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Tyro3, Axl, and Mertk Receptor Signaling in Inflammatory Bowel
Disease and Colitis-associated Cancer
Carla V. Rothlin, PhD,* Jonathan A. Leighton, MD,† and Sourav Ghosh, PhD‡

Abstract: Three receptor tyrosine kinases, Tyro3, Axl, and Mertk (TAM) and their ligands Gas6 and Protein S, have emerged as potent negative
regulators of innate immune responses. A number of studies using genetic ablation of TAM loci in mice have elucidated the mechanism of TAM
engagement and function during the immune response and removal of apoptotic cells. Following phagocytosis of apoptotic cells or the induction of T-cell
dependent adaptive immune responses, ligand-induced TAM signaling dampens proinflammatory cytokine production and thus prevents exaggerated or
prolonged inflammation. It is believed that the TAM pathway may play an important role in the pathogenesis of inflammatory bowel disease. Suppression
of inflammation and removal of apoptotic cells followed by tissue repair are essential processes for disease remission and the successful management of
inflammatory bowel disease. In light of the key role of TAMs in controlling inflammatory responses, here, we review the recent advances on TAM
research vis-à-vis the resolution of intestinal inflammation. Targeted activation of TAM receptor tyrosine kinases may represent a potent therapeutic
opportunity in inflammatory bowel disease.

(Inflamm Bowel Dis 2014;20:1472–1480)

I nflammatory bowel disease (IBD) refers to a group of chronic
inflammatory disorders that affect mainly the gastrointestinal

tract. The 2 main types of IBD are ulcerative colitis (UC) and
Crohn’s disease (CD). These diseases seem to be more prevalent
in the developed world including North America and Europe.
Current estimates suggest that approximately 1.4 million people
in the United States have CD or UC (www.cdc.gov/ibd/).

Aminosalicylates have traditionally been considered the
first line therapy for IBD, although this concept is evolving,
particularly in CD, because of their limited effectiveness in
altering the natural history of the disease. Immunomodulator
therapy (i.e., Azathioprine) and/or biologic therapy (i.e., inflix-
imab) have been shown to impact health outcomes to a much
greater degree, especially in patients with CD.1 However, even
with the use of these medications, a significant fraction of
patients are nonresponders or have an incomplete response.
Newer therapies that target T-cell homing to the intestine such

as vedolizumab2,3 will add to the armamentarium but still, newer
therapeutic approaches are needed.

Therapeutic efforts have been hampered by the lack of a clear
understanding about the pathogenesis of IBD and a realization that
the causes are multifactorial. For example, genetic predispositions
can be associated with IBD and unbiased approaches such as
genome-wide association studies have identified certain IBD
susceptibility loci.4 Similarly, environmental influences, including
diet and commensal microbiota in the gut have been linked to
IBD.5–9 Notwithstanding, the central theme in IBD is the loss of
immune homeostasis resulting in chronic inflammation. Some of
the IBD susceptibility genes identified by genome-wide association
studies, e.g., IL-10, have important immunoregulatory roles.10,11

Commensal microbiota can also clearly shape the immune response
(for review see Ref. 6). Therefore, identifying immunoregulatory
pathways that maintain physiological mucosal immunity might pro-
vide a better understanding of the exact etiology of IBD.

In this review, we discuss the current understanding of an
important group of immunoregulatory molecules—the receptor
tyrosine kinases (RTKs) Axl and Mertk and their ligands growth-
arrest-specific 6 (Gas6) and Protein S (Pros1). The primary mech-
anism of action of current, frontline IBD therapy centers on damp-
ening the inflammatory immune response.12 These approaches are
limited to either neutralization of individual colitogenic cytokines,
such as anti-tumor necrosis factor alpha (TNFa) therapy or broad
immunosuppression. In contrast, the Axl and Mertk signaling path-
way plays a prominent role in the resolution of inflammation
through the negative regulation of the innate immune response
and the phagocytosis of apoptotic neutrophils. Therefore, an
improved understanding of the multifunctional roles of Axl and
Mertk in mucosal immunity may prove critical for designing more
effective therapies for IBD.
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TYRO3, AXL, AND MERTK RECEPTORS AND
LIGANDS—STRUCTURAL FEATURES

Three receptors with tyrosine kinase activity form the TAM
subgroup—Tyro3, Axl, and Mertk. Lai and Lemke13 initially iden-
tified these receptors by cloning fragments encoding their intracel-
lular domains based on homology with tyrosine kinase domains and
named them Tyro3, 7, and 12. Subsequently, full-length cDNA of
these receptors were cloned in many laboratories. Full-length Axl
was independently cloned by 3 groups in 1991. O’Bryan et al14

named the gene Axl—anexelekto, greek for unchecked. Janssen
et al15 termed the gene UFO in allusion to the unidentified function
of the gene at that time. Rescigno et al16 called it Ark for adhesion-
related kinase. The viral and the cellular version of avian Mertk
were cloned in 1992 and 1994, respectively, and named v-ryk and
c-eyk.17,18 The human ortholog was cloned by Graham et al19 in
1994 and named for its presence in monocytes and in epithelial and
reproductive tissues. Lai and Lemke classified these RTKs as
a unique subgroup because of sequence identity. The original clas-
sification of these RTKs, performed by nothing more than sequence
gazing, remarkably withstood the test of bioinformatics-based
assembly of the kinome.20 To date, TAM receptors are most closely
related to each other and have more distant homology to the
macrophage-stimulating protein receptor RON (recepteur d’origine
nantais)21 and the hepatocyte growth factor receptor MET (the 3
letter abbreviation suggested by the discoverers22).

The extracellular domain of these single-pass membrane-
spanning receptors is composed of 2 immunoglobulin-like
domains and 2 fibronectin type III-like domains (Fig. 1). The
identity of the ligands that activate the TAM RTKs remained

unknown till 1995. Through biochemical and cell-based assays,
2 closely related proteins—Gas6 (growth-arrest-specific 6) and
Pros1 (Protein S, named after the city where it was discovered,
Seattle23)—were identified as TAM agonists.24 Like the TAM
receptors, their ligands also share structural homology. From
N- to C-termini, Gas6 and Pros1 feature Gla domains followed
by 4 Epidermal Growth Factor-like repeats and 2 tandem laminin
G domains that are related to those of the sex hormone binding
globulin. The Gas6 and Pros1 Gla domains are approximately 60
amino acid sequences rich in glutamic acid residues that are post-
translationally g2carboxylated in a vitamin K-dependent reaction,
enabling these domains to bind the phospholipid phosphatidylser-
ine (PtdSer).25–29 The sex hormone binding globulin–like module
is both necessary and sufficient for binding and activating TAM
receptors in vitro.30,31 Overall, the 2 TAM ligands share approxi-
mately 42% amino acid identity (Fig. 1).

GENETIC DISSECTION OF TAM FUNCTION
TAM RTKs were originally identified using a Schwann cell

cDNA library, and their discovery was speculated to support
a functional role of their tyrosine kinase activity in neural
development.13 Surprisingly, even the simultaneous genetic deletion
of all 3 TAM receptors resulted in viable, apparently normal mice.32

Although TAMs do not seem to have a major impact on embryonic
development, adult TAM triple knockout mice develop a panoply
of degenerative symptoms in their nervous and reproductive sys-
tems.32 For example, in the Royal College of Surgeons rat, a clas-
sical model of recessively inherited retinal degeneration, the retinal
dystrophy locus was mapped to Mertk by positional cloning.33,34

Cultured Royal College of Surgeons retinal pigmental epithelial
cells failed to phagocytose rod outer segments.35 Screening the
MERTK locus in patients with retinopathies revealed mutations
resulting in predicted loss or reduction in MERTK function.36 Addi-
tionally, the TAMs in Sertoli cells mediate the phagocytosis of
apoptotic germ cells in the testis.37 Consistent with this observation,
male TAM triple knockout mice exhibited defective spermatogen-
esis and were sterile.32 Recently, a role for Mertk in the phagocy-
tosis and elimination of synapses by astrocytes was identified.38

This process leads to synaptic pruning and circuit refinement both
during development and in adulthood. A similar TAM function is
observed in the immune system. Glenn Matsushima’s laboratory
identified the functional role of Mertk in the phagocytosis of apo-
ptotic cells by macrophages—a professional phagocyte in the
immune system.39 Shelton Earp’s laboratory went on to show that
the failure to clear apoptotic cells associates with a lupus-like dis-
ease in Mertk knockout mice.40 Taken together, these results indi-
cate that TAMs are necessary for the removal of apoptotic cells and
membranes, and that the lack of TAMs can lead to degeneration of
organ function. Hence, the TAMs have been termed homeostatic
regulators—their function is mostly dispensable during develop-
ment but essential in maintaining physiological organ function.

A major insight into the role of TAMs in autoimmune
diseases came from the generation of the TAM triple knockout

FIGURE 1. Schematic representation of TAM receptors and ligands
protein structure. A, TAM receptors carry 2 immunoglobulin-like do-
mains in their N-terminus, followed by 2 fibronectin type III repeats,
a transmembrane region and a tyrosine kinase domain in the C-terminal
intracellular region. Overall, TAM receptors share .70% identity in their
tyrosine kinase domain. B, TAM agonists, Gas6 and Pros1, carry a GLA
domain in their N-terminus, followed by 4 EGF repeats and 2 laminin G
domains in their C-terminus. g-carboxylation of glutamic acid residues
in the GLA domain, enable Gas6 and Pros1 to bind to PtdSer. The 2
laminin G domains form a sex hormone binding globulin-like domain,
i.e., sufficient to bind and trigger the activation of TAM receptors. Pros1
also carries a thrombin sensitive region. Overall, Gas6 and Pros1, share
approximately 42% amino acid identity. EGF, epidermal growth factor.
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mice.32,41 At birth, the peripheral lymphoid organs of the TAM
triple knockout mice are of normal size and weight. However,
beginning at approximately 4 weeks after birth, these mice start
to display dramatic splenomegaly and lymphadenopathy.41 Both B
cells and T cells greatly increase in number and are activated.
Furthermore, TAM triple knockouts are characterized by high cir-
culating amounts of autoantibodies against dsDNA and phospholi-
pids, and display clinical features of systemic autoimmunity.41

EVIDENCE FOR A DIRECT ROLE OF TAMs IN THE
INHIBITION OF TOLL-LIKE RECEPTOR AND

CYTOKINE RECEPTOR SIGNALING
Is autoimmunity in the absence of TAM function a conse-

quence of the failure to clear apoptotic cells, or do TAMs mediate
a more direct suppression of the immune response? Lymphocyte
activation in TAM triple knockout mice was shown to be non-cell
autonomous and due to the hyperactivation of antigen presenting
cells (APCs).41 The TAM receptors are expressed in APCs includ-
ing macrophages and dendritic cells (DC).42 Direct evidence of
TAM function in the negative regulation of the innate immune
response came from in vitro studies. TAM knockout DC hyper
respond to a variety of Toll-like receptor (TLR) agonists produc-
ing high amounts of proinflammatory cytokines.43 This is in
agreement with a previous observation made by Todd Camenisch
et al.44 These authors demonstrated excessive TNFa production
and septic shock in Mertk knockout mice after lipopolysaccharide
(LPS) administration. Additionally, recombinant Gas6 and Pros1
potently suppressed the activation of DCs and consequent cytokine
production triggered by engagement of TLR 3, 4, and 9.43

TAM function as a direct negative regulator of the innate
immune response is supported by the following observations
in vitro. First, Axl mRNA and protein expression was upregulated
by type I interferons produced downstream of TLR activation
(Fig. 2A). Type 1 interferons are potent inducers of DC maturation.
Therefore, TAM signaling is engaged in APCs as a consequence of
immune activation. Second, TAM engagement leads to the upre-
gulation of pleiotropic inhibitors of innate immunity—suppressor
of cytokine signaling 1 (Socs1) and Socs3 (Fig. 2B). Socs1 and
Socs3 are E3 ubiquitin ligases that lead to the turnover of Toll-
interleukin 1 domain-containing adaptor protein (TIRAP) and TNF
receptor associated factor 6 (TRAF6), adaptor molecules that func-
tion in TLR and NF-kB signaling. Socs1 and Socs3 are also well
known inhibitors of JAK-STAT signaling pathway. Importantly, the
TAM-dependent upregulation of Socs genes required type I inter-
feron receptor and also STAT1, the very same transcription factor
that drives the initial proinflammatory response. This result suggests
that components of type I interferon receptor-STAT signaling path-
way are hijacked by TAMs to drive Socs upregulation. Third, the
upregulation of the Socs genes downstream of type I interferons was
contingent on TAMs. In TAM triple knockout DCs, Socs1 induction
by interferon alpha was significantly reduced.43

Interestingly, the removal of apoptotic cells has also been
associated with the suppression of inflammation during the

resolution of the immune response. Roland Tisch’s laboratory
identified Mertk as the mediator of the suppression of TLR sig-
naling in DC in the presence of apoptotic cells.45 Incubation of
DCs with apoptotic thymocytes inhibited the activation of NF-kB
downstream of TLR and the production of TNFa (Fig. 2C).
The precise contributions of the 2 aspects of TAM function—
phagocytosis and inhibition of TLR/cytokine receptor signaling—
in preventing autoimmunity remain to be fully understood in vivo.
Raymond Birge’s laboratory has identified distinct tyrosine resi-
dues in Mertk that mediate phagocytosis versus TLR inhibition.46

Therefore, Mertk may actually integrate these 2 distinct biological
functions for the maintenance of immune homeostasis.

ACTIVATION OF TAM SIGNALING AT THE
INTERFACE OF THE INNATE AND ADAPTIVE

IMMUNE RESPONSE
Activation of TAM receptors by their ligands Gas6 and

Pros1 is a 2-step mechanism. Gas6/Pros1 needs to bind PtdSer,
which is exposed on the outer leaflet of the plasma membrane
during apoptosis.26–28 This binding is believed to induce a confor-
mational change in Gas6 and Pros1 that enables its bioactivity
necessary for activating the TAM receptors.47 Nevertheless, the
engagement of TAM signaling is not limited to the removal of
apoptotic cells. TAM engagement and its anti-inflammatory effect

FIGURE 2. TAM receptors are potent inhibitors of the innate immune
response. A, TAM receptors are induced downstream of cytokine
receptor signal (i.e., type I interferon receptors) in a STAT dependent
manner. B, Subsequently, activation of TAM receptors in conjunction
with cytokine receptors (i.e., type I interferon receptors) leads to the
induction of the SOCS genes and the suppression of both TLR and
cytokine receptor signaling. In a similar fashion, (C) phagocytosis of
apoptotic cells in a TAM receptor dependent manner potently inhibits
the TLR signaling cascade.

Rothlin et al Inflamm Bowel Dis � Volume 20, Number 8, August 2014

1474 | www.ibdjournal.org

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/20/8/1472/4579174 by guest on 23 April 2024



can also occur independent of apoptotic cells. We have recently
discovered that TAM activation occurs at the interface of the
innate and adaptive immune response.48 Activated APCs present
antigen to T cells and provide the cytokine milieu appropriate for
the activation and lineage-specific differentiation of T cells.49

Once, this adaptive immune arm is engaged, an antigen-specific
response ensues. In contrast, the initial inflammatory response is
broad and if persistent or exaggerated, can cause collateral dam-
age.50,51 Therefore, a priori, the adaptive immune response, once
activated, should be able to temper the innate system. Experimen-
tal evidence demonstrated that the TAM ligand Pros1 was
expressed in activated, but not resting, T cells.48,52 Additionally,
generation of mice in which Pros1 was specifically ablated in
T cells revealed that T-cell derived Pros1 was able to suppress
APC activation and cytokine production in an antigen-specific,
TAM-dependent manner. T-cell–specific Pros1 knockout mice
showed a general increased immune response on immunization.48

Remarkably, the requirement for PtdSer was conserved
during T cell-derived Pros1 mediated engagement of TAMs on
APCs. Activated T cells transiently express intermediate levels of
PtdSer on their cell surface, in comparison with apoptotic
cells.48,53 Blocking available PtdSer with excess Annexin V in-
hibited T-cell–mediated suppression of APC activation. In sum-
mary, activation of APCs lead to increased expression of TAM
receptors. After APC-dependent engagement of the adaptive
immune response, activated T cells produce Pros1 to engage these
receptors on the APC. This mechanism leads to the inhibition of
the innate immune response and the maintenance of immune
homeostasis (Fig. 3).

IMMUNE HOMEOSTASIS AND IBD
The gut microenvironment provides a particularly chal-

lenging context for the maintenance of immune homeostasis. The
gut is a home to more microorganisms than cells in our own body.
An extensive mucosal immune system has evolved to protect
against invading pathogens, yet coexist with commensal micro-
biota. Resident F4/80hiCX3CR1hi macrophages in the lamina
propria are highly phagocytic and produce vast amounts of IL-
10, contributing to the maintenance of intestinal homeostasis.54–56

Exposure to infectious agents, microabrasions, and local-
ized disruption of the epithelial barrier allow microorganisms to
come in contact with the mucosal immune system. The immune
system has the task to efficiently control the invading micro-
organisms. Neutrophils are the first responders to invading
bacteria and are avid phagocytes.57 Following phagocytosis
and killing of bacteria, neutrophils themselves die by apoptosis.
Ly6Chi monocytes are also recruited to the site of injury and
differentiate into CX3CR1int macrophages that secrete cytokines
and contribute to the initial inflammatory response.58–60

After dealing with the threat of the pathogen, the immune
system initiates the resolution of inflammation. Macrophages are
endowed with the task of removal of apoptotic cells, including
neutrophils. After clearance of apoptotic debris, a switch toward

tissue repair occurs. This switch coincides with a transition from
the production of proinflammatory to proresolution mediators. For
example, phagocytosis of apoptotic neutrophils leads to the
production of PGE2,61 and PGE2 induces the expression of
15-lipooxygenase and the production of lipoxins.62 Phagocytosis
of apoptotic cells also induces the production of a panoply of tissue
repair mediators including cytokines, such as TGFb and IL-10,
growth factors, such as vascular endothelial growth factor and en-
zymes that favor tissue remodeling, such as Arginase.61,63–65 This
type of macrophage state has been termed “alternative activation.”66

Therefore, a state of “controlled inflammation” is essential for con-
ferring protection in the gut but avoiding tissue damage.

In IBD, not only is there an excessive and prolonged
inflammation characterized by over-production of proinflamma-
tory cytokines, tissue repair is also compromised. CD, character-
ized by transmural inflammation, is often associated with ulcers
and/or fistulas, as well as, intestinal fibrosis leading to stricture
formation.67 Similarly, mouse models of colitis are characterized
by enhanced production of inflammatory cytokines along with an
increased neutrophil infiltration, accumulation of apoptotic neu-
trophils and excessive tissue damage. It is in this setting, that
TAM signaling in IBD is of utmost importance.68 The function
of the TAM pathway, including negative regulation of inflamma-
tion, removal of apoptotic cells and potential induction of the
tissue repair response, suggests that it is an ideal candidate to
mediate the resolution of the inflammatory response (Fig. 4).

FIGURE 3. TAM signaling is activated at the interface of the innate and
adaptive immune response. (1) TLR signaling triggers the activation of
DCs and the induction of TAM receptors. (2) Activated DCs present
antigen to T cells and induce the exposure of PtdSer and the
expression of the TAM agonist Pros1 on activated T cells. (3) T cell-
derived Pros1 activates the TAM receptors on DCs to limit the mag-
nitude of the DC response.

Inflamm Bowel Dis � Volume 20, Number 8, August 2014 TAM Receptor Signaling

www.ibdjournal.org | 1475

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/20/8/1472/4579174 by guest on 23 April 2024



TAM SIGNALING IN IBD
Axl and Mertk expression have not been reported in mouse

intestinal mucosa under physiological conditions. However, Axl
and Mertk are readily detected in murine intestinal lamina propria
macrophages on Dextran sodium sulfate (DSS)-induced inflamma-
tion.68 The expression of Mertk in myeloid cells is consistent with
the original report describing the identification of Mertk, and its
expression in human peripheral blood derived mononuclear cells,
bone marrow mononuclear cells, and monocytes.19 Mertk expres-
sion has been reported in alveolar macrophages, where this RTK is
functionally important for phagocytosis of apoptotic cells.69 More
recently, large scale gene expression profiling of tissue resident
macrophages including peritoneal macrophages, red pulp splenic
macrophages, lung macrophages, and microglia identified Mertk as
an universal marker of mature tissue resident macrophages.70

Axl is more broadly expressed in both hematopoietic and in
nonhematopoietic cells. Murine and human DCs express significant
levels of Axl.43,71 Human and murine wound macrophages respond

to PGE2 by Axl phosphorylation and downstream induction of
oncostatin M, a potent cytokine that mediates wound closure during
the initial phase of wound healing and tissue repair.72 Nonhemato-
poietic cells such as endothelial and smooth muscle cells also
express Axl.73,74 Axl expression is induced during neointima for-
mation following carotid artery injury, a process important for
tissue repair after vessel damage.74

Whether Axl has a similar repair function in the context of
colitis-associated intestinal injury is not well understood. Notwith-
standing, Axl2/2Mertk2/2 mice exhibit an exaggerated response to
DSS characterized by a more severe loss of body weight and signs
of colitis in comparison with wild-type mice.68 Colonoscopy in
Axl2/2Mertk2/2 mice revealed increased granularity, loss of vascu-
lature and translucency, and looser stool consistency. The increased
severity of colitis was also confirmed by histopathological features
such as ulcerations, crypt hyperplasia, crypt loss, leukocyte infiltra-
tion, and edema. Consistent with the dual function of TAM RTKs in
phagocytosis of apoptotic cells and inhibition of innate immune
signaling, Axl2/2Mertk2/2 mice had increased load of apoptotic
Ly6G+ neutrophils and increased interferon gamma and TNFa pro-
duction.68 Axl2/2Mertk2/2 lamina propria macrophages responded
to the inflammatory trigger by producing increased amounts of proin-
flammatory mediators such as iNOS and TNFa, whereas they failed
to produce adequate amounts of tissue repair factors such as Resistin-
like molecule alpha (RELMa), IL-10, and TGFb.68

It is interesting to note that MERTK is highly expressed in
response to IL-10 in a subtype of alternatively activated human
macrophages (M2c macrophages) and functions in the clearance
of apoptotic cells.75 Nonetheless, unlike mice knockout for genes
coding for molecules important in intestinal barrier function, such
as the Muc22/2 mice that lack the goblet-cell-derived secretory
mucine Muc2,76 Axl2/2Mertk2/2 mice do not develop spontane-
ous colitis. This is consistent with the activation of the TAM
pathway as a consequence of induced inflammation.

The TAM ligands have also been implicated in limiting
colonic inflammation. Gas62/2 mice are more susceptible to
DSS.77 DSS-treated Gas62/2 mice display reduced Socs1/3 gene
expression and increased NF-kB activation in colon tissue. The
cellular compartment producing Gas6 to engage the TAMs within
the intestinal mucosa is not well defined. However, bone marrow-
transplant approaches have suggested that both radioresistant and
radiosensitive cells can be the source of Gas6 during induced-
inflammatory responses in the gut.77

The other known TAM ligand, Pros1, also has an important
function in the context of IBD. The T-cell specific ablation of Pros1
in mice caused enhanced colitis in a T-cell transfer model.48 IBD in
humans is characterized by an abundance of colitogenic T cells.67

When T cells sans T regs are transferred into Rag2/2 mice, these
animals develop colitis.78,79 This is dependent on the gut microbiota
and is triggered by antigen-specific DCs.80 When Pros1 deleted, naive
T cells were transferred into Rag2/2, the mice showed increased
numbers of colitogenic interferon gamma and IL-17A expressing T
cells.48 These features were associated with an acceleration of colitis
onset as determined by colonoscopy. These findings are in agreement

FIGURE 4. TAM signaling in the intestinal mucosa. A, Damage to the
intestinal mucosa (e.g., in the context of bacterial infection) leads to
neutrophil infiltration. Once the threat has been controlled, a tissue
repair response ensues. Apoptotic neutrophils are cleared by intestinal
macrophages in a TAM-dependent manner. This process associates
with the switch of TAM expressing macrophages from a proin-
flammatory M1 (INOS and tumor necrosis factor alpha) profile to
a tissue repair, alternative M2 state (IL-10, Relm-a and TGFb). B,
Damage to the intestinal mucosa, in the absence of TAM signaling,
leads to an accumulation of apoptotic neutrophils and failure of
intestinal macrophages to acquire an alternative activation state that
associates with severe injury.
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with the function of T cell-derived Pros1 in tempering DC response
by activating DC TAM receptors and inhibiting TLR signaling.

In humans, PROS1 deficiencies have been reported in both
UC and CD patients. Three independent association studies
reported the reduced amounts of circulating PROS1 in patients
with either CD or UC.81–83 Furthermore, multiple case reports
support this association.84–86 Additionally, PROS1 deficiencies
have been reported in autoimmune diseases such as systemic
lupus erythematosus.87,88 The most well-known function of
PROS1 is as an anticoagulant.89–91 PROS1 is a cofactor of acti-
vated Protein C in the degradation of Factor Va and VIIIa in the
clotting cascade. PROS1 in human circulates free or bound to
C4BP. Mutations in PROS1 that leads to reduced levels of expres-
sion and/or function, increased levels of C4BP or the presence of
circulating antibodies against PROS1 can compromise its function
leading to PROS1 deficiencies.92–94 Intriguingly, the TAM-
independent function of PROS1 as an anticoagulant versus the
TAM-dependent function as an anti-inflammatory, has not been
experimentally dissociated. It is likely that the loss of either or
both of these functions may be important in the context of IBD. In
fact, IBD has been associated with an increased risk of thrombosis
since as early as 1936. Bargen and Barker95 reported extensive
arterial and venous thrombosis in patients with IBD. To date,
whether the hypercoagulable state in PROS1-deficient patients
directly contributes to IBD or merely increases the risk of throm-
bosis in patients with IBD remains unknown. Furthermore, direct
experimental evidence to indicate that T cells in patients with IBD
with reduced levels of plasma PROS1 are also impaired in their
capacity to engage TAM receptors is lacking.

TAM SIGNALING IN
COLITIS-ASSOCIATED CANCER

Full-length human AXL was originally cloned from primary
human myeloid leukemia cells.14,15 Similarly, MERTK was cloned
from a B-lymphoblastoid expression library19 and TYRO3 from
teratocarcinoma and hepatocarcinoma cells.96,97 Axl and/or Mertk
are overexpressed in a variety of cancers including but not limited
to leukemias, glioblastoma, melanoma, pancreatic cancer, breast can-
cer, and lung cancer. Tyro3 is overexpressed in multiple myeloma
and acute myeloid leukemia (for review see Ref. 98). Interestingly,
overexpression of TAM components, rather than activating muta-
tions, seems to be the common theme in oncogenic TAM function.

The oncogenic function of TAMs was anticipated based on
the transforming capacity of v-ryk. v-ryk is a viral oncogene from
the avian retrovirus RPL30.18 The cellular homolog of this viral
oncogene was identified as Mertk.17 Multiple aspects of cancer
biology including cell proliferation, migration, and invasion, apo-
ptosis resistance and cell survival, and angiogenesis have been
linked to TAM signaling (for review see Ref. 98). Apart from the
autocrine or cell autonomous role of TAM signaling in cancer
cells, Loges et al99 demonstrated an interesting TAM signaling
axis between tumor cells and tumor-associated macrophages.
Tumor-infiltrating macrophages express higher levels of Gas6 than

their splenic counterparts, suggesting that tumor microenvironment-
derived factors such as IL-10 and macrophage colony stimulating
factor (M-CSF) lead to Gas6 upregulation. This Gas6, in turn, acts
on TAM receptors in tumor cells to promote tumor cell prolifera-
tion. Cancer progression in various model systems have been
inhibited by interfering with TAM signaling through the use
of dominant-negative constructs, silencing, soluble ectodo-
main, antibodies, and small molecule inhibitors.100–106 Recently,
BergenBio announced a phase I clinical trial of its Axl kinase
inhibitor.107

Inhibiting an oncogene has obvious therapeutic potential.
However, the role of TAM signaling as a critical negative regulator
of inflammation presents an interesting paradox. Chronic inflam-
mation and failure of tissue repair has long been associated with
cancer. Rudolf Virchow interpreted his 1863 discovery of “lym-
phoreticular infiltrate” in cancer tissue as suggestive of a chronic
inflammatory origin of cancers.108 In 1986, Dvorak109 described
cancer as a wound that never heals. Chronic inflammation as at
least a permissive, if not instructive, factor in cancer has been
experimentally established through pioneering efforts in a number
of laboratories.110–114

The increased risk of colorectal cancer (CRC) is not only
linked to inherited mutations in genes such as APC (familial
adenomatous polyposis), MHL1/MSH2,6/PMS2 (hereditary non-
polyposis colon cancer/lynch syndrome), LKB1 or PTEN (hamar-
tomatous polyps) but also to inflammation. Two important factors
that increase the risk of CRC include the extent of inflammatory
disease and its duration. For example, in patients with left-sided
UC or pancolitis, the approximate cumulative incidence of CRC is
8% after 20 years and 18% after 30 years of persistent disease.115

The median duration of disease before diagnosis of CRC is 15
years in CD and 18 years in UC. For this reason, surveillance
strategies are recommended after 8 to 10 years of disease.

Specifically, IBD has been associated with the development
of dysplasia and colitis-associated cancer (CAC), a subtype of
CRC. Both familial and sporadic forms of CRC exhibit a charac-
teristic sequence of gene mutations along the adenoma-carcinoma
axis, first described by Fearon and Vogelstein116 (commonly
called Vogelgram). CAC shares many of the gene mutations asso-
ciated with CRC such as TP53, APC, and K-RAS, although the
sequence of these mutations along the adenoma–carcinoma axis is
different.117 Using mouse models, Michael Karin’s laboratory has
established a critical function of NF-kB and inflammation in
CAC.118 Sergei Grivennikov et al119 demonstrated that the cyto-
kine IL-6 produced by lamina propria myeloid cells stimulate the
proliferation of tumor-initiating cells and the development of
CAC. Is TAM signaling oncogenic in cancer or does it help to
reduce inflammation and prevent cancer?

The direct dissection of prooncogenic and antioncogenic
role of TAM function in CAC remains unaddressed. A couple of
studies have investigated the role of TAM signaling in colon
cancer although these studies were not dedicated to CAC in
particular. In early studies investigating RTK in colon cancer
cells, TAM expression was reported to be similar in cancer versus
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matched control tissue except in a case of liver metastasis and a
peritoneal metastasis of colon cancer.120 However, recent studies
have reported that high AXL expression correlates with poor survival
in this disease.121,122 Several lines of in vitro evidence also suggest
that AXL may function as an oncogene in human colon cancer.121,122

In contrast, in vivo studies in mouse models support an
antioncogenic role. Gas62/2 mice were more susceptible to azoxy-
methane–dextran sodium sulfate (AOM-DSS)-induced CAC.77

Gas62/2 mice developed a significantly greater number of Prolif-
erating cell nuclear antigen (PCNA)- and c-Myc- positive polyps,
produced higher levels of TNFa, CXCL1, and CCL2 and increased
NF-kB activation after AOM-DSS treatment, in comparison with
wild-type mice. Gas62/2 mice also had reduced survival after
AOM-DSS treatment. Similarly, Axl2/2Mertk2/2 mice had more
numerous and larger polyps after AOM-DSS treatment, accounting
for an increased colonoscopic tumor score in comparison with wild-
type mice.68 Additionally, in a model of mouse colon cancer driven
by mutations in the Apc loci (ApcMin), the loss of Gas6 rendered the
animal more susceptible.77 ApcMinGas62/2 mice had increased
tumor load and reduced survival in comparison to ApcMinGas6+/+

mice. Therefore, the role of TAM signaling in the gut in a mouse
model of CAC and CRC is consistent with its anti-inflammatory
function, but contrary to its prooncogenic role. In light of recent
developments in systemic targeting of TAM RTKs in cancer with
small molecules and biologics, we believe that this is an out-
standing issue that needs additional investigation.

CONCLUSIONS
Discovered in the early 1990s and without a known ligand

for about half a decade thereafter, the TAM RTKs have now
been established as critical negative regulators of the innate
immune response. After the engagement of the adaptive immune
response, TAM ligands are produced. These act on TAM
receptors in APCs to inhibit TLR and type I interferon receptor
signaling. TAMs are also important for the removal of apoptotic
neutrophils. Given the particular challenges of immune homeo-
stasis in the intestine, maintaining a fine balance between an
adequate inflammatory response to invading pathogens and swift
resolution so as to prevent overzealous reactions, TAM function
may play a crucial role in this organ. Therefore, altered TAM
function may contribute to the etiology or pathogenesis of IBD.
Although the investigation of TAM function during intestinal
inflammation and its resolution are revealing important mech-
anisms of intestinal homeostasis, important questions remain
unresolved. For example, the source of TAM ligands and the
precise identity of effector cell types in which TAM signaling
functions during resolution of intestinal inflammation need to be
defined. The signaling pathways engaged during the removal of
apoptotic cells versus TLR inhibition remain to be contrasted.
Additionally, TAM function as an oncogene and its role as
a negative regulator of inflammation present an apparent
contradiction in the context of IBD and CAC. It will be
important to dissect the individual versus the combinatorial role

of TAM RTKs in CRC to shed more light on the tumor-
promoting versus antitumor effects of these RTKs. Combining
in vivo pharmacological approaches of targeted TAM activation
and inhibition, along with the development of improved genetic
tools such as cell type–specific knockouts, will not only increase
our understanding of the basic biology of IBD but also reveal
therapeutic opportunities to target this signaling pathway for the
restitution of organ function in patients with IBD.
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