GPR15 in Vascular Tissue
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GPR15 as a member of the Class A (rhodopsin) orphan G protein-coupled receptor (GPCR) family has been recently
deorphanized by identification of two endogenous receptor-activating ligands in human. Interestingly, in vascular tissue
they interact apparently with different cell types. While one ligand triggers a cytoprotective effect on endothelial cells from
the luminal site of vessels, the other ligand is rather responsible for the homing of GPR15-expressing lymphocytes into
the colon. Thus, in addition to the role of GPR15 as a co-receptor for the human immunodeficiency virus (HIV) or to the
expansion of GPR15-expressing lymphocytes in blood by chronic smoking this review will summarize findings to the role
of GPR15 for vascular tissue based on new described receptor-ligand interactions.
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| 1. Endogenous GPR15 Ligands and Binding Protein

The first activating binding partner for GPR15 was found to be exogenous particles in the form of viruses (Figure
1 and Figure 2). In particular, many simian immunodeficiency virus (SIV) and HIV-2 strains and HIV-1 strains to a lesser
extent are able to use GPR15 as an alternative co-receptor to enter cells 1. The interaction between GPR15 and virus is
performed by the envelope protein gp120, particularly with its variable loop 3 (V3) region [&. Several single amino acid
substitutions in V3 completely abrogated the infectivity of mutant virus in GPR15+ cells, indicating the specificity of V3 for
GPR15 binding.

With respect to endogenous binding partners, to date, there have been reports describing two different GPR15-activating
ligands: one ligand of physiological origin, named C100rf99, most highly expressed in the colon &, and the other ligand of
synthesized origin (recombinant human soluble thrombomodulin, ART-123) applied as an anticoagulant ¥ (Figure
1 and Figure 2). In addition to these ligands, a cystatin C fragment in blood was found to inhibit the entry of GPR15-tropic
viruses by binding but not activating GPR15 &I (Figure 1).

Surprisingly, there are no homologies in protein sequences between the four reported GPR15 binding proteins (Table 1).

Table 1. Sequences of GPR15-interacting proteins/peptides. Color code for amino acid residues: green, hydrophobic
uncharged; red, acidic; blue, basic; black, other; underline, signal peptide; black boxes, residues essential for binding to
GPR15; bluish colored background, cysteine residue.
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Figure 1. Protein interaction with GPR15, adapted to Okamoto et al., 2017 [&l. GPR15-activating ligands (yellow circles)
bind mainly at the extracellular N terminus and to the first extracellular loop (ECL1) of GPR15. The binding protein
CysC95-146 is unable to activate GPR15 but can inhibit binding to protein (gp120) of the GPR15-tropic human
immunodeficiency virus (HIV). Conformational changes of ligand-bound GPR15 leads to Ca-influx and ligand-dependent
endocytosis. Endocytosis is evoked by clathrin-activating phosphorylation of the ST cluster of the C-terminus of GPR15 by
GPCR kinases.
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Figure 2. Consequences of GPR15 activation in different cell types by different agonists. Activation of GPR15 in vascular
endothelial cell and lymphocytes leads to a greater cell-protecting effect. In contrast, activation of the intestinal epithelial
cells by gp120 of HIV causes leakage in the epithelial layer and activation of keratinocytes by C100rf99 causes adverse
proliferation. C100rf99 chromosome 10 open reading frame 99, gp120 glycoprotein 120 of human immunodeficiency
virus, GPR15 orphan G protein-coupled receptor 15, Mcl1/Bcl2 anti-apoptotic proteins, NO nitric oxide, rTM recombinant
thrombomodulin.

1.1. Physiological Ligand Found in Colon—C100rf99 (GPR15L)

On the basis on the specific homing of GPR15+ lymphocytes into the colon, it was proposed that ligands could be found
in this specific tissue. One natural ligand was identified in 2017 from porcine colon extracts in an in vitro model using
human GPR15-expressing Chinese hamster ovary (CHO) cells engineered to express the promiscuous G protein Gaig to
follow ligand binding by means of calcium release . The human transcript orthologue of this identified pig protein was
annotated to the chromosome 10 open reading frame 99 gene, C100rf99.

C100rf99 encodes for a short basic amphiphilic secreted peptide (GPR15L) of 81 amino acid residues initially called “9
kilodalton CC-motif containing cationic polypeptide AP57/colon-derived sushi containing domain-2 binding factor (CSBF)".
Because of its protein characteristics and features, it is proposed that this is a new type of multifunctional antimicrobial
peptide. It is found mainly on mucosal and skin epithelium as well as in some tumor and/or their adjacent tissues, such as



esophageal cancer, hepatocellular carcinoma, squamous cell carcinoma, and invasive ductal carcinoma [, Additionally, it
is also present in low abundance in blood or cerebrospinal fluid 19, The general physiological role of C100rf99 is not well
understood but seems to be tissue dependent. In mucosal epithelium, C100rf99 is more constitutively expressed and less
affected by inflammation or the presence of microbiota 1, although there is a strong specific homing of GPR15-
expressing T cells mainly into the colon.

In contrast, C100rf99 (GPR15L) was upregulated in skin in all examined inflammatory diseases, including psoriasis, atopic
dermatitis, contact eczema, and lichen planus (1211131 |t must be checked on a case-by-case basis whether C100rf99
primarily acts via GPR15. Despite the induction of C100rf99 in psoriasiform dermatitis in mice, GPR15+ cells did not
accumulate in the skin, which led to the proposal of a more GPR15-independent pathway by the author 141, In contrast,
C100rf99 was considered to act in a GPR15-dependent pathway on keratinocytes in psoriasis 221,

Recently, it has been shown that post-translational modifications (PTMs) of the GPR15 receptor, such as sulfated N-
terminal tyrosine residue(s) or the disruption of O-glycosylation on the N-terminal threonine or serine residues, or the
removal of a2,3-linked sialic acids from O-glycans, enhances binding to C100rf99 81, For C100rf99 activity, its extreme C-
terminal residue and its hydrophobicity were considered to be necessary for optimal receptor-ligand interaction.

1.2. The Synthesized Ligand Applied as Anticoagulant—Thrombomodulin

Analyzing the cause of the cytoprotective effect of the recombinant human soluble thrombomodulin (rTM, ART-123) on
endothelial cells, in the same year, in 2017, an additional ligand for GPR15 was found 22, The rTM has been used as an
anticoagulant to treat patients undergoing disseminated intravascular coagulation (DIC) 4. Specifically,
immunoprecipitation of membrane proteins of human umbilical vein endothelial cells (HUVECs) with the fifth epidermal
growth factor-like region (TMES5) of TM revealed GPR15 as a binding partner. Similar binding effects of this short TME5S
(35 amino acids residues) have also been found for the greater rTM, suggesting E5 of TM as the main binding region for
GPR15. More specifically, the third loop of TMES5, called TME5C, composed of 19 amino acids activates GPR15 signaling
[2. Comparing the protein sequence of the 19 amino acids of TME5SC or 35 amino acids of TMES with that of the 81 amino
acids of C100rf99, homologies between both ligands are surprisingly absent (Table 1). Homologies with the most
preserved amino acids of C100rf99 from different species have also not been found for the TME5C sequence.

Apart from the rTM, heterogeneous soluble TM fragments from vascular endothelial cells circulate in the plasma and are
found at increased levels in various diseases, such as cardiovascular disease and diabetes, and in ischemic and/or
inflammatory endothelial injuries 28!, It has been shown that these soluble TM fragments retain significant anticoagulant
activities. Since the fourth and fifth regions of an EGF-like domain (TME45) act as an anticoagulant by binding thrombin
(191 it can be assumed that these TM fragments may have effects on endothelial cells via the GPR15 receptor.

1.3. The GPR15 Binding Protein—Cystatin C Fragment

In 2021, a C-terminal fragment of cystatin C (hamed CysC95-146) but not the full-length cystatin C was identified to bind
to GPR15 &l by screening a hemofiltrate (HF)-derived peptide library containing peptides and small proteins circulating in
human blood in their final processed and physiologically relevant forms. It has been shown that this fragment inhibits the
entry of GPR15-tropic derivatives of HIV and SIV in human osteosarcoma (GHOST) cells that stably express CD4 and
GPR15. Virus entry is indicated in ghost cells by a green fluorescent protein (GFP) gene that is under the control of the
virus. Similarly, in peripheral blood mononuclear cells (PBMCs) stimulated with PHA and IL-2 to enhance the frequency of
GPR15+ cells, this inhibition of virus entry was replicated but is more pronounced for SIV compared to GPR15-tropic
derivatives of HIV-1 or HIV-2. Interestingly, the GPR15 ligand C100rf99 did not affect the inhibitory effect of CysC95-146 in
PBMCs, which indicates different binding sites. Competing experiments with anti-GPR15 antibodies revealed that
CysC95-146 binds to the extracellular N terminus and to the first extracellular loop (ECL1) of GPR15. Binding to these
GPR15 regions prevents viral entry but does not activate the GPR15 receptor and does not inhibit binding of C100rf99.
Essential binding sites were found by amino acid exchanges at positions G69A, K94A, and Q100A, which completely
abrogated inhibition of viral entry by CysC95-146.

Cystatin C is an inhibitor of cysteine proteinases consisting of 146 amino acids. It is found in nearly all cells with a nucleus
(201 and appears to be one of the most important extracellular inhibitors to prevent the breakdown of proteins 2. In blood,
it serves as a marker of glomerular filtration. The reference interval for plasma ranges from about 0.58-1.00 mg/L in
women and 0.62—1.04 mg/L in men 24, Reference values for the cystatin C fragments do not exist, and as a result, their
physiological role has not yet been determined. Compared to blood, CysC95-146 was found at a much lower
concentration of about 0.01 mg/L in the diluted hemofiltrate. An extrapolation to the plasma level cannot be carried out due
to severe differences between blood and hemofiltrate. However, a half-maximal inhibitory concentration (ICsp) for viral



entry of about 25 mg/L (0.5 pM) has been described for CysC95-146. By greatly exceeding the normal range of the
parental cystatin C in blood, GPR15-binding activities for cystatin C fragments in blood appear to be less likely. As a
consequence, evidence for the active role in binding GPR15 of these fragments still needs to be provided.

| 2. Physiological Role of GPR15 Ligands in Vascular Tissue

The different physiological role of the two GPR15 ligands, C100rf99 and thrombomodulin species, for lymphocytes and
endothelial cells is illustrated and described in more detail in Figure 3.
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Figure 3. Distribution and binding of GPR15 by ligands in a blood vessel. GPR15 is expressed on endothelial cells (ECs)
and on subtypes of lymphocytes. The frequency of GPR15+ lymphocytes can be increased by chronic cigarette smoking.
If and how the GPR15 level on ECs can be influenced remains elusive. There are two different ligands for GPR15. One
ligand, named C100rf99, is linked to binding on lymphocytes. It is found outside the vessel mainly in the skin, colon, and
cervix. C100rf99 is responsible for chemotaxis of GPR15+ lymphocytes that are involved in wound healing or
inflammation in the epidermis or homeostasis in the colon mucosa. Its role in cervix mucosa remains elusive. The second
ligand is linked to thrombomodulin (TM) and ECs. TM is ubiquitously expressed on the luminal surface of ECs.
Synthesized recombinant soluble fragments of TM (rTM), such as ART-123, TME5, and TMESC, were found to bind
GPR15. rTM binds to GPR15 via its C-loop of the fifth epidermal growth factor-like region. TM expression decreases upon
EC injury 28 and fragments are found in plasma. Binding of these natural fragments to GPR15 could be assumed but has
not been confirmed. Binding of TM to GPR15 on ECs is cytoprotective and proangiogenic. ART-123 recombinant human
soluble thrombomodulin, C100rf99 chromosome 10 open reading frame 99, EC endothelial cells, GPR15 orphan G
protein-coupled receptor 15, L lymphocyte, M monocyte, TM thrombomodulin, TMES5 fifth epidermal growth factor-like
region of TM, TME5C C-loop of TMES.

2.1. C100rf99

Although C100rf99 can normally be found in plasma in low concentrations (1-6 ng/mL, manufacture notes), its major role
appears to be to attract GPR15-bearing blood cells from the outside of vessels, such as the colon and skin, as mentioned
above. Apart from GPR15, however, C100rf99 may act as a tumor suppressor by suppressing proliferation of several
tumor cell lines via G1 arrest by interacting with another binding receptor, called sushi domain containing 2 (SUSD2) &1,
Nevertheless, its role for GPR15 signaling on vascular ECs or on attracted lymphocytes has not yet been described in
detail.

2.2. Thrombomodulin Peptides

The cellular consequences of GPR15 activation on ECs were exclusively described for the rTM, in particular for TMES
and its C-loop TMESC, but not for the natural ligand C100rf99. By supposing soluble TM fragments as a putative natural
ligand of GPR15 on EC, it has been shown that this receptor-ligand linkage mediates both cytoprotection and pro-
angiogenic activity on ECs [24l[23]  Cytoprotection was defined as the attenuation of growth inhibition and apoptosis
caused by the calcineurin inhibitor FK506 or cyclosporinA (CsA). It has been shown that TME5 and TMES5C induce
activation of extracellular signal-regulated kinase (ERK) (p-ERK) and AKT serine/threonine kinase 1 (p-Akt) in human
umbilical vein ECs (HUVECS), leading to upregulation of the anti-apoptotic myeloid cell leukemia sequence 1 (Mcl-1)
protein. As a consequence, TME5 and TMES5C could block calcineurin inhibitor-induced capillary leakage. The effect of
TMES or TMESC was exclusively mediated by GPR15, as cytoprotective and pro-angiogenic effects of these TM species
were absent in ECs from Gpr15 knock-out mice.



The cellular consequences of GPR15 activation on circulating lymphocytes in human blood has not been studied to a
sufficient extent. However, the first indications of a greater anti-inflammatory effect of TMES5 have been described in mice
(281271 |t has been shown that TME5 alleviated murine graft-versus-host disease 28 or LPS-induced sepsis 24 in a
GPR15-dependent manner. Anti-inflammatory signs were given by the TME5-induced increase in the number of induced
regulatory T cells (iTreg) in a mixed lymphocyte reaction, by suppressed upregulation of pro-inflammatory IL-6 in
association with an inhibited NF-kB pathway in activated T cells or a reduced activation of dendritic cells. Thus, in addition
to the anti-inflammatory effect of thrombomodulin through the lectin-like domain 28], the C-loop of the fifth region of the
EGF-like domain of TM (TMES5C) preserves anti-inflammatory activity through the GPR15 receptor.

Interestingly, besides constitutive expression of TM in ECs, TM is also found at low expression levels in monocytes. Under
certain pathological conditions, such as the inflammatory environment in the bone marrow of patients with low-risk
myelodysplastic syndromes (MDS), TM is overexpressed, especially in classical monocytes in the bone marrow but also
in peripheral blood 22, The anti-inflammatory effect of TM was confirmed by induction of a more anti-inflammatory profile
of CD4+ T cells in the presence of TM+ monocytes compared to TM- monocytes.
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