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SUMMARY 1 

GPR15 is a G protein-coupled receptor proposed to play a role in mucosal immunity that 2 

also serves as entry cofactor for HIV and SIV. To discover novel endogenous GPR15 3 

ligands, we screened a hemofiltrate-derived peptide library for inhibitors of GPR15-4 

mediated SIV infection. Our approach identified a C-terminal fragment of Cystatin C 5 

(CysC95-146) that specifically inhibits GPR15-dependent HIV-1, HIV-2 and SIV infection.  6 

In contrast, GPR15L, the chemokine ligand of GPR15, failed to inhibit virus infection. We 7 

found that Cystatin C fragments preventing GPR15-mediated viral entry do not interfere 8 

with GPR15L signaling and are generated by proteases activated at sites of inflammation. 9 

The antiretroviral activity of CysC95-146 was confirmed in primary CD4+ T cells and is 10 

conserved in simian hosts of SIV infection. Thus, we identified a potent endogenous 11 

inhibitor of GPR15-mediated HIV and SIV infection that does not interfere with the 12 

physiological function of this G protein-coupled receptor.  13 
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INTRODUCTION  1 

G protein-coupled receptors (GPCRs) constitute the largest family of membrane proteins 2 

involved in the transduction of signals from the extracellular environment into the cell and play 3 

key roles in immune responses, homeostasis, metabolism and organogenesis (Heng et al., 2013; 4 

Venkatakrishnan et al., 2013). Besides their physiological roles, some GPCRs also represent 5 

important coreceptors for HIV and/or SIV entry. HIV-1, the main causative agent of AIDS, 6 

utilizes C-C chemokine receptor 5 (CCR5) and CXC chemokine receptor 4 (CXCR4) as major 7 

entry cofactors (Alkhatib et al., 1996; Choe et al., 1996; Deng et al., 1996; Doranz et al., 1996; 8 

Dragic et al., 1996; Feng et al., 1996). The chemokine ligands CCL5 (also known as RANTES) 9 

and CXCL12 (also named SDF-1) inhibit CCR5- or CXCR4-mediated HIV-1 infection, 10 

respectively. Thus, we have previously taken advantage of HIV-1 entry to examine complex 11 

blood-derived peptide libraries for novel naturally occurring ligands of CCR5 and CXCR4 12 

(Münch et al., 2014; Bosso et al., 2017). Initially, we identified a truncated form of the 13 

Chemokine C-C ligand 14 (CCL14) as a novel CCR5 agonist and potent inhibitor of CCR5-tropic 14 

HIV-1 strains (Detheux et al., 2000; Münch et al., 2002). More recently, we discovered a small 15 

fragment of human serum albumin (EPI-X4) as an effective and highly specific CXCR4 16 

antagonist and inhibitor of CXCR4-tropic HIV-1 strains (Zirafi et al., 2015). 17 

 While HIV-1 coreceptor utilization is mainly restricted to CCR5 and CXCR4, HIV-2 and SIVs 18 

are more promiscuous in their entry cofactor usage. For example, many HIV-2 and SIV strains 19 

utilize BOB/GPR15 and Bonzo/STRL-33/CXCR6 in addition to CCR5 and/or CXCR4 for viral 20 

entry into CD4+ target cells (Deng et al., 1997; Farzan et al., 1997; Mörner et al., 1999; Owen et 21 

al., 1998; Pöhlmann et al., 2000; Riddick et al., 2010, 2015). GPR15 is a GPCR reported to 22 

regulate T cell trafficking to the colon that may play a role in intestinal homeostasis and 23 

inflammation (Kim et al., 2013; Nguyen et al., 2014). Recently, an agonistic C-C chemokine 24 

ligand of GPR15, named GPR15L, has been characterized (Ocón et al., 2017; Suply et al., 2017). 25 

GPR15L is expressed in colon and cervical epithelia and might play a role in mucosal immunity. 26 
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 To discover novel endogenous GPR15 ligands, we screened a hemofiltrate-derived peptide 1 

library containing essentially all peptides and small proteins circulating in human blood in their 2 

final processed and physiologically relevant forms (Münch et al., 2014) for inhibitors of GPR15-3 

mediated SIV infection. Multiple rounds of peptide separation and antiviral screening identified 4 

a C-terminal fragment of Cystatin C (named CysC95-146) as a potent and specific inhibitor of 5 

GPR15-dependent HIV and SIV infection. Cystatin C is a small (13 kDa) basic protein that is 6 

produced by all nucleated cells (Onopiuk et al., 2015) and represents the most abundant and 7 

potent extracellular inhibitor of cysteine proteases (Turk et al., 2012). It is found in virtually all 8 

tissues and body fluids and commonly used as a marker of renal function (Villa et al., 2005). 9 

Accumulating evidence suggests a role of Cystatin C in inflammation, neutrophil chemotaxis and 10 

resistance to bacterial as well as viral infections (Magister and Kos, 2013; Sokol and Schiemann, 11 

2004; Xu et al., 2015; Zi and Yu 2018). We show that Cystatin C fragments preventing GPR15-12 

dependent HIV and SIV infection are generated by proteases activated during antiviral immune 13 

responses. Unexpectedly, the recently discovered chemokine ligand of GPR15, GPR15L (Ocón 14 

et al., 2017; Suply et al., 2017) had no significant effect on viral entry. In addition, CysC95-146 15 

prevented SIV and HIV-2 infection without interfering with GPR15L-mediated signaling. Our 16 

data support that naturally occurring Cystatin C fragments are capable of blocking GPR15-17 

mediated primate lentiviral infection without interfering with the physiological signaling 18 

function of this GPCR.  19 
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RESULTS 1 

Identification of a novel GPR15-specific SIV inhibitor 2 

To identify novel ligands of GPR15, peptide libraries were generated from up to 10,000 liters of 3 

hemofiltrate derived from individuals with chronic renal failure by cation exchange separation 4 

followed by reverse-phase (RP) chromatography (Münch et al., 2014; Schulz-Knappe et al., 5 

1997). Initially, the hemofiltrate was applied to a large cation exchange column and eluted using 6 

eight buffers with increasing pH ranging from 2.5 to 9.0. Subsequently, the resulting pH-pools 7 

(P1 to P8) were separated into ~40–50 peptide-containing fractions (F1 to F50) by RP 8 

chromatography. The final library comprised about 360 peptide fractions representing essentially 9 

the entire blood peptidome in a highly concentrated, salt-free and bioactive form (reviewed in 10 

Bosso et al., 2018; Münch et al., 2014). Screening of this peptide library using the infectious 11 

SIVmac239 molecular clone that efficiently utilizes GPR15 (Pöhlmann et al., 1999) and human 12 

osteosarcoma (GHOST) cells stably expressing CD4 and GPR15 (Mörner et al., 1999) identified 13 

several neighboring fractions from pH pool 4 that inhibited virus infection. Fractions 19 and 20 14 

were selected for further purification because they blocked GPR15-mediated SIVmac infection 15 

by ~95% (Figure 1A) without causing cytotoxic effects or affecting CCR5- and CXCR6-16 

dependent viral entry (data not shown). 17 

 MALDI-TOF mass spectrometry analysis of the inhibitory fraction obtained after five rounds 18 

of purification revealed a main m/z signal at 5.914 and some minor peaks (Figure 1B). The search 19 

in our (updated version) hemofiltrate peptide database (Richter et al., 1999) revealed that this 20 

signal corresponds to the 52 C-terminal amino acids (aa) of Cystatin C (aa 95 to 146)  with an 21 

oxidation in Met136 (Figure 1C). Another m/z signal at 2.959 corresponded to the double-22 

charged species of the same peptide. Cystatin C is expressed as a 146 aa precursor with a 26 aa 23 

signal peptide (GenBank accession number: AAA52164.1). It represents the most abundant and 24 

potent inhibitor of cysteine proteases in the human body and is an early marker of renal failure 25 

(Randers et al., 1998; Turk et al., 2012). 26 
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A natural CysC fragment inhibits GPR15-dependent SIV and HIV infection 1 

To verify that the identified peptide is responsible for the antiviral activity, we chemically 2 

synthesized the 52 C-terminal aa residues of Cystatin C (indicated in Figure 1C). The synthetic 3 

peptide, referred to as CysC95-146, inhibited GPR15-mediated SIVmac239 infection in a dose-4 

dependent manner with a mean 50% inhibitory concentration (IC50) of ~0.5 µM (Figure 2A). 5 

Potent inhibition was confirmed for three divergent infectious molecular clones (IMCs) of 6 

SIVsmm (Figures 2B, S1), which naturally infects sooty mangabeys (Chahroudi et al., 2012) and 7 

frequently utilizes GPR15 as entry cofactor (Riddick et al., 2010). CysC95-146 had little if any 8 

effect on CCR5- or CXCR6-mediated virus infection, suggesting that it is specific for GPR15 9 

(Figure 2B) and did not display significant cytotoxic effects (Figure 2C).   10 

 SIVsmm is the precursor of HIV-2 (Sharp and Hahn, 2011), which is endemic in West Africa 11 

and has infected about one to two million people (Visseaux et al., 2016). To evaluate a possible 12 

role of CysC95-146 in HIV-2 infection, we examined its effect on infection by three HIV-2 13 

strains: ROD10, representing a derivative of the first reported infectious HIV-2 clone (Clavel et 14 

al., 1986; Döring et al., 2016); ST, an attenuated HIV-2 strain with low in vitro cytopathic activity 15 

(Kong et al., 1988; Kumar et al., 1990) and 7312A, originally isolated from an individual from 16 

Côte d’Ivoire with dual HIV-1 and HIV-2 infection (Gao et al., 1994). HIV-2 ROD10 and ST 17 

belong to the group A of HIV-2 that is most widespread in the human population, while 7312A 18 

represents a recombinant form of groups A and B (Ibe et al., 2010).  CysC95-146 inhibited all 19 

HIV-2 strains in a dose-dependent manner with IC50 values ranging from 1.3 to 7.0 µM (Figure 20 

2D). However, maximal inhibition of HIV-2 entry did not exceed ~80%. One reason for this 21 

might be GPR15-independent infection of GHOST cells. Indeed, HIV-2 ROD10 infected the 22 

parental GHOST cell line that expresses low levels of CXCR4 but not GPR15 or other known 23 

entry cofactors with significant efficiency (Figures 2D; S1). 24 

 HIV-1 is less promiscuous in coreceptor usage than HIV-2. It usually utilizes only CCR5 25 

during chronic infection and frequently evolves the ability to use CXCR4 during or after AIDS 26 
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progression (Connor et al., 1997; Xiao et al., 1998). Some HIV-1 isolates, however, may also 1 

utilize GPR15 for productive infection and replication especially at high expression levels (Deng 2 

et al., 1997; Krumbiegel et al., 1999; Xiao et al., 1998). Interestingly, it has been reported that 3 

the transmitted/founder HIV-1 IMC ZP6248 is severely impaired in CCR5 and CXCR4 4 

coreceptor usage but capable of infecting cell lines expressing alternative coreceptors including 5 

GPR15 (Jiang et al., 2011). CysC95-146 inhibited infection by the HIV-1 ZP6248 molecular 6 

clone in GPR15-GHOST cells with an IC50 of 1.1 µM (Figure 2E). Altogether, our results showed 7 

that CysC95-146 specifically inhibits GPR15 dependent SIV and HIV infection. 8 

The inhibitory CysC95-146 fragment binds to GPR15 expressing cells 9 

To examine whether CysC95-146 specifically targets GPR15-expressing cells, we generated N- 10 

and C-terminal fusions of this GPCR with the enhanced green fluorescent protein (eGFP). N-11 

terminal tagging with eGFP resulted in mislocalization of GPR15 and lack of cell surface 12 

expression (Figure S2A). In comparison, the C-terminally tagged GPR15-eGFP was efficiently 13 

expressed and showed proper localization at the cell surface (Figure S2B). For colocalization 14 

studies, we transfected HeLa cells with empty control or GPR15-eGFP vector and exposed the 15 

cells to Atto647-labeled CysC95-146. The antiviral peptide was readily detectable at the surface 16 

of GPR15-expressing HeLa cells but absent from control cells (Figure 3A). Quantitative analysis 17 

confirmed that CysC95-146 accumulates specifically on GPR15-eGFP-expressing cells (Figure 18 

3B). Consistent with its proper subcellular localization, GPR15-eGFP-mediated CD4-dependent 19 

entry of SIV with an efficiency similar to the parental GPR15 protein (Figure 3C). These results 20 

are further evidence that CysC95-146 specifically targets GPR15 at the cell surface. 21 

A variety of C-terminal CysC fragments prevent GPR15-mediated lentiviral infection 22 

To further examine the specificity of the antiviral activity of CysC95-146, we determined 23 

whether full-length Cystatin C and other C-terminal fragments also affect primate lentiviral 24 

infection. Our results showed that full-length Cystatin C displayed little inhibitory effect on 25 

SIVmac239 entry (Figure 4A). In contrast, N-terminal truncations of CysC95-146 by up to 12 26 
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amino acid residues (CysC107-146) (Figure 4A), as well as expansion by up to six residues (89-1 

146) (Figure 4B) did not disrupt its antiviral activity. However, a peptide containing an additional 2 

ten residues at its N-terminus (CysC85-146) did not inhibit SIVmac entry into GPR15-GHOST 3 

cells (Figure 4B). Comprehensive analyses of a variety of C-terminal Cystatin C fragments 4 

revealed that residues 107 to 140 are sufficient for antiviral activity (Figure 4C). Further 5 

truncations at the N- or C-termini resulted in reduced activity or fully disrupted inhibition of 6 

GPR15-mediated SIVmac239 infection. Notably, some of the Cystatin C fragments analyzed, 7 

such as CysC107-146, were even more potent than CysC95-146 in inhibiting GPR15-mediated 8 

SIVmac infection (Figure 4C). Altogether, the results showed that a large variety of C-terminal 9 

Cystatin C fragments prevent GPR15-mediated SIVmac infection. 10 

Proteolytic generation of antiviral CysC fragments 11 

CysC95-146 was isolated from a hemofiltrate-derived peptide library, suggesting that it naturally 12 

circulates in the blood stream. To further examine this, we developed an MS-based method for 13 

the quantification of CysC95-146 in hemofiltrate (Figure S3A). These analyses showed that 14 

CysC95-146 was present at concentrations of ~10.7 ng/ml (236 pmol) in the original hemofiltrate 15 

fraction (Figures S3B, S3C). This concentration is lower than the IC50. However, hemofiltrate is 16 

significantly diluted compared to blood. In addition, material may have been lost during sample 17 

preparation and other C-terminal fragments are also antivirally active (Figure 4). In addition, 18 

Cystatin C levels are elevated in HIV-infected patients compared to healthy individuals (Neuhaus 19 

et al., 2010; Odden et al., 2007). Thus, our measurements most likely underestimate the 20 

concentrations of antiviral C-terminal Cystatin C fragments that can be achieved in vivo.  21 

 To examine the generation of antiviral peptides from Cystatin C, we treated the full-length 22 

protein with cathepsins C, D and G, as well as trypsin, chymase and Napsin A (Figure 5A). These 23 

proteases represent major components of the endo- and lysosomal protein degradation machinery 24 

(Turk et al., 2012; Zaidi and Kalbacher, 2008) and some of them are efficiently released from 25 

immune cells during infectious and inflammatory processes (Appelqvist et al., 2013; Yamamoto 26 
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et al., 2012). Treatment of Cystatin C with cathepsin D, trypsin, pepsin, chymase and napsin A 1 

resulted in the generation of peptides with sizes similar to CysC95-146 (Figure 5A). Products 2 

obtained after digestion with cathepsin D, chymase and napsin A significantly inhibited GPR15-3 

mediated SIVmac infection (Figure 5B). In addition, mass spectrometry of the digestion products 4 

confirmed the presence of several antivirally active Cystatin C fragments in cathepsin D, 5 

chymase and napsin A digested samples (Fig. 5C). Cathepsin D is an important component of 6 

the lysosomal protein degradation pathway in virtually all cells (Sun et al., 2013) and released 7 

from immune cells during inflammatory processes (Appelqvist et al., 2013). Chymase is a serine 8 

protease that is mainly produced by activated mast cells and elevated in some viral infections 9 

(Tissera et al., 2017). Napsin A is an aspartic proteinase that is abundantly expressed in normal 10 

lung and kidney tissue and a marker for some neoplasia (Bishop et al., 2010). Altogether, these 11 

results show that Cystatin C fragments which inhibit GPR15-mediated HIV and SIV infection 12 

are detectable in blood-derived human hemofiltrate and can be generated by proteases that are 13 

present and activated at sites of infection and inflammation.  14 

GPR15L does not prevent SIV entry 15 

For a long time, GPR15 had remained an orphan receptor but recently an agonistic chemokine 16 

ligand (named GPR15L) that modulates lymphocyte recruitment to epithelia has been identified 17 

(Ocón et al., 2017; Suply et al., 2017). It is well established that the chemokine ligands of the 18 

main entry cofactors of HIV-1, CCL5/RANTES and CXCL-12/SDF-1, inhibit CCR5- or 19 

CXCR4-mediated HIV-1 infection, respectively (reviewed in Verani and Lusso, 2002). 20 

Unexpectedly, GPR15L did not display an inhibitory effect on GPR15-mediated SIVmac 21 

infection (Figure 6A), although it induced downregulation of GPR15 from the surface of 22 

GHOST-GPR15 and CEM-M7 cells (Figures 6B; S4A). Receptor internalization was strongly 23 

reduced when the cells were kept on ice indicating that it mainly resulted from endocytosis and 24 

not from competition with the antibody used for staining. In contrast to GPR15L, CysC95-146 25 

did not affect cell surface expression of GPR15 (Figures 6C; S4A). In addition, CysC95-146 did 26 
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not induce calcium release in CHO cells engineered to express human GPR15 together with the 1 

promiscuous G-protein Gα16 (Suply et al., 2017), while GPR15 signaling was confirmed for 2 

GPR15L (Figure 6D). Altogether, the results showed that CysC95-146 prevents SIV infection 3 

without altering GPR15 cell surface expression, while downmodulation of GPR15 by GPR15L 4 

was insufficient to cause significant inhibitory effects on SIV entry.  5 

CysC95-146 does not interfere with GPR15L signaling  6 

The results outlined above suggested that CysC95-146 might inhibit GPR15-mediated viral entry 7 

without interfering with the physiological signaling activity of this GPCR. Indeed, calcium flux 8 

assays performed in the presence of constant quantities of GPR15L and increasing doses of 9 

various CysC fragments revealed that C-terminal CysC fragments did not reduce the signaling 10 

activity of GPR15L (Figure 6E). Conversely, GPR15L did not enhance the antiviral activity of 11 

CysC95-146 (Figure 6F). To obtain insights into the region(s) in GPR15 targeted by CysC95-12 

146, we examined the ability of this antiviral peptide to compete with GPR15 antibodies. 13 

CysC95-146 competed with both Ab8104 targeting the extracellular N-terminus as well as (less 14 

efficiently) with Ab188938 interacting with the first extracellular loop (ECL1) (Figure 6G). 15 

These two antibodies also significantly inhibited SIVmac entry (Figure 6H). In contrast, Ab 16 

#367902 (R&D) that efficiently recognizes GPR15 in FACS-based assays and targets an 17 

unknown domain did not show significant effects on SIVmac infection (Figure 6G).  18 

 To further investigate the antiviral mechanism of CysC95-146, we performed molecular 19 

modelling on the interaction of CysC95-146 and GPR15 using structures obtained with reactive 20 

force field simulations. In agreement with the competition assays, the strongest interactions were 21 

predicted between CysC95-146 and the N-terminus of GPR15 (Figures 6I). To gain further 22 

insights into the interaction, the contribution of individual amino acids in GPR15 and CysC95-23 

146 was analyzed in detail. We found that most amino acids in GPR15 (Figure S4B) and CysC95-24 

146 (Figure 6J) stabilize the interaction by less than 2 eV. For GPR15, the strongest interactions 25 

were predicted for amino acid residues D2, E5, Y14 and T16, all located in the N-terminal part 26 
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of this GPCR. In CysC95-146 only G95 and K120 stabilized the binding with >4 eV (Figure 6J) 1 

suggesting that these residues are important for interaction with GPR15. To test the theoretical 2 

predictions, we exchanged residues G95, K120 and Q126 in CysC95-146 to alanine. Indeed, 3 

these alterations fully disrupted the antiviral activity of CysC95-146 (Figure 6J). Altogether, our 4 

results suggest that the N-terminus of GPR15 is important for HIV-2 and SIV entry and the main 5 

target site for CysC95-146 interaction. In comparison, the second extracellular loop (ECL2) of 6 

GPCRs plays a key role in chemokine binding and signaling (Woolley and Conner, 2017). Thus, 7 

targeting of different surfaces on GPR15 might explain why the antiviral and agonistic functions 8 

of CysC95-146 and GPR15L did not interfere with one another. 9 

The antiviral activity of CysC95-146 is conserved in simian hosts of SIV 10 

HIV-1 and HIV-2 are the result of at least thirteen independent zoonotic transmissions of SIVs 11 

from great apes or sooty mangabeys to humans that occurred in the last century (Sauter and 12 

Kirchhoff, 2019; Sharp and Hahn, 2011). In contrast, SIVs have infected non-human primate 13 

species for many thousands or even millions of years, possibly since primate speciation (Pandrea 14 

et al., 2008). GPR15 is a major SIV entry cofactor in the two best studied simian species naturally 15 

infected with SIV, i.e. sooty mangabeys and African green monkeys (Riddick et al., 2010, 2015). 16 

GPR15 also represents a major entry cofactor of SIVmac in macaques, the best established non-17 

human primate model for AIDS in humans. To examine whether C-terminal Cystatin C 18 

fragments may play a role in SIV infection, we examined whether their ability to inhibit GPR15-19 

mediated viral entry is conserved in monkeys. Cystatin C is the most ancestral member of the 20 

cystatin family of inhibitors of cysteine peptidases and found in many vertebrates (de Sousa-21 

Pereira et al., 2014). Sequence alignments revealed that the C-terminus of human cystatin C is 22 

fully conserved in great apes and that the macaque ortholog differs only in two amino acids from 23 

its human counterpart (Figure 7A). We chemically synthesized the macaque CysC95-146 variant 24 

and found that it inhibits SIVmac239 infection as efficiently as the human version (Figure 7B). 25 

Thus, the antiviral activity of CysC95-146 is conserved in simian hosts of SIV infection. 26 
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Effect of CysC-F52 and GPR15L on SIV and HIV infection of primary T cells 1 

To determine whether inhibition of GPR15-mediated HIV or SIV infection by CysC95-146 is 2 

relevant in primary viral target cells, we infected PHA-stimulated PBMCs from three human 3 

donors in the presence and absence of this peptide. Since PBMCs express various SIV and HIV 4 

coreceptors, we performed the experiment in the presence and absence of AMD3100 and 5 

Maraviroc, preventing CXCR4 and CCR5 mediated viral entry, respectively. FACS analyses 6 

allowed to determine the percentages of infected cells by intracellular p24 or p27 antigen staining 7 

(Figure S5A) and showed that PHA stimulation induced CCR5, GPR15 and CXCR6 cell surface 8 

expression (Figure S5B). CysC95-146 had no inhibitory effect on a CCR5-tropic derivative of 9 

HIV-1 NL4-3 and the CXCR4-tropic HIV-2 ROD9 molecular clone (Figure 7C). However, the 10 

peptide significantly reduced SIVmac239 infection of human PBMCs in both the presence or 11 

absence of additional inhibitors (Figure 7C). To further examine this, we analyzed the effects on 12 

three additional virus strains, i.e. the GPR15-tropic HIV-1 ZP6248 IMC, HIV-2 7312 and 13 

SIVsmm L1, which are capable of using CCR5, GPR15 and CXCR6 as entry cofactors (similarly 14 

to SIVmac239). CysC95-146 clearly reduced PBMC infection by all three HIV-1, HIV-2 and 15 

SIVsmm strains (Figure 7D) suggesting that GPR15-mediated entry contributes to primate 16 

lentiviral infection of primary CD4+ T cells.  17 

    To analyze possible effects on spreading infection, we pretreated PHA-stimulated human 18 

PBMC with the various inhibitors prior to virus exposure. Infectious virus production was 19 

determined by infection of TZM-bl indicator cells with PBMC culture supernatants obtained at 20 

different days post-infection. Predictably, AMD3100 blocked CXCR4-tropic HIV-1, while 21 

Maraviroc fully prevented CCR5-tropic HIV-1 replication (Figure 7E). In comparison, GPR15L, 22 

CysC-F52 and the CXCR6 chemokine ligand CXCL16 had no significant effect on CXCR4- or 23 

CCR5-tropic HIV-1 replication. Exposure of PBMCs to the GPR15-tropic HIV-1 ZP6248 strain 24 

did not result in significant replication precluding meaningful analysis of inhibitors (data not 25 

shown). However, GPR15L, CysC95-146 and CXCL16 all reduced replication of SIVmac239 in 26 
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human PBMC cultures, albeit less efficiently than Maraviroc (Figure 7E). CysC95-146 was more 1 

effective than GPR15L and CXCL16 and suppressed infectious virus yield on average by ~60% 2 

(Figure 7F). FACS analyses revealed that CysC95-146 did not affect GPR15 cell surface 3 

expression while GPR15L reduced it by ~40% (Figures S5C, S5D). Unexpectedly, GPR15L 4 

induced significant downmodulation of CXCR4 (Figure S5C) and competed with the 12G 5 

antibody that targets ECL-2 of CXCR4 for binding to this GPCR (Figures S5E). However, in 6 

contrast to the small molecule inhibitor AMD3100, neither CysC95-146 nor GPR15L inhibited 7 

CXCR4-mediated HIV-1 infection (Figures S5F). Altogether, these results show that CysC95-8 

146 suppresses GPR15-mediated primate lentiviral infection in primary human target cells and 9 

revealed an unexpected effect of GPR15L on CXCR4 cell surface expression. 10 

 We hypothesized that CysC95-146 may only reduce SIVmac239 replication by ~60% 11 

because this virus also utilizes CCR5 for entry into primary T cells. To examine this, we screened 12 

healthy uninfected individuals for the presence of the 32/32 deletion in the CCR5 gene that is 13 

present in about ~1% of Caucasians and disrupts functional CCR5 expression (Samson et al., 14 

1996). We identified one donor containing homozygous deletions (Figure 7G) and performed 15 

infection experiments in 32/32 PBMCs in the presence of various antiviral agents. Predictably, 16 

R5-tropic HIV-1 did not replicate in PBMCs lacking CCR5. Replication of SIVmac239 was 17 

almost entirely prevented by CysC95-146 but hardly affected by GPR15L, Maraviroc, AMD3100 18 

or CXCL16 (Figure 7H). On average, CysC95-146 reduced production of infectious SIVmac239 19 

by ~95% but had no inhibitory effect on X4-tropic HIV-1 (Figure 7I). Vice versa, AMD3100 20 

reduced infectious yield of X4 HIV-1 by 94% but had no significant effect on SIVmac239. Thus, 21 

in the absence of CCR5, CysC95-146 prevents SIV replication in primary T cells almost entirely 22 

suggesting potent inhibition of GPR15 dependent virus entry.  23 
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DISCUSSION 1 

In the present study, we identified CysC95-146 and related C-terminal fragments of Cystatin C 2 

as effective and specific endogenous inhibitors of GPR15-dependent HIV and SIV infection. In 3 

contrast to CysC95-146, GPR15L, the recently discovered chemokine ligand of GPR15 (Ocón et 4 

al., 2017; Suply et al., 2017), displayed little if any inhibitory effect on HIV and SIV entry. This 5 

came as a surprise because the chemokine ligands of CCR5 and CXCR4 inhibit R5- or X4-tropic 6 

HIV-1 infection, respectively (Bleul et al., 1996; Oberlin et al., 1996; Walker et al., 1986). 7 

Notably, C-terminal fragments of Cystatin C prevent SIV and HIV-2 infection without interfering 8 

with GPR15L-mediated signaling activity of GPR15. In contrast, small molecule inhibitors of 9 

CCR5- and CXCR4-dependent HIV-1 entry, such as Maraviroc or AMD3100, antagonize 10 

chemokine signaling via these GPCRs (Donzella et al., 1998; Dorr et al., 2005). To our 11 

knowledge, CysC95-146 and related peptides are the first agents preventing GPCR-mediated 12 

infection by lentiviral pathogens without interfering with the signaling function of the 13 

corresponding chemokine receptor. Specific targeting of the detrimental function but not the 14 

signaling activity is of significant interest since GPCRs are involved in many physiological and 15 

pathological processes and the target of about 30% of all current drugs. 16 

 Cystatin C is produced by all nucleated cells, found in all tissues and body fluids, and 17 

represents the most abundant cysteine protease inhibitor (Villa et al., 2005). It is best known as 18 

a marker for renal failure. However, accumulating data also support an important role of Cystatin 19 

C in the immune response against various exogenous or endogenous pathogens (Magister and 20 

Kos, 2013; Neuhaus et al., 2010; Zi and Xu, 2018). The plasma levels in healthy individuals are 21 

about 0.1 µM. However, Cystatin C is induced in HIV infected individuals and reaches blood 22 

plasma levels up to 0.5 µM under conditions of renal failure, infection and inflammation (Bhasin 23 

et al., 2013; Longenecker et al., 2015; Randers et al., 1998). This concentration approximates the 24 

IC50 of antiviral Cystatin C fragments and it is conceivable that the local levels at sites of infection 25 

and inflammation might exceed the systemic plasma levels. In fact, we found that peptides 26 
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blocking GPR15-mediated SIV entry are generated from Cystatin C by treatment with Cathepsin 1 

D, chymase and napsin A (Figure 5). These proteases are secreted by lysosomal exocytosis 2 

(Rodríguez et al., 1997) or via specialized secretory granules (Yamamoto et al., 2012) during 3 

immune responses and activated under acidic conditions. Acidification is a hallmark of 4 

inflammatory tissues (Okajima, 2013) and thought to play a key role in innate immunity 5 

(Rajamäki et al., 2013).  6 

 The generation of the active CysC fragments shows notable parallels to the generation of the 7 

CXCR4 antagonist and X4 HIV-1 inhibitor EPI-X4, which is generated from albumin by 8 

cathepsins D and E under acidic conditions (Zirafi et al., 2015). Albumin is more abundant than 9 

Cystatin C but the IC50 of EPI-X4 is also 10-fold higher than that of CysC95-146. Similarly, it 10 

has been reported that proteolytic processing of Chemokine (C-C motif) ligand 14 (CCL14), 11 

commonly also known as Hemofiltrate CC Chemokine 1 (HCC-1), by trypsin-like serine 12 

proteases generates a potent CCR5 agonist (CCL14[9-74]) that efficiently inhibits R5-tropic 13 

HIV-1 strains (Detheux et al., 2000; Münch et al., 2002).  Similar to Cystatin C and albumin, the 14 

non-functional full-length CCL14 precursor is present at high concentrations in normal plasma. 15 

These results suggest that EPI-X4, CCL14[9-74] and active Cystatin C fragments are all 16 

preferentially generated at sites of infection and inflammation, where they might act locally to 17 

cooperatively inhibit CXCR4-, CCR5- and GPR15-mediated HIV or SIV infection, respectively.  18 

It is tempting to speculate that the combination of such endogenous inhibitors may have driven 19 

promiscuous coreceptor usage of SIVs that are most likely infecting primate species for millions 20 

of years (Compton et al., 2013; Gifford et al., 2008).   21 

 We have previously shown that structure-activity-relationship (SAR) studies allow to 22 

enhance the activity of endogenous peptides by several orders of magnitude and offer 23 

perspectives for therapeutic applications (Münch et al., 2007; Zirafi et al., 2015). For example, 24 

an optimized derivative of a natural 20-residue fragment of α(1)-antitrypsin that targets the gp41 25 

fusion peptide of HIV-1 was safe and effective in human individuals (Forssmann et al., 2010). In 26 
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addition, optimized derivatives of the endogenous CXCR4 antagonist Epi-X4 prevent atopic 1 

dermatitis and airway inflammation in preclinical mouse models (Harms et al., 2020). CysC95-2 

146 is relatively large but tolerates truncations without loss of activity (Figure 4). We will 3 

perform structural and molecular modelling studies and SAR analyses to determine the minimal 4 

active size of C-terminal Cystatin C fragments and to increase their activity by rational design of 5 

derivatives predicted to interact more strongly with GPR15.  6 

 Our results show that CysC95-146 prevents GPR15-mediated HIV-2 and SIV infection, 7 

while GPR15L displayed little if any inhibitory activity although it induced downmodulation of 8 

GPR15 from the cell surface. It is known that both receptor removal from the cell surface as well 9 

as competitive inhibition by occupation of the interaction site(s) of the HIV envelope 10 

glycoprotein by chemokines might contribute to inhibition of CCR5- or CXCR4-dependent HIV-11 

1 infection (Lobritz et al., 2013; Steen et al., 2009). Our data support that competition by C-12 

terminal Cystatin C fragments is more effective than GPR15L-induced downregulation of 13 

GPR15 in inhibiting lentiviral infection in both GHOST indicator and primary CD4+ T cells 14 

suggesting that only a certain threshold is required for viral entry. Further structure-function 15 

analyses are required to fully elucidate the antiviral mechanism and the interaction(s) of CysC95-16 

146 and GPR15L with GPR15. Our preliminary results from antibody competition assays and 17 

molecular modeling analyses suggest that CysC95-146 interacts most strongly with the N-18 

terminal region of GPR15 (Figure 6I). The observed antiviral effect agrees with previous results 19 

showing that the N-terminal domains of CCR5 and CXCR4 are targeted by the HIV-1 envelope 20 

glycoproteins and play a key role in membrane fusion (Golding et al., 2005; Zhou et al., 2001). 21 

Consistent with published data on CCR5 and HIV-1, we found that antibodies targeting the N-22 

terminus or ECL-1 of GPR15 prevented SIVmac239 infection (Figure 6G). GPR15L differs in 23 

GPCR interaction from prototype chemokines (Suply et al., 2017) and may interact with more 24 

C-terminal domains of GPR15. Differential GPR15 interaction sites also explain why CysC52 25 

did not affect GPR15L-mediated signaling (Figure 6E) and vice versa the chemokine ligand did 26 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.355172doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.355172
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

17 
 

not enhance the inhibitory effect of the CysC95-146 fragment (Figure 6F). 1 

 Antiviral Cystatin C fragments may have some relevance in humans since GPR15 is a 2 

common coreceptor of HIV-2 that infects about one to two million people mainly in Sub-Saharan 3 

Africa and is also used by some HIV-1 strains. We show that CysC95-146 inhibits HIV-2 and 4 

the highly unusual HIV-1 ZP6248 strain not only in indicator cell lines but also in primary human 5 

cells (Figure 7). Our results also demonstrate that the antiviral activity of CysC95-146 is 6 

conserved in monkeys and support that the peptide inhibits SIV infection of primary human cells.  7 

HIV entered the human population only about a century ago and was hence clearly not a driving 8 

force in the evolution of endogenous peptides blocking GPR15-mediated entry. In comparison, 9 

SIVs infect non-human primate species for many thousand if not millions of years (Sharp and 10 

Hahn, 2011). GPR15 co-receptor usage is found in diverse groups of primate lentiviruses 11 

(Unutmaz et al., 1998) and most likely represents an ancient function. Thus, it is tempting to 12 

speculate that the evolution of inhibitors of GPR15-mediated viral entry by inflammation and 13 

infection-associated proteases might have been driven by ancient primate lentiviruses. Finally, 14 

our results suggest that GPR15 allows SIV to replicate in Δ32/Δ32 PBMCs cells in the absence 15 

of CCR5 (Figure 7G-I). In humans, the Δ32/Δ32 genotype is associated with a reduced risk of 16 

the acquisition of HIV-1 infection via the sexual route (Liu et al., 1996; Samson et al., 1996). 17 

Notably, sooty mangabeys, the original host of SIVsmm/HIV-2, also frequently lack functional 18 

CCR5 expression (Riddick et al., 2010). However, the prevalence of natural SIVsmm infection 19 

was not significantly reduced in animals lacking functional CCR5 most likely due to efficient 20 

coreceptor usage of GPR15 and CXCR6.  21 

 Our identification of CysC95-146 provides proof of concept that some ligands of GPCRs can 22 

block pathogens without interfering with their physiological signaling function. Notably, this is 23 

not the case for inhibitors of CCR5- and CXCR4-mediated HIV infection and this precludes e.g. 24 

usage of AMD3100 for the treatment of chronic diseases since proper CXCR4 signaling is critical 25 

for many physiological processes. After the CXCR4 antagonist EPI-X4 (Zirafi et al., 2015), 26 
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CysC95-146 is another example of the proteolytic generation of a peptidic virus inhibitor from 1 

an abundant precursor protein by proteases that are activated under acidic conditions. It is 2 

conceivable that generation of anti-microbial effects by proteolytic generation of abundant 3 

precursors might provide a more effective and rapid means to generate innate immune effectors 4 

than de novo synthesis. Further studies to clarify whether generation of antimicrobial molecules 5 

by proteolysis of abundant precursor proteins by proteases activated during infection and 6 

inflammation represents a common concept of innate immune defense seem warranted.  7 

 8 
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 3 

FIGURE LEGENDS 4 

Figure 1. Identification of a C-terminal Cystatin C fragment inhibiting GPR15-mediated 5 

SIVmac infection. 6 

(A) The gray bars indicate the efficiency of SIVmac239 infection of GHOST-GPR15 cells in the 7 

presence of the hemofiltrate peptide library fractions compared to the absence of peptide (100%) 8 

and the black line indicates the peptide/protein elution profile. Fractions used for further peptide 9 

purification are indicated in red and highlighted by an arrow. + indicate infection in the absence 10 

of peptide, - shows uninfected cells.   11 

(B) MALDI-TOF spectrum of the active fraction obtained after the fifth round of purification. 12 

Sequence analyses identified the 52 C-terminal residues of Cystatin C.  13 

(C) Amino acid sequence of human Cystatin C. The signal peptide (green), the isolated peptide 14 

(red) and putative C-C bridges are indicated. The cleavage site to generate CysC95-146 is 15 

indicated by a red arrow. 16 

Figure 2. CysC95-146 specifically inhibits GPR15-mediated SIV and HIV infection.  17 

(A) GHOST-GPR15 cells were infected with a SIVmac239 luciferase reporter construct in the 18 

presence of CysC95-146. Experiments shown in all panels were performed at least in triplicate 19 

and curves show mean values (±SEM). 20 

(B) GHOST cells engineered to express GPR15, CXCR6 or CCR5 were infected with different 21 

SIV strains. Values show the percentage of virally infected (GFP+) cells in the presence of 22 

increasing concentrations of CysC95-146 compared to the percentage of infected cells obtained 23 

in the absence of peptide (100%). The dotted line indicates the percentage of eGFP+ cells 24 

obtained after infection of the parental GHOST cell line in the absence of peptide. 25 

(C) CysC95-146 is not cytotoxic. GHOST-GPR15 seeded in 96-well F-bottom plates were 26 
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incubated with increasing amounts of peptide for 3 days at 37°C. Metabolic activity was analyzed 1 

by MTT and CellTiter-Glo assay.  2 

 (D, E) Inhibition of (D) the indicated HIV-2 molecular clones or (E) HIV-1 ZP6248 by CysC95-3 

146. In panel E, SIVmac239 is shown as positive control for comparison. Experiments were 4 

performed as described in (B). See also Figure S1. 5 

Figure 3. CysC95-146 interacts specifically with GPR15-expressing cells. 6 

(A) Hela cells were transfected with an eGFP-tagged GPR15 expression plasmid or a vector 7 

control and cultured for 2 days. Subsequently, cells were treated with Atto647-labeled CysC95-8 

146. Excessive peptide was removed in several washing steps before staining the nuclei with 9 

Hoechst33342 (Merck) according to the manufacturer's instructions. Samples were analysed by 10 

confocal microscopy using a LSM710 (Carl Zeiss). Scale bar indicates 10 µm.  11 

(B) Quantification of the Atto647 mean fluorescence intensity at the cell membrane from Atto-12 

647-CysC95-146-treated samples shown in panel A. n=23-27 cells +/- SEM. ***, p<0.001 13 

(Mann-Whitney test, unpaired t-test, non-parametric).  14 

(C) HEK293T cells transiently transfected with plasmids expressing the indicated receptors 15 

and/or an empty control vector and subsequently infected with a SIVmac239 Nano-Luciferase 16 

reporter virus. Infection rates were quantified as relative light units (RLU) per second. Results 17 

are displayed as means +/- SEM, n = 6. One representative of two biological repeats is shown; 18 

**, p<0.01 (Mann-Whitney test, unpaired t-test, nonparametric) See also Figure S2. 19 

Figure 4. Anti-SIV activity of different C-terminal Cystatin C fragments. 20 

(A, B) Inhibition of SIVmac239 by (A) full-length Cystatin C and N-terminally truncated or (B) 21 

extended CysC peptides. Numbers refer to amino acid positions in the full-length Cystatin C 22 

sequence. GHOST GPR15 cells were treated with the indicated concentrations of the Cystatin 23 

peptides for 2h at 37°C before infection with a SIVmac239 Firefly-Luciferase reporter virus. 24 

Three days post infection, firefly-luciferase activities were analyzed. Experiments shown in all 25 

panels were performed at least in triplicates and curves show mean values (±SEM). 26 
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(C) Overview of the amino acid sequences and antiviral activity of chemically synthesized CysC 1 

peptides analyzed. IC50 values were determined by infection of GHOST-GPR15 cells with a 2 

SIVmac239 luciferase reporter construct in the presence of increasing quantities of the indicated 3 

peptides.  4 

Figure 5. Treatment with various proteases generates antiviral Cystatin C fragments.  5 

(A) Human Cystatin C protein was digested with the indicated proteases. Digestion products 6 

were separated by SDS-PAGE and visualized by Coomassie Brilliant Blue staining. As controls, 7 

non-digested Cystatin C as well as the synthesized CysC95-146 were included. 8 

(B) Proteases and non-digested protein were removed by ultrafiltration with different kDa cut-9 

offs for purification. GHOST-GPR15 cells were then treated with the digestion products or 10 

CysC95-146 or full-length Cystatin C and subsequently infected with a SIVmac239 luciferase 11 

reporter virus. Infection was measured at 3 dpi as described before. Results are displayed as 12 

means +/- SD of one experiment in triplicates. **, p<0.01 (Mann-Whitney test, unpaired t-test, 13 

nonparametric).  14 

(C) Heat Map visualization of identified Cystatin C fragments in samples digested with the 15 

indicated proteases by Mass spectrometry. See also Figure S3. 16 

Figure 6. Effect of CysC95-146 and GPR15-L on GPR15 function. 17 

(A) GPR15L does not inhibit SIVmac239 infection. GHOST-GPR15 cells were preincubated 18 

with increasing amounts of GPR15L (Novartis) or CysC95-146 and subsequently infected with 19 

the SIVmac239 luciferase reporter virus.  Three days post infection, infection rates were analyzed 20 

using a firefly luciferase reporter assay. Experiments shown in all panels were performed at least 21 

in triplicate and curves show mean values (±SEM). 22 

(B, C) GPR15-L (B) but not CysC95-146 (C) downmodulate GPR15 from the surface of 23 

GHOST-GPR15 and CEM-M7 cells. GHOST-GPR15 or CEM-M7 cells were preincubated with 24 

increasing amounts of GPR15L or CysC95-146 at 4°C (to prevent receptor internalization prior 25 

to staining with anti-GPR15 or isotype control antibody). GPR15 expression was analyzed by 26 
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flow cytometry. 1 

(D) Cystatin C fragments do not induce GPR15-mediated calcium signaling. The effect of the 2 

indicated CysC fragments and GPR15L on calcium signaling was detected by measuring 3 

aequorin fluorescence in GPR15-expressing CHO-K1 cells. Each data point represents the mean 4 

relative light units ±SD over background fluorescence of quadruplicate measurements. 5 

(E) Cystatin C fragments do not interfere with the signaling function of GPR15L. The effect of 6 

the indicated concentrations of CysC fragments on GPR15L signaling was analyzed as described 7 

in panel D. 8 

(F) GPR15L does not enhance the antiviral activity of CysC95-146. GHOST-GPR15 cells were 9 

treated with increasing concentrations of CysC95-146 in the presence or absence of GPR15L. 10 

Cells were then infected with a SIVmac239 luciferase reporter virus. Inhibition of SIVmac 11 

infection was examined as described in panel A. 12 

(G) Anti-GPR15 antibodies ab8104 targeting the N-terminus and ab188938 targeting the 1st 13 

extracellular loop of GPR15 but not RD #367902 (unknown binding site) inhibit SIVmac 14 

infection. GHOST-GPR15 cells were preincubated with increasing amounts of the indicated anti-15 

GPR15 antibodies prior to infection with a SIVmac239 Luciferase reporter virus and analyzed 16 

as described in panel A. 17 

(H)  GHOST-GPR15 cells were incubated with peptide to achieve the indicated concentrations 18 

of CysC 95-146 and either ab8104 targeting the N-terminus of GPR15 or ab188938 targeting the 19 

1st ECL of GPR15. Then, samples were washed and stained with a PE-conjugated secondary 20 

antibody and analysed by flow cytometry. Indicated frequencies of GPR15 positive cells were 21 

obtained by subtraction of background (secondary antibody only), followed by normalization to 22 

the no peptide samples. Shown are the mean values for n = 3 experiments ± SEM, * p < 0.05 23 

(Welch’s t-test, unpaired).  24 

(I) Theoretically proposed binding of CysC95-146 with GPR15 based on reactive MD 25 

simulations (ReaxFF). In the model, the amino acid-resolved interaction energies are highlighted 26 
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using the color coding shown in the lower right-hand scale.  1 

(J) Effect of amino acid changes of G69A, K94A and Q100A on the antiviral activity of CysC95-2 

146. The left panel shows the predicted amino acid-resolved interaction energies and the position 3 

of amino acid changes whilst the right panel shows the effect of the parental and mutant CysC95-4 

146 peptides on SIVmac239 infection in GHOST-GPR15 cells. Data shows mean values +/- 5 

SEM, ** p < 0.01, * p < 0.05 (Multiple t-test, unpaired, corrected for multiple comparisons using 6 

the Holm-Sidak method). See also Figure S4. 7 

 Figure 7. The antiviral activity of CysC95-146 is conserved in monkeys and affects HIV-2 8 

and SIV infection in human T cells. 9 

(A) Alignment of Cystatin C amino acid sequences from the indicated species. Dots indicate 10 

identity to the human sequence and dashes gaps introduced to optimize the alignment. The region 11 

corresponding the CysC95-146 is shaded. 12 

(B) Antiviral activity of human and monkey-derived CysC95-146 peptides. GHOST-GPR15 13 

cells were incubated with increasing amounts of human and monkey CysC95-146 for 2h at 37°C 14 

prior to infection with SIVmac239 F-Luc. At 3 dpi infection was analyzed via firefly luciferase 15 

reporter assay. The experiment was performed in triplicate. 16 

(C, D) Effect of CysC95-146 on SIV and HIV infection of primary human cells. Peripheral blood 17 

mononuclear cells (PBMCs) were isolated from buffy coats of three healthy donors, stimulated 18 

with IL-2/ PHA and treated with the indicated amounts of CysC95-146. Then, cells were infected 19 

with the indicated virus strains. 3 days post-infection, PBMCs were stained for p24 and analyzed 20 

by flow cytometry. Shown are the mean values for n = 3 donors +/- SEM and infection in cells 21 

obtained in the absence of peptide was set to 100%. *** p < 0.001, ** p < 0.01, * p < 0.05 22 

(Multiple t-test, unpaired, corrected for multiple comparisons using the Holm-Sidak method). 23 

(E) CysC95-146 shows antiviral activity against GPR15-mediated SIVmac239 replication in 24 

human primary cells. To examine possible effects on spreading infection, we isolated and 25 

stimulated human PBMC as described before and treated those cells with the various compounds 26 
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(CysC95-146, GPR15L, AMD3100, MVC, CXCL16) prior to virus exposure. Infectious virus 1 

production was determined by infection of TZM-bl indicator cells with PBMC culture 2 

supernatants obtained at different days post-infection. 3 

(F) Calculated Area-under-the-curve (AUC) for the virus replication data obtained in panel E. 4 

*** p < 0.001, ** p < 0.01, * p < 0.05 (Welch’s t-test, unpaired).  5 

(G) Verification of homozygous deletions in the CCR5 gene of a 32/32 PBMC donor. 6 

(H) Replication kinetics of SIVmac239 in 32/32 PBMCs in the presence of various antiviral 7 

agents. Experimental details and symbols are provided in panel E.  8 

(I) Calculated area-under-the-curve (AUC) for the virus replication of SIVmac239 (see panel H) 9 

and X4 HIV-1 in 32/32 PBMCs. See also Figure S5. 10 

  11 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2020. ; https://doi.org/10.1101/2020.10.26.355172doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.26.355172
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

25 
 

STAR METHODS TEXT 1 

LEAD CONTACT AND MATERIALS AVAILABILITY  2 

Further information and requests for resources and reagents should be directed to and will be 3 

fulfilled by the Lead Contact, Frank Kirchhoff (frank.kirchhoff@uni-ulm.de). All unique/stable 4 

reagents generated in this study are available from the Lead Contact without restriction.   5 

 6 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 7 

Ethical statement for human samples. Experiments involving human blood and CD4+ T cells 8 

were reviewed and approved by the Institutional Review Board (i.e. the Ethics Committee of 9 

Ulm University). Individuals and/or their legal guardians provided written informed consent 10 

prior to donating blood. All human-derived samples were anonymized before use. The use of 11 

established cell lines did not require the approval of the Institutional Review Board. 12 

Cell lines. GHOST BOB (GPR15), Bonzo (CXCR6), CCR5 and parental cells were obtained 13 

from the NIH AIDS Reagent Program. GHOST cells were maintained in in Dulbecco’s modified 14 

Eagle medium (DMEM) supplemented with FCS (10% (v/v)), L-glutamine (2 mM), 15 

streptomycin (100 mg/mL) and penicillin (100 U/mL), geneticin G418 (500 μg/ml), 100 μg/ml 16 

hygromycin and 1 μg/ml puromycin. The GHOST parental cell line is puromycin sensitive, so 17 

medium was not supplemented with Puromycin. Cells were cultured at 37°C, 90% humidity and 18 

5% CO2. The cells were regularly split 1:10 or 1:20 twice a week. HEK293Tcells were provided 19 

and authenticated by the ATCC. TZM-bl cells were provided and authenticated by the NIH AIDS 20 

Reagent Program, Division of AIDS, NIAID. HEK293T, TZM-bl and Hela cells were maintained 21 

in Dulbecco’s modified Eagle medium (DMEM) supplemented with FCS (10%), L-glutamine (2 22 

mM), streptomycin (100 mg/mL) and penicillin (100 U/mL). Cells were cultured at 37°C, 90% 23 

humidity and 5% CO2. CEM-M7 cells were cultured in RPMI 1640 medium with 10% fetal 24 

bovine serum, 1% penicillin-streptomycin, 1% 200 mM L-glutamine and 500 µg/ml G418. 25 

Primary blood cells. Buffy coats (lymphocyte concentrates from 500 ml whole blood) were 26 

obtained from the blood bank (Ulm) and diluted 1:3 with PBS. Ficoll separating solution was 27 

overlaid with the diluted blood and centrifuged at 1,600 x g for 20 min without breaks. The white 28 

interface layer formed by peripheral blood mononuclear cells (PBMCs) was transferred into a 29 

fresh tube and washed twice with PBS. After separation and washing 1 x 106cells/ml were 30 

cultured in supplemented RPMI-1640 with 1 μg/ml PHA and 10 ng/ml IL-2 for 3 days. 31 

 32 

  33 
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METHOD DETAILS 1 

Generation and screening of HF libraries. Fractions of a hemofiltrate-derived peptide library 2 

generated as described (Zirafi et al., 2015) were tested for their ability to suppress SIVmac239 3 

infection in GHOST-GPR15 cells. Cells were seeded in flat-bottomed 96-well dishes, cultured 4 

overnight, and incubated with the peptide for 2 h before infection with an SIVmac239 construct 5 

containing the firefly luciferase reporter gene in place of the nef gene. Forty-eight hours later, the 6 

cells were lysed with Cell Culture Lysis Reagent (catalog no. E153A; Promega) and relative light 7 

units (RLU) were determined using the luciferase assay system (Promega). 8 

Purification of CysC95-146. The peptide was purified from a 1000 L HF-equivalent sample 9 

(308 mg) of the active fraction CEX-Pool 4/RP-Fr19-20 (peptide bank HF020802), by a 10 

combination of reversed-phase and cation-exchange HPLC techniques followed by biological 11 

testing of collected fractions after every purification step. The sequence of chromatographic steps 12 

was: A) Source RPC15 column of dimensions 20 x 250 mm; flow rate: 13 mL/min; gradient 13 

(min/%B): 0/2, 5/20, 20/30, 60/40, 70/60, 75/100, being A: 0.1% TFA and B: 0.05% TFA in  14 

80% ACN; detection wavelength: 280 nm. B) Source RPC15 column of dimensions 20 x 250 15 

mm; flow rate: 13 mL/min; gradient (min/%B): 0/2, 10/20, 58/32, 65/40, 68/60, and 75/100; 16 

detection wavelength: 280 nm. C) Source RPC15 column of dimensions 10 x 125 mm; flow 17 

rate:3 mL/min; gradient (min/%B): 0/5, 10/20, 60/28, 70/40, 68/60, and 80/100; detection 18 

wavelength: 280 nm. D) Grace Vydac 218TP54 RP18 column of dimensions 4.6 x 250 mm; flow 19 

rate: 1 mL/min; gradient (min/%B): 0/5, 5/26, 65/31, 70/36, and 75/100; detection wavelength: 20 

225 nm. E) PolySULFOETHYL A cation-exchange column of dimensions 4 x 150 mm; flow 21 

rate: 0.7 mL/min; gradient (min/%B): 0/0, 30/30, 45/50, and 55/100, being A: 10 mM phosphate 22 

+ 20% acetonitrile, pH 3.2, and B: 10 mM phosphate + 1M KCl + 20% acetonitrile pH 3.2; 23 

detection wavelength: 220 nm. 24 

MALDI-TOF analysis of the active fraction. The molecular mass measurement of the 25 

biologically active fraction after the latest purification step (cation-exchange HPLC) was 26 

performed with a Voyager-DE Pro matrix-assisted laser desorption/ionization time-of-flight 27 

mass spectrometry (MALDI–TOF–MS) device (PerSeptive Biosystems, Framingham, MA, 28 

USA). The matrix solution was prepared with α-cyano-4-hydroxycinnamic acid dissolved at 5 29 

mg/mL in mass buffer (0.1% TFA in 1:1 acetonitrile/water solution). The chromatographic 30 

fraction was desalted with an RPC18 cartridge (Waters, USA) prior to MS measurement. One 31 

microliter of the sample solution and matrix solution were mixed on a 100-well stainless steel 32 

MALDI plate. Measurements were performed in linear mode. Positive ions were accelerated at 33 

20 kV, and up to 100 laser shots were automatically accumulated per sample position. Voyager 34 
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RP BioSpectrometry Workstation version 3.07.1 (PerSeptive Biosystems, USA) was used as 1 

control and visualization software. 2 

Synthetic peptides. Solid phase peptide synthesis was carried out using conventional Fmoc 3 

chemistry. Fmoc‐protected amino acids with protected side chains were purchased from 4 

Novabiochem (Merck KGaA, Darmstadt, Germany). Synthesis was carried out using a preloaded 5 

Wang resin (Novabiochem) in a 0.1 mmol scale on a Liberty blue microwave peptide synthesizer 6 

(CEM Corporation, Matthews, NC, USA). After coupling reactions, deprotection and cleavage 7 

from the resin the raw peptides were precipitated and purified by reversed-phase HPLC. The 8 

correct molecular mass of the obtained purified synthetic peptides was analyzed by electrospray 9 

(ESI) and MALDI-mass spectrometry and their purity of 95% was confirmed by analytical 10 

HPLC. Human Cystatin C protein (purified, from human urine, BML-SE479-0100) was obtained 11 

from Enzo Life Sciences. 12 

Quantitation of CysC95-146 in hemofiltrate by nanoLC-ESI-iTRAP-Orbitrap. CysC95-146 13 

amount in hemofiltrate was estimated from the chromatographic fraction CEX-Pool 4/RP-Fr19-14 

20 of the peptide bank HF020802, where the biological activity was initially found. For disulfide 15 

bridge reduction and carbamidomethylation, the standard (synthetic CysC95-146) and the HF 16 

sample were incubated with 50 mM NH4HCO3 + 5 mM DTT at RT for 20 min.  Subsequently, 17 

iodoacetamide was added up to 50 mM to the samples and incubated at 37oC for 20 min. The 18 

reaction was stopped (quenching) with 10 mM DTT. The injection volume in the LC-MS/MS 19 

system was 15 µL. The amounts of injected peptide standards were (pmol) 62.5, 125, 250, 500 20 

and 1000. 21 

Samples were measured using an LTQ Orbitrap Velos Pro system (Thermo Fisher Scientific) 22 

online coupled to an U3000 RSLCnano (Thermo Fisher Scientific) as described (Mohr et al., 23 

2015) with the following modifications: Separation was carried out using a binary solvent 24 

gradient consisting of solvent A (0.1% FA) and solvent B (86% ACN, 0.1% FA). The column 25 

was initially equilibrated in 5% B. In a first elution step, the percentage of B was raised from 5 26 

to 15% in 5 min, followed by an increase from 15 to 40% B in 30 min. The column was washed 27 

with 95% B for 4 min and re-equilibrated with 5% B for 19 min. Ion chromatograms were 28 

visualized by XCalibur Qual Browser (Thermo Fisher Scientific, Bremen, Germany). For the 29 

identification of the CysC-F52 in the samples, the total ion chromatograms were filtered by 30 

searching the m/z range corresponding to the m/z value of the most intense signal (± 20 ppm) 31 

according to the theoretical isotopic distribution at z=6. The peak areas were calculated by using 32 

the default parameters of the software. The peak areas were exported and the linear regression 33 

calibration curve (peak area vs standard amount) was constructed in Microsoft Excel 2016. 34 
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Molecular clones of HIV and SIV.  Generation of the SIVmac239 proviral construct carrying a 1 

functional nef gene followed by an IRES element and the eGFP cassette has been described 2 

previously (Schindler et al. 2006). A similar approach was used to generate the replication-3 

competent SIVmac239 F-Luc construct. Therefore PCR amplification with flanking primers 4 

introducing MluI and XmaI restriction sites of the IRES-FLuc cassette from an HIV-1 IRES-5 

FLuc reporter construct was used and therewith the IRES-eGFP cassette in SIVmac239 proviral 6 

construct replaced. The integrity of the PCR-derived insert was confirmed by sequencing. See 7 

Key reagent table for details on additional proviral HIV-1 and SIV constructs. 8 

Virus stocks. Virus stocks were generated by transient transfection of HEK293T cells using the 9 

calcium-phosphate precipitation method or the TransIT®-LT1 Transfection Reagent (Mirus). 10 

One day before transfection, 0.65 x 106 HEK293T cells were seeded in 6-well plates (Greiner 11 

Bio-one, Frickenhausen, Germany). At a confluence of 50-75% cells were used for transfection. 12 

For the calcium-phosphate precipitation method, 5 μg DNA was mixed with 13 μl 2 M CaCl2 13 

and the total volume was made up to 100 μl with water. This solution was added drop-wise to 14 

100 μl of 2x HBS. The transfection cocktail was vortexed for 5 sec and added drop-wise to the 15 

cells. The transfected cells were incubated for 8-16 h before the medium was replaced by fresh 16 

supplemented DMEM. Transfection with TransIT®-LT1 Transfection Reagent was performed 17 

according to the manufacturer’s recommendation. 48 h post transfection, virus stocks were 18 

prepared by collecting the supernatant and centrifuging it at 1300 rpm for 3 min. SIVmac239 F-19 

Luc virus stocks were additionally concentrated by ultracentrifugation. Virus stocks were stored 20 

at – 80°C. 21 

Cell viability. GHOST Bob cells were seeded in 96-well F-bottom plates at a density of 10,000 22 

cells per well one day prior to the experiment. Cells were washed once in PBS and incubated 23 

with increasing amounts of CysC95-146 for 3 days at 37°C. Metabolic activity was analyzed by 24 

MTT and CellTiter-Glo assay (Promega) according to the manufacturer’s recommendations. 25 

Infectivity Assays. Effect of CysC95-146 and derivatives and GPR15L on GPR15-dependent 26 

SIVmac239 infection. GHOST Bob (GPR15) cells were seeded in 96-well plates at a density of 27 

10,000 cells per well. The next day, cells were treated with Cystatin C derived peptides or 28 

GPR15L at the indicated concentrations and incubated for 1 – 2 hours at 37°C, 90% humidity 29 

and 5% CO2. Then, cells were infected with SIVmac239 F-Luc previously produced by transient 30 

transfection of HEK293T cells. Three days post infection, viral infectivity was determined using 31 

a Firefly-Luciferase Assay kit from Promega as recommended by the manufacturer. Firefly-32 

Luciferase activities were quantified as relative light units (RLU) per second with an Orion 33 

Microplate luminometer (Berthold). 34 
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Co-receptor usage. GHOST-GPR15, CCR5 and CXCR6 cells were seeded 24h prior with a 1 

density of 6,000 cells/well in 96 well F-bottom plates. Cells were preincubated with increasing 2 

amounts of CysC95-146 for 2h at 37°C prior to virus addition. 3dpi, infection rates were analyzed 3 

by measuring GFP-positive cells via flow cytometry. 4 

Inhibition by CysC95-146. GHOST-GPR15 cells were seeded 24h prior to infection at a density 5 

of 6,000 cells/well in 96-well F-bottom plates. Cells were incubated with increasing amounts of 6 

CysC95-146 from humans or agm/mac for 2h at 37°C prior to infection with SIVmac239 F-Luc. 7 

Three days post-infection, viral infectivity was determined using a Firefly-luciferase Assay kit 8 

from Promega as recommended by the manufacturer. Firefly-luciferase activities were quantified 9 

as relative light units (RLU) per second with an Orion Microplate luminometer (Berthold). 10 

Infection of primary blood cells. 1 million cells were incubated with various amounts of peptide 11 

or compound for 1 – 2 at 37°C. Then, cells were infected with virus stocks previously generated 12 

by transient transfection of HEK293T cells with the respective pro-viral constructs. PBMCs were 13 

cultured in the presence of 10 ng/ml IL-2 in RPMI-1640 supplemented with FCS (10% (v/v), L-14 

glutamine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL). 3 days post infection 15 

cells were used for FACS analyses. Infected cells were first washed with 500 μl FACS buffer 16 

(PBS with 1% (v/v) FCS) and stained with 50 μl FACS buffer containing 1 μl FITC-conjugated 17 

p24 antibody. The cells were incubated for 30 min at 4°C and then washed with 1 ml FACS 18 

buffer to remove unbound antibody. Then, cells were fixed with 200 μl FACS buffer containing 19 

2% PFA and incubated for 30 min at 4°C. PBMCs were gated based on forward and side scatter 20 

characteristics, followed by exclusion of doublets and then by the respective marker expression. 21 

Data were generated with BD FACS Diva 6.1.3 Software. 22 

Replication kinetics in PBMCs. 0.75 million cells were transferred into FACS tubes, washed 23 

twice in PBS and incubated with 10 µM GPR15L, 10 µM CyC95-146, 15 µM Maraviroc, 10 24 

µg/ml AMD3100 or 500 ng/ mL CXCL16 in RPMI-1640 plus supplements for 1 hour at 37°C. 25 

Then, cells were infected with virus stocks previously generated by transient transfection of 26 

HEK293T cells with the respective pro-viral constructs. 16 hours post-infection, cells were 27 

washed and transferred to a 96 U-Well plate. At the indicated time points, cells were spun down 28 

and ~80% (v/v) of supernatants of the PBMC cultures were aspirated and frozen at -80°C. 29 

Medium was replaced with fresh RPMIxxx supplemented with 10 ng/mL IL-2. CysC95-146, 30 

GPR15L and the remaining compounds were added again to achieve the concentrations stated 31 

above. 32 

Infectious virus yields from PBMCs. Infectivity of virions produced in primary cells in the 33 

presence and absence of CysC95-146, GPR15L, AMD3100, MVC, CXCL16. To determine the 34 
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infectivity of virions produced in infected human and rhesus primary blood cells, TZM-bl cells 1 

were seeded in 96-well plates at a density of 10,000 cells/well and infected after overnight 2 

incubation with the supernatants collected from the PBMC cultures. Three days p.i., viral 3 

infectivity was determined using a galactosidase screen kit from Tropix as recommended by the 4 

manufacturer. β-Galactosidase activities were quantified as relative light units (RLU) per second 5 

with an Orion Microplate luminometer (Berthold). 6 

GPR15 antibody competition assay. 50,000 GHOST-GPR15 cells were counted, washed in 7 

FACS buffer (1x PBS with 1% FCS, 4°C) and transferred to FACS tubes. Cells were centrifuged 8 

at 4°C and 1,300 rpm (350 x g). Supernatants were discarded and cell pellets were resuspended 9 

in 100 µL master mix containing anti-GPR15 antibodies (ab8104 and ab188938) and CysC 95-10 

146. Indicated concentrations of CysC 95-146 were achieved during this inoculation step. 11 

Antibody concentrations were 10 ng/mL. Cells were incubated at 4°C for 1 hour and washed 3 12 

times in FACS buffer. Then, staining with a secondary antibody (Goat anti-rabbit IgG H&L PE, 13 

ab97070) was performed. For this, samples were incubated with secondary antibody at 10 ng/mL 14 

for 30 minutes at 4°C. After staining with the secondary antibody, cells were washed 3 times in 15 

FACS buffer, fixed in 4% PFA (1 h, 4°C) and kept at 4°C until analysis by flow cytometry. Cells 16 

were gated based on forward and side scatter characteristics, followed by exclusion of doublets 17 

and then by the respective marker expression. Data were generated with BD FACS Diva 6.1.3 18 

Software before analysis with FlowJo 8.8 Software (Treestar). 19 

Receptor downmodulation. GHOST-GPR15 or CEM-M7 cells were preincubated with 20 

increasing amounts of GPR15L or CysC95-146 for 30 min at either 37°C or 4°C (to prevent 21 

receptor internalization) prior to staining with anti-GPR15 or isotype control antibody. GPR15 22 

expression was analyzed by flow cytometry. which Ab was used by Andrea in this experiment? 23 

Flow cytometric analysis. Human PBMCs were isolated from whole blood as described before. 24 

250,000 cells were incubated with 10 µM of CysC95-146 or GPR15L in RPMI-1640 25 

supplemented with 10 ng/mL IL-2 for 1h at 37°C, 90% humidity and 5% CO2. Then, cells were 26 

washed with PBS and stained for the respective markers using 1 µL of each antibody in 50 µL 27 

FACS buffer. Antibodies and isotype controls were obtained from BioLegend: Brilliant Violet 28 

421™ anti-human CXCR4 (#306517), APC anti-human CD69 Antibody (#310910), PE anti-29 

human CD25 Antibody (#302606), FITC anti-human CCR5 Antibody (#313705), APC anti-30 

human GPR15 Antibody (#373006), Brilliant Violet 421™ anti-human CXCR6 (#356014). The 31 

recommended isotype control of each antibody described above was used at equal concentrations. 32 

Cells were incubated with the antibodies for 1 h at 4°C. Cells were washed and fixed in 4% (v/v) 33 

PFA in PBS. PBMCs were gated based on forward and side scatter characteristics, followed by 34 
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exclusion of doublets and then by the respective marker expression. Data were generated with 1 

BD FACS Diva 6.1.3 Software before analysis with FlowJo 8.8 Software (Treestar). 2 

Proteolysis of Cystatin C. 100 µg (7.54 nmol) human Cystatin C protein (purified, from human 3 

urine, BML-SE479-0100) obtained from Enzo Life Sciences were digested with indicated 4 

proteases at 1:100 molar ratio (75.4 pmol protease). Digestions were performed in 0.2 M citrate 5 

buffer pH 4.0 (cathepsin D, G and E); 100 mM Tris HCl with 10 mM CaCl2 pH 8 (trypsin), 20 6 

mM sodium acetate pH 3.5 (pepsin), 50 mM Tris HCl with 0.26 M NaCl pH 8 (chymase) or 0.1 7 

M NaOAc with 0.2 M NaCl pH 3.5 (napsin A). Digestions with Cathepsin G and E were 8 

incubated for 24 h at 37°C, all other reactions for 2 h at 37°C. To remove proteases and exchange 9 

buffer, digestion products were diluted in PBS (75 μl digestions reaction mixture + 425 μl PBS) 10 

and applied to 30 kDa Amicon ultrafiltration units (Merck, #UFC5030). Samples were 11 

centrifuged for 30 minutes at 12,000 x g and room temperature. Columns were discarded and 12 

flow through 3 kDa Amicon ultrafiltration units (Merck, #UCF5003) was applied to retain CysC 13 

fragments (~ 5-7 kDa) and to remove salts and buffer components. Samples were centrifuged 14 

again as described above. Cystatin C peptides were eluated from the filter by inverting the unit 15 

in fresh 1.5 ml Eppendorf tubes. Samples were centrifuged for 2 minutes at 1,000 × g and eluate 16 

volumes adjusted to the starting volume of 75 μl. The amount of recovered digestion product 17 

used for the GHOST Bob infection assay was based on the molecular weight of the full-length 18 

Cystatin C and assuming complete digestion of the protein. 19 

Coomassie staining. Digestion products were mixed with Protein Loading Buffer (LI-COR 20 

#928-40004) and TCEP (50 mM final concentration) and heated to 70°C for 10 min. Proteins 21 

were then separated on NuPAGE 4-12% BisTris gels, fixed with 50% methanol plus 7% acetic 22 

acid solution and stained with GelCode Blue (Thermo Fisher #24590) for 1 h at RT. After 23 

destaining with ultrapure water, the gel was imaged on the Gel Doc™ XR+ Gel Documentation 24 

System (BioRad). 25 

GPR15 expression constructs. For all PCRs, the Phire Hot Start II DNA Polymerase (Thermo 26 

Fisher Scientific, F122L) was used. GPR15 was PCR-amplified from the plasmid pCMV6-XL4 27 

human GPR15 (OriGene, CAT# SC116846, ACCN: NM-005290). Thereby the single restriction 28 

sites NheI and HindIII were added to the sequences by the primers used (Primer: NheI-GPR15-29 

for and GPR15-HindIII-rev). The amplified GPR15 was cloned in the empty pcDNA3.1 vector 30 

by using the introduced single restriction sites. Additionally, GPR15 constructs C- or N-terminal 31 

tagged with eGFP were cloned via overlap-extension PCR. For the N-terminal tagged 32 

pcDNA3.1-eGFP-GPR15 construct eGFP was fused to GPR15 by replacing the stop codon of 33 

eGFP and the start codon of GPR15 by the linker sequence CCCGGG (Primer: eGFP NheI-for, 34 
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GPR15-HindIII-rev, GFP-GPR15-SOE-rev and GFP-GPR15-SOE-for) and afterwards ligated in 1 

the pcDNA3.1 construct by using NheI and HindIII. The C-terminal tagged construct pcDNA3.1-2 

GPR15-eGFP was constructed in the same way by fusing eGFP to the C-terminal end of GPR15 3 

by replacing the stop codon of GPR15 and the start codon of eGFP with the linker sequence 4 

GGCGCCGGCGCC (Primer: NheI-GPR15-for, eGFP-HindIII-rev, GPR15-GFP-SOE-rev and 5 

GPR15-GFP-SOE-for). 6 

CCR5 genotyping. 1x 107 Δ32/Δ32 PBMCs were transferred into a 1.5 mL Eppendorf tube and 7 

spinned down. Supernatants were discarded and cells were washed three times in 1x PBS. The 8 

cell pellet was lysed in M-PER Mammalian Protein Extraction reagent (Thermo Fisher # 78501) 9 

in presence of 100 µg/mL Proteinase K for 1 h at 56°C, followed by an inactivation step at 95°C 10 

for 10 minutes. Polymerase chain reaction (PCR) was carried out using the Phusion High-Fidelity 11 

DNA Polymerase according to the manufacturers’ instructions using the primer pair p5CCR5fw 12 

5`-TGG-TGG-CTG-TGT-TTG-CGT-CTC-3` and p3CCR5rev 5`-AGC-GGC-AGG-ACC-13 

AGC-CCC-AAG-3`. A total of 35 thermal cycles per PCR were performed in a VeritiTM 96-14 

Well Thermal Cycler (Applied Biosystems) in a total volume of 50 μl. Then, 25 μl of product 15 

were separated on a 3 % agarose gel (w/v, Sigma Aldrich) in 1x TAE buffer (Carl Roth) next to 16 

a 1 kb Plus DNA ladder (Thermo Scientific). The samples were run for 25 min at 140 V, stained 17 

using ethidium bromide (AppliChem GmbH) and visualized in a Bio-Rad Gel Doc XR+ 18 

Confocal microscopy. 5,000 Hela cells were seeded in 300 µL DMEM supplemented with FCS 19 

(10%), L-glutamine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL) in µ-Slide 8-20 

well Ibidi microscopy chambers one day prior to the experiment. Cells were washed in PBS and 21 

medium was replaced with fresh medium once. Cells were then transfected with 0.25 µg GFP-22 

tagged GPR15 expression plasmids using the TransIT®-LT1 Transfection Reagent (Mirus) 23 

according to the manufacturer’s protocol. 4 hours post-transfection, the medium was changed 24 

and cells were cultured for 2 days at 37°C, 90% humidity and 5% CO2. At 2 days post-25 

transfection, cells were washed in PBS, fixed in 4% (v/v) PFA for 30 minutes at room 26 

temperature, permeabilized using Block and Perm Buffer (5% (v/v) FCS in PBS with 0.5% (v/v) 27 

Triton X100). Nuclei were stained using DAPI by incubating cells for 2 hours at 4°C. Cells were 28 

washed three times with PBS and once with HPLC water. Cells were covered with glycerol-29 

based mounting medium to prevent bleaching of the fluorophores during microscopy. Confocal 30 

microscopy was performed using a LSM710 (Carl Zeiss). To examine the interaction of CysC95-31 

146 with GPR15, Hela cells were transfected as described above. 2 days post-transfection, cells 32 

were treated with 5 µM Atto647-labeled CysC95-146 for 1 h at 4°C, then washed several times 33 

in ice-cold PBS, fixed in 4% (v/v) PFA for 30 minutes at 4°C. Nuclei were stained using 34 
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Hoechst33342 (Merck) according to the manufacturer’s instructions. Cells were washed with 1 

PBS, covered with glycerol-based mounting medium to prevent bleaching of the fluorophores 2 

during microscopy. Confocal microscopy was performed using an LSM710 (Carl Zeiss). Images 3 

were deconvoluted using Huygens Software (Scientific Volume Imaging) and processed in Fiji 4 

(Fiji is just ImageJ). 5 

Fluorescence-based calcium release assays. GPR15 signaling efficiency was determined as 6 

described previously (Suply et al., 2017). 7 

Antibody-mediated inhibition of GPR15-dependent virus infection. Antibodies targeting the 8 

N-terminus (ab8104) or the first extracellular loop (ab188938) were obtained from Abcam. An 9 

additional antibody against human GPR15 with unknown target site from R&D was also 10 

purchased (R&D #367902). GHOST-GPR15 cells were seeded 24h earlier at a density of 6,000 11 

cells/well in 96 well F-bottom plates. Cells were preincubated with increasing amounts of anti-12 

GPR15 antibodies for 2h at 37°C. Then, cells were infected with SIVmac239 F-Luc. At 3 dpi, 13 

infectivity was analyzed via firefly luciferase reporter assay. 14 

CXCR4 Antibody competition assay. Competition of compounds with antibody binding was 15 

performed on SupT1 cells. Cells were washed in PBS containing 1 % FCS and 50,000 cells were 16 

then seeded per well in a 96 V-well plate. Buffer was removed and plates were precooled at 4°C. 17 

Compounds were diluted in PBS and antibody (clone 12G5, APC labeled) was diluted in PBS 18 

containing 1 % FCS. The antibody was used at a concentration close to its determined equilibrium 19 

dissociation constant (Kd). Compounds were added to the cells and 15 µl antibody immediately 20 

afterwards. Plates were incubated at 4°C in the dark for 2 hrs. Next, cells were washed with PBS 21 

containing 1% FCS and fixed with 2% PFA. Antibody binding was analyzed by flow cytometry 22 

(CytoFLEX; Beckman Coulter®). 23 

Molecular Modeling. Based on the full CysC structure (Protein Data Bank identification code 24 

3GAX), taken from the Protein Data Bank (Bernstein et al., 1977), the initial atomic positions of 25 

the CysC95-146 model were obtained. Possible initial GPR15 atomic coordinates were created 26 

with Phyre2 (Kelley et al., 2015), while hydrogen termination was performed with Maestro 27 

(www.schrodinger.com/releases/release-2019-3) for pH 7. Initial equilibration (300K for 0.1 ns) 28 

was then performed by classical MD (molecular dynamics) simulations using the GROMACS 29 

MD engine and the non-reactive force field Amber99sb. Afterwards, ReaxFF (reactive molecular 30 

dynamic) simulations (van Duin et al., 2001) were performed with the Amsterdam Modeling 31 

Suite 2019 (ADF2019, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The 32 

Netherlands, http://www.scm.com) within NVT ensembles over 25 ps and coupling to a 33 

Berendsen heat bath (T=300 K with a coupling constant of 100 fs). Random interaction structures 34 
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between GPR15 and CysC95-146 were generated and preselected using the overall system 1 

energy as selection criterion. For the most stable systems, reactive MD simulations were 2 

performed to evaluate the interaction energy and morphology. Afterwards, amino acid-resolved 3 

interaction energies were obtained by individually removing amino acids from the frustrated 4 

interaction model, followed by evaluating the energy changes. For all visualizations the Visual 5 

Molecular Dynamics program (VMD) (Humphrey et al., 1996) was used. 6 

Statistical methods. The mean activities were compared using Student’s t-test. Similar results 7 

were obtained with the Mann Whitney test. The software package StatView version 4.0 (Abacus 8 

Concepts, Berkeley, CA, USA) was used for all calculations. 9 

 10 

QUANTIFICATION AND STATISTICAL ANALYSIS 11 

Statistical analyses were performed with GraphPad PRISM (GraphPad Software) and Microsoft 12 

Excel. P values were calculated using the two-tailed unpaired Student's-t-test or Mann Whitney 13 

test. Correlations were calculated with the linear regression module. Unless otherwise stated, all 14 

experiments were performed three times and data are shown as mean ± SEM. Significant 15 

differences are indicated as: *p < 0.05; **p < 0.01; ***p < 0.001. Statistical parameters are 16 

specified in the figure legends.  17 
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KEY RESOURCE TABLE 1 
 2 
REAGENT or RESOURCE  SOURCE  IDENTIFIER 

Antibodies 

Mouse anti‐human CXCR4 (BV421)  BioLegend  Cat# 306517 

Mouse IgG2a, κ Isotype Ctrl (BV421)  BioLegend  Cat# 400259 

Mouse anti‐human CD69 (APC)  BioLegend  Cat# 310909 

Mouse IgG1, κ Isotype Ctrl (APC)  BioLegend  Cat# 400120 

Mouse anti‐human CD25 (PE)  BioLegend  Cat# 302606 

Mouse IgG1, κ Isotype Ctrl (PE)  BioLegend  Cat# 400112 

Rat anti‐human CCR5 (FITC)  BioLegend  Cat# 313705 

Rat IgG2a, κ Isotype Ctrl (FITC)  BioLegend  Cat# 400506 

Mouse anti‐human GPR15 (APC)  BioLegend  Cat# 373006 

Mouse IgG2a, κ Isotype Ctrl (APC)  BioLegend  Cat# 400222 

Mouse anti‐human CXCR6 (BV421)  BioLegend  Cat# 356014 

Mouse anti‐human GPR15 (PE)  BioLegend  Cat# 373004 

Rabbit anti‐human GPR15 (ab8104)  Abcam  Cat# ab8104 

Rabbit anti‐human GPR15 (ab188938)  Abcam  Cat# ab188938 

Mouse anti‐human GPR15   R&D  Cat# 367902 

Mouse anti‐human GPR15 (PE)  R&D  Cat# FAB3654P 

Mouse anti‐HIV‐1 core antigen FITC (clone KC57)  Beckman Coulter  Cat# 6604665  

Bacterial and Virus Strains  

Escherichia coli XL‐2 blue™  Stratagene  Cat#200150 

XL2‐Blue MRF’ TM Ultracompetent cells  Agilent Technologies  Cat#200151 

Biological Samples 

Blood for isolation of human peripheral blood mononuclear 
cells (hPBMCs) 

DRK‐Blutspendedienst 
Baden‐Württemberg‐
Hessen, Ulm, Germany 

N/A 

Chemicals, Peptides, and Recombinant Proteins 

L‐Glutamine  Pan Biotech  Cat# P04‐80100 

Penicillin‐Streptomycin  Thermo Fisher  Cat# 15140122 

Gibco™ Geneticin™ Selective Antibiotic  Thermo Fisher  Cat# 10131035 

Hygromycin B   Merck 
Cat# 31282‐04‐9 
H0654 

Puromycin Dihydrochloride  Thermo Fisher  Cat# A1113803 

Dulbecco's Modified Eagle Medium (DMEM)  Thermo Fisher  Cat# 11965092 

RPMI 1640 Medium  Thermo Fisher  Cat# 11875093 

Trypsin from bovine pancreas, TPCK treated  Sigma‐Aldrich  Cat# T1426 
TransIT LT‐1  Mirus Bio  Cat# MIR2305 

Opti‐MEM™ I Reduced Serum Medium  Thermo Fisher   Cat# 31985047 

4x Protein Sample Loading Buffer  LI‐COR  Cat# 928‐40004 

BlueStar Plus Prestained Protein Marker  Nippon genetics  Cat# MWP04 

NuPAGE™ 4‐12% Bis‐Tris Protein Gels  Invitrogen 
Cat# NP0323BOX 
Cat# WG1403BOX 

Gel Code Blue  Thermo Fisher   Cat# 24590 

Cathepsin D, from human liver  Sigma‐Aldrich  Cat# 9025‐26‐7 

Cathepsin G, human native protein  Thermo Fisher  Cat# RP‐77525 

Cathepsin E  Biovision  7842 

α‐Chymotrypsin from human pancreas  Sigma‐Aldrich  Cat# 9004‐07‐3 
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Chymase  Sigma‐Aldrich  C8118  

Napsin A  R&D  8489‐NA‐050 

Pepsin  Sigma‐Aldrich  P6887 

Human Cystatin C (purified, isolated from urine)  Enzo Life Science  BML‐SE479‐0100 

C‐terminal Cystatin C fragments, human  Core Facility of 
Peptidomics, Ulm  

NA 

Cystatin C95‐146aa fragment, agm/rh macaque  Core Facility of 
Peptidomics, Ulm 

N/A 

GPR15 Ligand (GPR15L)  Novartis  N/A 

AMD3100; CXCR4 Antagonist I, CAS 155148‐31‐5 
(Calbiochem)  Merck  Cat# 239820 

Maraviroc  Merck  Cat# PZ0002 

Recombinant Human CXCL16 Protein  R&D  Cat# 976‐CX‐025 

Critical Commercial Assays 

Gal Screen   Applied Biosystems  Cat# T1027 

Luciferase Assay System   Promega  Cat# E1501 

Cell Titer Glo Luminescent Viability Assay  Promega  Cat# G7571 

FIX & PERM Kit  Nordic‐MUbio  Cat# GAS‐002‐1 

Phire Hot Start II DNA Polymerase  Thermo Fisher  Cat# F122L 

DNA Ligation Kit Ver. 2.1  TaKaRa  Cat# 6022 

Amicon Ultra‐0.5 Centrifugal Filter Unit (MWCO 3 kDa)  Merck  Cat# UFC5003 

Amicon Ultra‐0.5 Centrifugal Filter Unit (MWCO 10 kDa)  Merck  Cat# UFC5010 

Deposited Data 

N/A     

Experimental Models: Cell Lines 

Human: HEK293T cells  ATCC 
Cat# CRL‐3216 
RRID: CVCL_0063 

Human: TZM‐bl cells  NIH 
Cat# 8129 
RRID: CVCL_B478 

Human: GHOST GPR15 (Bob) cells  NIH  Cat# 3686 

Human: GHOST CCR5 cells  NIH  Cat# 3944 

Human: GHOST CXCR6 (Bonzo) cells  NIH  Cat# 3687 

Human: GHOST parental cells  NIH  Cat# 3679 

Human: CEM‐M7 cells  provided by N. Roan   NA 

Human: Hela cells   ATTC  ATCC® CCL‐2 

Experimental Models: Organisms/Strains 

N/A     

Oligonucleotides 

Primer: eGFP_NheI_for 
cactatagggagacccaagctggctagcatggcgagc 

This paper  N/A 

Primer: NheI_GPR15_for 
gacccaagctggctagcatggacccagaagaaacttcag 

This paper  N/A 

Primer: GPR15_HindIII_rev  
gccaggaggaggaagaggtctgtgtcactctaaccgcggggtaccgagctcggatcc
ac 

This paper  N/A 

Primer: eGFP_HindIII_rev 
gtggatccgagctcggtaccaagctttcagttgtac 

This paper  N/A 

Primer: GFP‐GPR15‐SOE‐rev 
ctgggtccccggggttgtacagttcatccatgccatg 

This paper  N/A 

Recombinant DNA 

pBR_SIVmac 239  O'Connor et al., 2004  N/A 

pBR322hl_SIVsmm L4.RM57.tf  Mason et al., 2016  N/A 
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pBR322MCS_SIVsmm L5.DE28.tf  Mason et al., 2016  N/A 

pBR322MCS_SIVsmm Outlier.DT17.tf  Mason et al., 2016  N/A 

pKP59 HIV‐2 ROD10   NIH  Cat# 12518 

pSP65 HIV‐2 A ST    NIH  Cat# 12444 

pBR HIV‐2 AB 7312A ("SNAG")  Gao et al., 1992; 1994  N/A 

pBR_HIV‐1_ZP6248 (TF)  Jiang et al., 2011  N/A 

pBR_SIVmac239_IRES‐F‐Luc      

pBR_SIVmac239_IRES‐eGFP     

pBR_HIV‐1 M NL4‐3 
National Institutes of 
Health (NIH) 

Cat# 114 

pBR_HIV‐1 M NL4‐3_92TH014‐12 (R5)  Papkalla et al., 2002  N/A 

pCMV6‐XL4_human_GPR15  OriGene  CAT# SC116846, 
ACCN: NM_005290 

pcDNA3.1_GPR15  This paper  N/A 

pcDNA3.1_eGFP_GPR15  This paper  N/A 

pcDNA3.1_GPR15_eGFP  This paper  N/A 

Software and Algorithms 

BD FACSDiva™ Version 8.0  BD Biosciences  RRID: SCR_001456 

Corel DRAW 2017  Corel Corporation 
https://www.coreldra
w.com/ 

GraphPad Prism Version 7.05  GraphPad Software, Inc. 
https://www.graphpa
d.com 
RRID: SCR_002798 

FlowJo_V10  FlowJo, LLC 

https://www.flow
jo.com 

RRID:SCR_008520 

ImageJ    Open source   
http://imagej.nih.gov
/ij/ 

ZEN 2009  Carl Zeiss 
http://www.zeiss.co
m 
RRID:SCR_013672 

Multiple sequence alignment  
F. CORPET, 1988, Nucl. 
Acids Res., 16 (22), 
10881‐10890 

http://multalin.toulo
use.inra.fr/multalin/
multalin.html 

DNA/amino acid program ExPASy‐tool 
SIB Swiss Institute of 
Bioinformatics; 
Artimo et al., 2012 

https://www.expasy.
org/ 
RRID: SCR_012880 

Schrödinger Release 2019‐3 

Schrödinger 
Release 2019‐3: 
Maestro, Schrödinger, 
LLC, New York, NY, 2019. 

https://www.schrodi
nger.com/citations 

GROMACS 5.1.4   
http://www.gromacs.
org 

ADF2019 SCM  http://www.scm.com 

VMD 1.9.3   
http://www.ks.uiuc.e
du/Research/vmd/ 

Other 

  1 
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Designa�on Sequence IC50 (μM)

CysC 89-146 FL DVELGRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 1.20

CysC 90-146 L DVELGRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 2.81

CysC 91-146 DVELGRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 1.1

CysC 93-146 ELGRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 1.45

CysC 95-146 GRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 1.13

CysC 95-143 GRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STC 2.20

CysC 95-140 GRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK 4.15

CysC 95-137 GRTTCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMT 2.59

CysC 98-146 TCT KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 0.76

CysC 101-146 KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 0.77

CysC 104-146 PNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 5.89

CysC 107-146 DNCP FHDQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA 0.38

CysC 101-137 KTQPNLDNCP FHDQPHLKRK AFCSFQIYAV PWQGTMT >50

CysC 107-137 DNCP FHDQPHLKRK AFCSFQIYAV PWQGTMT >50

CysC 107-134 DNCP FHDQPHLKRK AFCSFQIYAV PWQG >50

CysC 107-131 DNCP FHDQPHLKRK AFCSFQIYAV P >50

CysC 113-146 DQPHLKRK AFCSFQIYAV PWQGTMTLSK STCQDA >50

CysC 121-146 AFCSFQIYAV PWQGTMTLSK STCQDA >50
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2 
 

 

Figure S1 (related to Figure 2). Examples of primary FACS data for infection of GHOST 

cells in the presence of CysC95-146. GHOST-GPR15 or parental cells were infected with the 

indicated virus in the presence or absence of CysC95-146. Three days post-infection, infection 

rates were determined by flow cytometry. Exemplary primary data show the frequency of 

detected GFP-positive (infected) cells of the respective population. 
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3 
 

 

Figure S2 (related to Figure 3). Expression of eGFP-tagged GPR15. (A, B) Hela cells were 
transfected with the indicated amount of plasmid DNA of constructs expressing (A) N-terminally 
or (B) C-terminally eGFP-tagged GPR15. 2 days post-transfection, nuclei were stained using 
DAPI and analysed by confocal microscopy using an LSM710 (Carl Zeiss). Scale bar indicates 
20 µm in the left panel and 5 µm in the insert panel. 
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Figure S3 (related to Figure 5). Detection of CysC95-146 in the HF peptide library. (A) In 

“X” color: total ion chromatogram (TIC) of the starting HF sample (HF020802 P4 Fr19-20) 

visualized by XCalibur2.2 from the raw data obtained in the nanoLC-ESI-iTrap-Orbitrap system, 

and in “Y” color: ion chromatogram obtained after filtering TIC (m/z range 1025.3112±20 ppm; 

z=6) aiming to illustrate the CysC-F52 position in the starting HF chromatogram. (B) Mass 

spectrum of the components present within the time range where CysC95-146 is located (signal 

highlighted). (C) Calibration curve (peak area vs CysC95-146 amount) obtained by the analysis 

of CysC95-146 standards and the starting material HF 020802 P4Fr19-20, for the quantitation of 

CysC95-146 in hemofiltrate. 
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Figure S4 (related to Figure 6). Effect of GPR15L and CysC95-146 on GPR15 expression. 

(A) Changes in GPR15 surface expression on GHOST-GPR15 and CEM-M7 cells in the 

presence of GPR15L (Novartis) or CysC95-146. GHOST-GPR15 or CEM-M7 cells were 

incubated with different concentrations of GPR15L or CysC95-146 for 30 min at either 37°C or 

4°C (to prevent receptor internalization) prior to staining with anti-GPR15 or isotype control 

antibody. GPR15 expression was analyzed by flow cytometry. Shown are the histograms for 

GPR15 (dark gray) and the respective isotype control (light gray). Numbers indicate the MFIs. 

(B) Predicted interaction energies of specific amino acid residues in GPR15 with CysC95-146. 
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Figure S5 (related to Figure 7). Effect of CysC95-146 and GPR15L on virus infection and 

receptor expression in PBMC cultures. (A) CysC95-146 inhibits GPR15-mediated 

SIVmac239 infection in human PBMCs. Peripheral blood mononuclear cells (PBMCs) were 

isolated from buffy coats of three healthy donors, stimulated with PHA and IL-2. Cells were 

incubated with the indicated amounts of CysC95-146 or a combination of CysC95-146, 

AMD3100 and Maraviroc for 2h before infection with the indicated viruses. 3 dpi, PBMCs were 

stained for p24 and analyzed by flow cytometry. Shown are exemplary FACS data for one donor. 

Indicated with numbers are the frequency of infected cells. (B) Upregulation of CCR5, GPR15 

and CXCR6 in human PBMCs upon stimulation with IL-2/PHA. PBMCs from three donors were 

isolated from buffy coats as described previously. Cells were then either analyzed for CCR5, 

GPR15 and CXCR6 expression immediately after the isolation or after a 3 days stimulation with 

IL-2/PHA. Shown are the mean values of n=3 donors. (C) Changes in the expression levels of 

different chemokine receptors and/or activation markers in the presence of GPR15L or CysC95-

146. Data show normalized expression levels detected in stimulated PBMCs relative to the 

absence of peptide treatment (100%) of n = 3 donors +/- SEM, *** p < 0.001, ** p < 0.01, * p < 

0.05 (Multiple t-test, unpaired, corrected for multiple comparisons using the Holm-Sidak 

method). (D) Exemplary FACS data of one donor showing the changes in surface expression of 

GPR15, CCR5, CXCR6, CD25, CD69 and CXCR4 in the presence of CysC95-146 or GPR15L 

as described in (C). (E) Competition of GPR15L with binding of Ab 12G5 targeting the 2nd 

extracellular loop of CXCR4. (F) Effect of CysC95-146 and GPR15L (left) or AMD3100 (right) 

on CXCR4-tropic HIV-1 NL4-3 infection of GHOST-CXCR4 cells. Results were derived from 

three experiments and show mean values (±SEM) compared to the infection rates measured in 

the absence of inhibitor (100%). 
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