced novel GUCY2C-specific long-lived
memory CD8™ T cells and antibodies as well as superior antitumor immunity compared with Ad5-GUCY2C vac-
cination [120], suggesting inclusion of exogenous CD4™ helper epitopes enhances GUCY2C immunity. Additional
studies established that GUCY2C immunity is further improved using a heterologous prime-boost regimen. Indeed,
a DNA vaccine against GUCY2C that ‘primes’ GUCY2C immune responses followed by Ad5-GUCY2C-S1 that
‘boosts’ those responses significantly enhanced GUCY2C-specific CD8" T-cell generation and antitumor immu-
nity over homologous immunization with Ad5 or DNA [123]. Superior antitumor immunity reflected induction of
GUCY2C-specific CDS8™T T cells with higher T-cell receptor avidity [123].

Recently, a Phase I study evaluated the safety and immunogenicity of a recombinant Ad5 vaccine encoding the
extracellular domain of GUCY2C fused to the pan HLA DR-binding epitope (PADRE) in patients with stage I
and IT CRC [124]. Similar to S1 in mice, PADRE recruits CD4% helper T cells and enhances GUCY2C-specific
CD8* T-cell responses. After a single intramuscular injection of Ad5-GUCY2C-PADRE, four out of ten patients
developed GUCY2C-specific CD8™ responses. Interestingly, induction of GUCY2C-specific antibodies correlated
with development of a CD4 response against the helper epitope PADRE, recapitulating observations of selective
CD4 tolerance in mice. Ad5-GUCY2C-PADRE vaccination was well tolerated without toxicities in GUCY2C-
expressing tissues, or grade 3 or grade 4 toxicities systemically, suggesting that GUCY2C antitumor immunity
can be safely induced in patients without autoimmunity. In this trial, pre-existing immunity to Ad5 negatively
correlated with development of a GUCY2C-specific immune response following vaccination. Ad5 is a common
respiratory pathogen and infection induces antibody responses that neutralize Ad5 upon subsequent exposure.
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Thus, the GUCY2C-based vaccine was evolved to circumvent limitations associated with pre-existing Ad5-specific
immunity. Indeed, a chimeric Ad5.F35 is less susceptible to neutralization than Ad5 in mice and humans with
pre-existing Ad5 immunity (Flickinger et al, [125]). Ad5.F35 comprises the Ad5 capsid, but the fiber of the
rare Ad35. Natural respiratory infection with Ad5 primarily induces fiber-specific neutralizing antibodies [126],
allowing Ad5.F35 to evade that neutralization. A Phase ITA clinical trial (NCT04111172) testing the efficacy of
Ad5.F35-hGUCY2C-PADRE in GUCY2C-expressing gastrointestinal malignancies was initiated in 2020.

Antibody-drug conjugates

While GUCY2C vaccines rely on mucosal immune compartmentalization and CNS immune privilege to prime
systemic antitumor responses, the safety and efficacy of antibody-directed immunotherapies including ADCs, BiTEs
and CAR T cells is dependent on architectural differences between normal and cancer cells. In healthy intestinal
tissue, membrane-bound GUCY2C is restricted to the luminal surface, and therefore, sits in an anatomically
privileged location, separated from the vascular compartment by epithelial tight junctions and consequently
inaccessible to circulating GUCY2C ligands [127-129] or GUCY2C-directed immunotherapeutics [130]. However, in
CRC, apical-basal polarity is lost [131,132] and barrier permeability is increased [133] resulting in surface GUCY2C
that is uniquely accessible to immunotherapeutics in systemic circulation.

ADC:s are a class of drug consisting of a recombinant antibody linked to a cytotoxic agent [134,135]. Compared
with direct administration of a chemotherapeutic agent alone, ADCs may allow for selective delivery of drugs
to tumor cells while reducing exposure of noncancerous tissues (134,135]. To date, at least six ADCs have been
FDA approved for use in oncology patients, with the majority of these ADCs targeting hematologic and breast
malignancies [136].

Preclinical studies demonstrated proof-of-concept ADC internalization and killing of CRC cells 7 vitro and
in vivo [157). Subsequently, two clinical trials examined the use of GUCY2C-direted ADCs in patients with
gastrointestinal malignancies. Both of these trials utilized an ADC, TAK-264, consisting of an anti-GUCY2C
monoclonal antibody conjugated to the antimitotic agent monomethyl auristatin E using a cleavable peptide
linker [138]. A Phase I dose escalation clinical study demonstrated TAK-264 safety with no dose-limiting toxicities
observed at doses ranging from 0.3—1.5 mg/kg. However, at doses above 1.5 mg/kg, four of 19 patients experienced
grade IV toxicities (most commonly neutropenia) [138]. A follow-up Phase II trial assessed TAK-264 efficacy in
patients with advanced or metastatic pancreatic adenocarcinoma [139]. In this study, 43 patients received infusion
of TAK-264 every 3 weeks, up to six administrations. The overall response rate was 3% with only one patient
exhibiting a partial response. The authors concluded that the low efficacy of TAK-264 did not warrant further
clinical investigation and the trial was subsequently terminated early due to futility [139]. Limited efficacy was
speculated to be attributed to low chemotherapy drug potency, unstable linkers, poor tumor penetration and/or
failure of the ADC to internalize, suggesting that further optimization of GUCY2C-targetd ADCs was required [139].

CAR T-cell therapy

Although GUCY2C vaccination generates antitumor immunity with long-lasting memory, homeostatic mecha-
nisms within the T-cell compartment prevent these clones from expanding beyond a fraction of a percent of the
T-cell pool [120,140]. Thus, while vaccination has undeniable benefits in prophylaxis and early stage disease models, as
tumor burden increases with late-stage metastatic disease alternative approaches are required to increase the number
of tumor-directed T cells. One strategy to overcome this limitation and to exponentially expand T-cell numbers is
through adoptive cell therapy using engineered T-cell receptors (TCRs). In this therapy, T cells are isolated from
a patient, transduced with a TCR clone specific for a patient’s cancer, expanded ex vivo, and administered back to
the patient [141]. Tran ez a/. demonstrated the feasibility and efficacy of this approach to target a G12D mutation
in the KRAS gene of a colorectal patient resulting in remission of multiple metastatic lesions [1421. While effective,
this TCR-driven approach is highly specific for both a patient’s HLA allele and genetic mutation, thereby limiting
widespread use [143].

A more universal approach, termed CAR T-cell therapy, exploits the cytolytic capabilities of T cells, but does
so independently of peptide-MHC presentation [143]. This is accomplished using an antibody-derived construct
comprised of the variable domains of the antibody heavy and light chains, expressed in a unified molecular format
called a single-chain variable fragment (scFv). Binding of scFv to antigen is translated into a cellular response
by pairing the extracellular scFv with the intracellular-signaling domains and costimulatory domains of the TCR
complex, such as CD3g, CD28 and 4-1BB [144-146]. Two CAR T-cell therapeutics, tisagenlecleucel (Kymriah by
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Novartis, Basel, Switzerland) and axicabtagene ciloleucel (Yescarta by Kite Pharma, CA, USA), employing either
4-1BB or CD28 signaling domains, respectively, recently received FDA approval for leukemias and lymphomas
expressing the B-cell antigen, CD19 [147-149). However, no CAR T cell therapies are currently approved for CRC.

Preliminary studies assessing GUCY2C-specific CAR T-cell safety and efficacy evaluated two CARs with different
affinities for mouse GUCY2C. In this study, the high-affinity CAR outperformed the low-affinity construct both
in vitro, with cellular cytotoxicity assays and antigen-stimulated cytokine production, and 7z vive, in mouse models
of colorectal lung metastases [130]. Notably, in tumor challenge studies, the high-affinity CAR T cell was curative
to 200 days post tumor inoculation in 25% of animals, whereas none of the animals receiving low-affinity CAR
T cells survived beyond 50 days. Of equal importance, no GUCY2C-CAR mediated autoimmunity was observed
in animals receiving the high-affinity CAR T cell. To track CAR T cells, the CAR construct included a green
fluorescent protein reporter, and while green fluorescent protein-positive cells were observed in both spleen and
tumor following injection, no fluorescent signal was detected in either the small intestine or the colon (p < 0.001).
Moreover, histopathological scoring of CAR T-cell recipient mice in both the small intestine and colon showed
no difference in tissue architecture or inflammatory infiltrates between animals treated with control CAR or
GUCY2C-directed CAR T cells 130].

Additional studies employed a CAR design encoding a scFv with specificity for human GUCY2C. Using this
CAR design, in a colorectal lung metastases model, dose finding studies demonstrated that a single injection at the
highest dose, 107 CAR T cells, was curative in 60% of animals [150]. Repeated administration of CAR T cells at
this dose increased curative survival to 80% at 100 days post tumor implantation, suggesting multiple doses may
improve efficacy. Moreover, 75% of animals initially treated with GUCY2C CAR T cells survived beyond 80 days
following tumor rechallenge, suggesting persistence and functioning of GUCY2C CAR T cells beyond 6 months
from the time of initial dosing. Furthermore, in a CDX model of peritoneal metastases, using the human CRC
cell line T84, human GUCY2C-directed CAR T cells were curative in 100% of animals tested [150]. These data
robustly support the continued investigation of GUCY2C-directed CAR T-cell therapy for clinical implementation
in gastrointestinal malignancies.

Bispecific T-cell engagers
BiTEs present an alternate antibody-derived strategy that redirects T-cells residing within tumors to tumor antigens.
This is achieved through the fusion of two scFvs into a single molecule. One scFv has specificity for a tumor antigen
while the other scFv has specificity for the extracellular domain of CD3¢ on T cells [151]. This molecule creates a
molecular bridge between the tumor cell and the T cell, promoting the formation of an immunological synapse,
degranulation and cell death.

PF-07062119 is a GUCY2C-targeting bispecific molecule developed by Phizer (NY, USA) for the treatment of
gastrointestinal cancers [152]. This molecule is a variation of the BiTE called a dual-affinity retargeting antibody.
Rather than conventional scFvs, this construct fuses the tumor antigen-specific antibody light chain to the CD3-
specific antibody heavy chain, creating a more compact structure which has demonstrated improved cell killing
over conventional BiTEs [153]. The inclusion of an Fc region improves the half-life of their bispecific antibody
from 1 h to 1 week. The GUCY2C dual-affinity retargeting antibody-Fc construct controls tumor growth in
numerous CRC CDX models, and one patient-derived xenograft model, encompassing varying levels of GUCY2C
cell surface expression. In order to study the effect of combinatorial therapies, suboptimal doses of PF-07062119
was administered in combination with anti-PD-1 blockade or anti-VEGF-A antibody. While combination with
PD-1 therapy delayed tumor growth by about 10 days, combination with anti-VEGF blockade resulted in tumor
ablation. The authors ascribe this to the ability of VEGF-A blockade to promote T-cell infiltration into the
tumor; however, higher doses of GUCY2C bispecific monotherapy in early studies was equally curative, suggesting
poor T-cell infiltration may not be a barrier to efficacy given a therapeutic dose of the bispecific. A Phase I trial
testing the safety of PF-07062119 in combination with anti-PD-1 and anti-VEGF therapies is currently ongoing
(NCT04171141).

Of concern is the safety data generated with PF-07062119 in cynomolgus monkeys [152]. The binding affinity
of PF-07062119 for human or cynomolgus GUCY2C is similar (human Kd [nM] = 7.47 &£ 0.15; cynomolgus Kd
[nM] = 3.01 £ 0.03) as well as the binding affinity for CD3 (human Kd [nM] = 23.97 &+ 0.97; cynomolgus Kd
[nM] = 24.12 £ 0.87). Unlike murine safety studies, cynomolgus monkeys treated with PF-07062119 exhibited
villus atrophy in the small intestine, crypt hyperplasia in the small and large intestine, as well as increased immune
cell infiltration in both small and large intestine. Interestingly, these latter two observations phenocopy changes
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Figure 1. Guanylyl cyclase C-targeted therapies in colorectal cancer. GUCY2C is an intestinal receptor that binds to
its endogenous ligand, guanylin, in the colon. In healthy mucosa, the guanylin-GUCY2C signaling axis regulates
homeostatic mechanisms including cell proliferation. During early stages of carcinogenesis, guanylin is silenced
resulting in disruption of the guanylin-GUCY2C signaling axis and creation of a protumorigenic niche. Oral
administration of GUCY2C ligands may restore the guanylin-GUCY2C signaling axis and prevent the development of
colorectal cancer. As tumorigenesis progresses, GUCY2C-expressing colorectal cancer cells spread from the intestinal
mucosa to neighboring lymph nodes and eventually to distant organs including the liver and lung. Administration of
GUCY2C-targeted vaccines in patients with localized and regional disease may generate life-long GUCY2C immunity
actively preventing colorectal cancer seeding to neighboring lymph nodes and distant organs respectively. In
late-stage disease, GUCY2C-targeted ADCs, CAR T cells or BiTEs may be effective immunotherapeutics in eradicating
established metastatic tumors.

ADC: Antibody-drug conjugate; BiTE: Bispecific T-cell engager; CAR: Chimeric-antigen receptor; GUCY2C: Guanylyl
cyclase C.

imposed by genetically eliminating GUCY2C expression in mice [154] suggesting further evaluation is needed to
determine if GUCY2C-expressing intestinal epithelial cells are being affected by this BiTE. The authors noted the
absence of intestinal ulceration, erosions and necrosis of these animals suggesting that adverse events may resolve
following cessation of therapy. Surveys of other GUCY2C-expressing tissues were not reported.

Conclusion & future perspective

Gastrointestinal cancers, and specifically CRC, account for a large fraction of all cancer deaths, suggesting a need for
the development of new pharmacologic agents. In this context, the transmembrane protein GUCY2C has emerged
as a promising target for the prevention, detection and treatment of gastrointestinal malignancies. GUCY2C
exhibits a limited expression profile across healthy tissues and is normally confined to the apical surface of intestinal
tissues and select CNS neurons. Detection of GUCY2C outside of these tissues represents malignant disease
and GUCY2C is an established marker for identifying occult CRC metastases in pathology-negative lymph nodes.
Moreover, beyond use as a prognostic biomarker in CRC, differences in GUCY2C expression, signaling and cellular
localization between normal tissues and tumors permits safe and selective delivery of therapeutics to gastrointestinal
cancers using GUCY2C as a target.

The applicabilicy of GUCY2C-directed therapies covers the spectrum of disease and extends throughout the
process of CRC carcinogenesis (Figure 1). In healthy patients who are at high risk for developing CRC, GUCY2C
ligands may be effective as chemopreventive agents that halt disease before it occurs. In patients who present with
localized tumors, GUCY2C vaccines may induce long-term immunity that actively opposes recurrence or new
metastases. Finally, in patients who present with advanced disease, immunotherapeutics including ADCs, CAR
T cells or BiTEs may be effective in eliminating established tumors. Beyond CRC, ectopic GUCY2C expression
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by esophageal, gastric and pancreatic malignancies suggest GUCY2C-directed therapies possess widespread utility.
Indeed, it is estimated that approximately 25% of all cancer-related deaths in the USA derive from GUCY2C-
expressing gastrointestinal malignancies and may therefore be susceptible to GUCY2C-targeted therapies [124,155].

GUCY2C-directed therapies represent a nascent field with broad potential. Preclinical studies have demonstrated
antitumor efficacy across multiple models. Studies to date have focused on GUCY2C-targeted therapies in CRC, the
malignancy canonically associated with GUCY2C expression. While presumably effective across other GUCY2C-
positive gastrointestinal malignancies, future studies are required to demonstrate the translatability of this approach.
Beyond these studies, clinical testing is necessary to advance GUCY2C-directed therapies into patient populations.
Currently, clinical trials assessing GUCY2C-targeted chemoprevention, vaccines and BiTEs are underway, and it
is expected that trials testing CAR T cells against GUCY2C will be initiated in the coming years. Data from these
trials are forthcoming and will be highly informative in assessing the ability of GUCY2C-targeted therapies to
prevent and/or treat gastrointestinal malignancies.

Executive summary

e In healthy people, guanylyl cyclase C (GUCY2Q) is an intestinally-restricted transmembrane receptor that
regulates fluid secretion, cell proliferation and intestinal homeostasis.

e The endogenous GUCY2C ligand, guanylin, is silenced in colorectal cancer (CRC) tumorigenesis and GUCY2C
ligand replacement in preclinical models prevents tumor development.

e Across gastrointestinal cancers, GUCY2C is near universally expressed by primary and metastatic CRC tumors and
ectopically expressed by a majority of esophageal, gastric and pancreatic tumors.

e Detection of GUCY2C outside of intestinal tissues represents malignant disease and carries prognostic value in
CRC patients.

e Numerous GUCY2C-targeted immunotherapeutics including vaccines, antibody-drug conjugates, chimeric
antigen-receptor-T cells and bispecific T-cell engagers have demonstrated safety and antitumor efficacy in
preclinical models.
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