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Abbreviations 

+ Positive 
°C Degree Celsius 
µ Micro (10-6) 
3’ 3 prime 
5’ 5 prime 
Ab Antibody 
AIDS Acquired Immunodeficiency Syndrome 
APC Allophycocyanin 
ATCC American Type Culture Collection 
APJ Apelin receptor, a GPCR 
Bob Brother of Bonzo, alternative name for GPR15 
BFP Blue fluorescent protein 
Bonzo Alternative name for CXCR6 
bp Base pairs 
CaCl2 Calcium chloride 
cAMP Cyclic adenosine monophosphate 
CCL C-C chemokine ligand 
CCR C-C chemokine receptor  
CD Cluster of differentiation 
cDNA Complementary DNA 
CHO Chinese hamster ovary; epithelial cell line derived from the ovary of the 

Chinese hamster (Cricetulus griseus) 
CO2 Carbon dioxide 
Ct Cycle threshold 
CT C terminus 
Ctrl Control 
CXCR C-X-C chemokine receptor 
CysC Cystatin C 
d Day 
Da Dalton 
DAPI 4’,6-diamine-2-phenylindol 
ddH2O Double distilled water 
DMEM Dulbecco’s Modified Eagle Medium 
DMSO Dimethylsulfoxid 
DNA Deoxyribonucleic acid 
DNA-PK DNA-dependent protein kinase 
DNase Deoxyribonuclease 
dNTP Deoxynucleotide triphosphate 
DPBS Dulbecco’s phosphate buffered saline 
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dsDNA Double-stranded DNA 
EBV Epstein-Barr virus 
E. coli Escherichia coli 
ECL Extracellular loop 
EDTA Ethylenediaminetetraacetate 
e.g. exempli gratia, for example 
eGFP Enhanced green fluorescent protein 
ELISA Enzyme-linked immunosorbent assay 
ER Endoplasmic reticulum 
EtOH Ethanol 
FACS Fluorescence activated cell sorting 
FCS Fetal calf serum 
FDA Food and Drug Administration 
FFAR Free fatty acid receptor 
FITC Fluorescein isothiocyanate 
fw Forward 
g Gram(s) 
g Gravitational force 
Gal galactosidase 
Gag Group-specific antigen 
GFR Glomerular filtration rate 
GHOST Cell lines derived from human osteosarcoma cells (HOS) stably expressing 

CD4 and another chemokine receptor 
gp120 Envelope glycoprotein of HIV-1 (120 kDa) 
GPCR G-protein coupled receptor 
GRAVY Grand average of hydropathy/ hydrophobicity; a measure of the 

hydrophobicity or hydrophilicity of a protein 
h Hours 
h.p.i. Hours post infection 
h.p.t. Hours post transfection 
HBS HEPES buffered saline 
HBV Hepatitis B virus 
HCMV Human Cytomegalovirus 
HEK293T Human embryonic kidney 293 large T antigen cells 
HeLa Henrietta Lacks, immortal cell line derived from cervical cancer cells taken 

on February 8th 1951 from Henrietta Lacks 
HEPES 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid 
HIV Human Immunodeficiency Virus 
HPLC High performance liquid chromatography 
HPV Human papillomavirus 
IAV Influenza A virus 
IC50 50% inhibitory concentration 
i.e. id est, in other words 
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IFN Interferon 
IL Interleukin 
IMC Infectious molecular clone 
IRES Internal ribosome entry site 
k Kilo (103) 
Kd Dissociation constant 
kDa Kilo Daltons 
KSHV Kaposi’s sarcoma-associated herpesvirus 
l Liter 
LTR Long Terminal Repeat 
M Molarity (g/mol) 
m Milli (10-3) 
m Meter 
mAb Monoclonal antibody 
mac Macaque (Macaca mulatta) 
MgCl2 Magnesium chloride 
MgSO4 Magnesium sulphate 
MFI Mean fluorescence intensity 
MHC Major histocompatibility complex 
min Minute(s) 
MS Mass spectrometry 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
n Nano (10-9) 
NaCl Sodium chloride 
NCBI National Center for Biotechnology Information 
nm Nanometer 
ns Not significant 
Nt Nucleotide(s) 
O/N Overnight 
Opti-MEM Improved Minimal Essential Medium 
ORF Open reading frame 
p p-value 
p24 HIV capsid protein (24 kDa) 
PBS Phosphate buffered saline 
PBMC Peripheral blood mononuclear cell 
PCR Polymerase chain reaction 
PE Phycoerythrin 
PEI Polyethyleneimine  
PFA Paraformaldehyde 
pH potential hydrogenii 
PIB Phosphatase inhibitor buffer 
PLC Phospholipase C 
PLL Poly-L-Lysine 



Abbreviations  6 

Pol II RNA polymerase type II 
PVDF Polyvinylidene difluoride 
qRT-PCR Real-time reverse transcription-PCR 
R5 CCR5-tropic 
RANTES Regulated on activation, normal T cell expressed and secreted 
RDC1 Alternative name for CXCR7 
rev Reverse 
rh Rhesus 
RLU/s Relative light unit per second 
RNA Ribonucleic acid 
RNase Ribonuclease 
RPMI Roswell Park Memorial Institute 
rpm revolutions per minute 
RT Room temperature 
s (or sec) Second(s) 
SAR Structure activity relationship 
S.O.C. Super Optimal broth with Catabolite repression 
SD Standard deviation 
SDS Sodium dodecyl sulfate 
SEM Standard error of the mean 
SIV Simian immunodeficiency virus 
smm sooty mangabey (Cercocebus atys) 
ssDNA Single-stranded DNA 
ssRNA (+) Single-stranded RNA with positive orientation 
STRL33 Seven transmembrane receptor-like from clone 33, alternative name for 

CXCR6 
SV40 Simian virus 40 
TAR Transactivation response region 
Tat Transactivator of transcription 
TBP TATA-binding protein 
T/F Transmitted founder 
TF Transcription factor 
TGF Transforming growth factor  
Th T helper 
Treg Regulatory T cell 
TM transmembrane 
TZM-bl Tranzyme Inc., β-galactosidase and luciferase; HeLa-derived HIV-1 

indicator cells engineered to overexpress the CD4, CCR5, and CXCR4 
U3 Unique 3’ region 
U5 Unique 5’ region 
UNAIDS Joint United Nations Programme on HIV/AIDS 
UPEP Ulm – Center for Peptide Pharmaceuticals 
UV Ultraviolet 



Abbreviations  7 

V Volt 
v/v volume per volume 
WHO World Health Organization 
WT (or wt) Wild type 
w/v weight per volume 
X4 CXCR4-tropic 
Δ Deletion 
β-Gal β-Galactosidase 

 

 

Bases 

A Adenine 
C Cytosine 
G Guanine 
T Thymine 
U Uracil 

 

Amino acids 

 

A Alanine (Ala) I Isoleucine (Ile) R Argnine (Arg) 

C Cysteine (Cys) K Lysine (Lys) S Serine (Ser) 

D Aspartic acid (Asp) L Leucine (Leu) T Threonine (Thr) 

E Glutamic acid (Glu) M Methionine (Met) V Valine (Val) 

F Phenylalanine (Phe) N Asparagine (Asn) W Tryptophan (Trp) 

G Glycine (Gly) P Proline (Pro) Y Tyrosine (Tyr) 

H Histidine (His) Q Glutamine (Gln)   
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1 Introduction 

1.1 Evolution and tropism of simian and human immunodeficiency 

viruses 
 

The acquired immunodeficiency syndrome (AIDS) is a global health burden causing 0.5 to 

one million deaths each year (UNAIDS 2020 fact sheet). The causative agent of AIDS is the 

human immunodeficiency virus (HIV) (Barré-Sinoussi et al., 1983; Gallo et al., 1983). HIV 

infections are characterized by a progressive loss of CD4+ T cells, the primary viral target 

cells (Gottlieb et al., 1982; Masur et al., 1982). Eventually, this leads to a general weakening 

of the immune system which renders the host highly susceptible to life-threatening 

opportunistic infections (Gottlieb et al., 1982; Masur et al., 1982). No effective vaccine or 

cure for HIV exists, however the progression to AIDS can be prevented by combined 

antiretroviral therapy (cART) which blocks HIV-1 replication in infected individuals 

(Venkatachari et al., 2015). Yet, it fails to cure HIV infections and continuous treatment is 

required for life. One reason for this is the lifelong persistence of the virus in resting CD4 + 

T cells even under cART (Chun et al., 1997; Venkatachari et al., 2015). HIV-1 establishes a 

state of latent infection in a small percentage of cells (Choudhary & Margolis, 2011). These 

cells carry stably integrated and transcriptionally silent but still replication-competent 

proviruses and are in a reversibly non-productive state of infection. While they are mostly 

in a quiescent or resting state and only maintain a low level of viral replication, these cells 

can give rise to infectious virions after treatment is interrupted (Chun et al., 1997; Davey et 

al., 1999; Van Lint et al., 2013). In 2019, approximately 38 million individuals were living 

with HIV worldwide and the numbers are increasing as there are about 2 million new 

infections every year (UNAIDS 2020 fact sheet). Until the end of 2019, more than 32 million 

people have died from AIDS-related illnesses, however the mortality rates decline due to 

cART (UNAIDS 2020 fact sheet). In 1986, Clavel et al. discovered another biologically 

closely related human retrovirus in West African patients suffering from AIDS (Clavel, 

Guétard et al., 1986). These viruses were termed HIV-2. The vast majority of all HIV 

infections worldwide is caused by HIV 1 while HIV-2 has infected about 1 to 2 million 

people mainly in West Africa (Campbell-Yesufu & Gandhi, 2011; Lemey et al., 2003). 

Additionally, individuals infected with HIV-2 usually display a slower disease progression, 

higher CD4+ T cell counts and lower viral RNA levels than HIV-1 infected individuals 

(Campbell-Yesufu & Gandhi, 2011). Phylogenetic analyses revealed that HIV has emerged 

as a result of at least 13 independent zoonotic transmission events of related simian 

immunodeficiency viruses (SIVs) that infect non-human primates (Gao et al., 1999) (Figure 
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1). This gave rise to the four groups of HIV-1 named M, N, O and P. HIV-1 group M is 

responsible for the global pandemic and originated from SIVcpz infecting Central 

chimpanzees (Pan troglodytes troglodytes) (Gao et al., 1999; Keele et al., 2006; Simon et 

al., 1998). The ancestors of HIV-1 group N are SIVs infecting chimpanzees and the HIV-1 

groups O and P emerged from SIVs found in gorillas (Gorilla gorilla). Notably, SIVgor are 

the result of as a cross-species transmission of lentiviruses present in chimpanzees to gorillas 

(Plantier et al., 2009; Takehisa et al., 2009; Van Heuverswyn et al., 2006). The nine groups 

(A-H) of HIV-2 are the result of independent zoonotic transmissions of SIVsmm naturally 

infecting sooty mangabey monkeys (Cercocebus atys) (Ayouba et al., 2013; Gao et al., 

1992). Only HIV-2 groups A and B spread epidemically in West Africa (Smith et al., 2008). 

For the other groups, only individual cases are reported. SIVsmm was also accidentally 

transmitted to rhesus macaques in captivity (Figure 1), giving rise to SIVmac (Apetrei et al., 

2005; Apetrei et al., 2006). Upon SIVmac infection, these monkeys develop AIDS like 

symptoms and rapidly progress to immunodeficiency (Daniel et al., 1985).  

In contrast, sooty mangabeys and other monkeys that are naturally infected with SIVs do not 

develop disease despite persistently high levels of viral replication (Klatt et al., 2012). While 

HIV has entered the human population only about a century ago, SIVs are present in non-

human primate populations for many thousand if not millions of years (Sharp & Hahn, 2011). 

Recent studies of SIV-infected monkeys revealed that geographically isolated subspecies 

have in fact been infected with the same type of SIV for at least 30,000 years and probably 

much longer (Worobey et al., 2010). The major difference that distinguishes pathogenic 

HIV-1 infections from non-pathogenic SIV infections are the high level of chronic immune 

activation and the accelerated depletion of CD4+ T cells (Pandrea et al., 2008; Silvestri et 

al., 2007). Notably, another major difference between HIVs and SIVs is their ability to utilize 

different entry coreceptors.  
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1.2 HIV and SIV co-receptor usage 

The HIV and SIV replication cycle depend on the interaction of viral proteins with numerous 

host cell factors. To infect a cell, the trimeric viral glycoprotein gp120 of both HIVs and 

SIVs binds to the cellular CD4 receptor (Freed & Martin, 2001). This process induces 

conformational changes in gp120 which enable the protein to interact with a coreceptor, in 

case of HIVs usually the CC-chemokine receptor 5 (CCR5) or CXC-chemokine receptor 4 

(CXCR4) (Freed & Martin, 2001). That allows the hydrophobic fusion peptide present at the 

amino terminus of the viral transmembrane glycoprotein gp41 to insert into the membrane 

of the host cell (Chen et al., 2005; Kwong et al., 1998). A six-helix bundle is formed between 

the two helical regions of this trimeric gp41 complex and mediates the fusion of viral and 

cellular membranes ultimately leading to the entry of the virus into the cell (Kirchhoff, 

2009). While the basic mechanism is similar, HIVs and SIVs differ in their usage of entry 

co-receptors: HIV-1 almost exclusively uses CCR5 to mediate the initial infection (Xiao et 

al., 1998) and may switch to CXCR4 during or after AIDS progression (Connor et al., 1997; 

Xiao et al., 1998). In comparison, HIV-2 has a much broader coreceptor tropism than HIV-

1 and frequently uses CXCR6 and GPR15 in addition to CCR5 and CXCR4 for entry (Blaak 

 
 

Figure 1: The origins of HIV and SIV. Schematic illustration of the cross-species transmissions of SIVs 
giving rise to the four groups (M, N, O and P) of HIV-1 and at least nine groups (A to I) of HIV-2. Image 
from (Heusinger, 2019). 
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et al., 2005). GPCRs used less frequently by HIV-2s include CCR1, CCR2b and CCR3 

(Gilbert et al., 2003; Mörner et al., 1999; Popper et al., 1999; Reeves et al., 1999). Like HIV-

1, the vast majority of SIV strains use CCR5 as a primary entry cofactor (Sina et al., 2010). 

However, CXCR4 usage by SIVs is rarely observed in both nonpathogenic and pathogenic 

infection models (Sina et al., 2010). Similar to HIV-2, SIVs display a broader coreceptor 

usage profile compared to HIV-1 (Doms, 2001; Marx & Chen, 1998; Sina et al., 2010; Zhang 

et al., 2000). They frequently use GPR15/Bob and CXCR6/STRL33/Bonzo in addition to 

CCR5 for entry and, albeit less frequently, additional GPCRs like CCR3, CCR4, CCR8, 

GPR1, RDC1, APJ or the formyl peptide receptor FPRL1 (Kiene et al., 2012; Sina et al., 

2010; Unutmaz et al., 1998; Zhang et al., 2000).   

1.3 G protein-coupled receptors 

Signal transduction governs many biological processes necessary to maintain cellular 

homeostasis, to coordinate immune responses and to adjust the cellular metabolism 

(Venkatakrishnan et al., 2013). G protein-coupled receptors (GPCRs) are transmembrane 

proteins that play a central role in mediating signal transduction by serving as the 

communication interface between the external and internal environments of the cell 

(Gershengorn & Osman, 2001; Heng et al., 2013; Venkatakrishnan et al., 2013). GPCRs are 

the largest and most diverse group of mammalian transmembrane proteins comprised of 

more than 800 members in humans (Tang et al., 2012; Venkatakrishnan et al., 2013). In 

vertebrates, GPCRs are further divided into five main families based on structural similarity 

and sequence: Rhodopsin (family A, 701 members), Secretin (family B, 15 members), 

Glutamate (family C, 15 members), Adhesion (24 members) and Frizzled/Taste2 (24 

members) (Fredriksson et al., 2003; Rosenbaum et al., 2009). Among these, the GPCRs of 

the Rhodopsin family are the most studied ones; they also comprise the largest group of the 

GPCR superfamily (Fredriksson et al., 2003). The most notable and characteristic feature of 

GPCRs is that they share a common structural design: an extracellular amino-terminal 

segment, an intracellular carboxy-terminal segment and the 7 transmembrane domains (7 

TM). These seven, membrane-spanning α-helical domains are separated from one another 

by intracellular and extracellular loop regions in an alternating manner (Rosenbaum et al., 

2009). Each of these domains consist of appproximately 25–35 amino acid residues that 

express moderately high levels of hydrophobicity (Schiöth & Fredriksson, 2005). GPCRs 

exhibit the greatest homology within those TM segments while the carboxy terminus, the 

amino terminus and the intracellular loop spanning TM5 and TM6 are the most variable 

structures (Kobilka, 2007). Especially the N-terminus shows a high diversity between 
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different GPCRs. It usually consists of about 10-15 aa residues in case of monoamine and 

peptide receptors and between 350-600 aa residues in case of glycoprotein hormone 

receptors or the glutamate family receptors. The largest amino termini are found in receptors 

of the adhesion family (Kobilka, 2007).  

It is thought that GPCRs cycle through an active and inactive state and that the receptor is 

usually recycled back to an inactive state (Pavlos & Friedman, 2017). GPCRs are only 

loosely associated with small GTPases called G proteins in their GDP bound state. G proteins 

are specialized, heterotrimeric structures that consist of three different subunits (α, β and γ) 

(Oldham & Hamm, 2008). Both the α- and γ-subunit are attached to the plasma membrane 

by lipid anchors. In an inactive state, the α-subunit binds GDP and the entire G protein/GDP 

complex is located close to the nearby GPCR (Li et al., 2002). Upon activation, the GPCR 

acts as a guanine nucleotide exchanger and facilitates the exchange of GDP with a guanosine 

triphosphate (GTP) triggering the activation of effector proteins and further downstream 

signalling cascades (Hamm, 1998; Pavlos & Friedman, 2017; Tuteja, 2009). 

Many GPCRs undergo a ligand-induced form of endocytosis which leads to a decrease in 

the total number of receptors present on the cell surface following a repeated or prolonged 

exposure to an agonistic ligand (Tsao et al., 2001). Agonist-induced removal of a GPCRs is 

a phenomenon suggested to be crucial for receptor desensitization (Fukunaga et al., 2006) 

but it is also an efficient way to prevent the GPCR from being hijacked by pathogens. For 

example, the chemokine ligands of CCR5 and CXCR4 downregulate their respective target 

GPCR which might contribute to the inhibition of CCR5 or CXCR4 dependent HIV-1 

infection (Lobritz et al., 2013; Steen et al., 2010). 

1.3.1 GPCRs as entry coreceptor in viral infections 

G protein-coupled receptors frequently serve as entry cofactors for viruses to mediate the 

infection of host cells (Overbaugh et al., 2001). For instance, influenza A viruses (IAV) can 

utilize a GPCR called free fatty acid receptor 2 (FFAR) to promote internalization during 

entry (Wang et al., 2019). Additionally, the infection by filoviruses such as Ebola virus 

(EBOV) and Marburg virus (MARV) can be efficiently blocked by various GPCR antagonist 

targeting for example histamine, 5-HT (serotonin) receptors, adrenergic receptors and 

muscarinic acetylcholine receptors, suggesting that GPCRs also play an important role as 

entry factors for filoviruses (Cheng et al., 2015). Human herpesviruses (HHV) like EBV 

have even copied and modified host GPCR genes to encode for their own viral GPCRs 

(vGPCRs) (Slinger et al., 2011). These vGPCRs are expressed on infected host cells (de 
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Munnik et al., 2015). For example, EBV expresses a vGPCR called BILF1 that 

downregulates the surface expression of MHC class I proteins, thus helping the virus to 

escape immune recognition (Griffin et al., 2013). The probably best characterized viruses 

using GPCRs as entry coreceptors are HIV and SIV respectively. The entry process is 

illustrated in Figure 2 and discussed in more detail in 1.2. 

 

1.3.2 Orphan GPCRs 

The family of G protein-coupled receptors consists of at least 800 members fulfilling various 

physiological and pathological functions (Tang et al., 2012). However, for ~ 120-140 of 

these GPCRs the endogenous ligands and/ or the activation mechanisms are unknown; these 

receptors are therefore termed “orphan” receptors (Hauser et al., 2020; Laschet et al., 2018). 

Thus, de-orphanisation describes the process of pairing an orphan GPCR with its 

endogenous ligand(s). High‐throughput techniques, e.g. in reverse pharmacology 

approaches or sequencing of the human genome have led to ~ 10 de‐orphanisations each 

year during the last decades (Civelli et al., 2013). However, this process has slowed down 

considerably in the last few years (Laschet et al., 2018) raising the question if novel high-

throughput screening approaches are needed. GPCR signalling is important for a wide range 

of pathobiological processes from cardiac malfunction, asthma, allergic responses, 

regulation of kidney function to hormonal disorders, bone formation, inflammatory diseases 

and neurological dysfunctions as well as cancer (Luo et al., 2009; Tang et al., 2012; 

Venkatakrishnan et al., 2013). The tremendous potential of GPCRs in drug development and 

biomedical research is reflected by the fact that about 30 – 40% of all approved drugs on the 

market target members of this family (Garland, 2013; Sriram & Insel, 2018). Additionally, 

one third of all FDA‐approved drugs is known to display their effects by targeting GPCRs 

 
 

Figure 2: HIV/SIV entry and coreceptor interaction. The binding of CD4 to the viral glycoprotein gp120 
leads to the exposure of a conserved coreceptor (CoR) binding site in gp120, presumably through a 
movement of the V3 and V1/2 loop regions. The binding to the coreceptor then causes the fusion peptide 
to be exposed and it inserts into the membrane of the target cell. Formation of a helical hairpin structure 
and membrane fusion occurs.  
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(Hauser et al., 2017) This makes GPCRs one of the most successful pharmaceutical targets 

thus far (Ngo et al., 2016). However, many GPCRs remain pharmacologically inaccessible 

since both their endogenous and exogenous ligands have not been discovered yet (Ngo et 

al., 2016). Thus, the discovery of novel ligands of (orphan) GPCRs is highly important to 

elucidate their physiological and potential pathophysiological relevance. 

1.3.3 GPR15 and GPR15L 

G protein-coupled receptor 15 (GPR15) is a GPCR with a molecular weight of ~ 40.8 kDa 

expressed by lymphocytes, epithelial cells, endothelial cells and synovial macrophages 

(Cartwright et al., 2014; Clayton et al., 2001; Pan et al., 2017). It was an orphan GPCR until 

recently  and belongs to the family A GPCRs (Suply et al., 2017). The receptor was first 

described in 1996 by Heiber and colleagues in a study that aimed to discover novel opioid 

and peptide receptors based on their similarity with other GPCR family members (Heiber et 

al., 1996). In 1997, it was independently identified again as a receptor that is expressed in 

the colon where it acts as an entry cofactor for HIV-2 and SIVs (Deng et al., 1997). GPR15 

was reported to be involved in the homing and trafficking of regulatory T cells to the lamina 

propria in the large intestine of mice (Kim et al., 2013). Conversely, in humans, this receptor 

was shown to be preferentially expressed on effector/memory T cell rather than regulatory 

T cells (Nguyen et al., 2015) and mediates the homing of effector T cells to the inflamed 

mucosa of the gut (Fischer et al., 2016; Nguyen et al., 2015).  

During this thesis, GPR15 was de-orphanized when an endogenous ligand, GPR15L, was 

discovered (Suply et al., 2017). GPR15L was previously known as C10orf99 (Pan et al., 

2014; Yang et al., 2015). It is a polypeptide that consists of 57 amino acid and is 

predominantly expressed in the colon, stomach, tonsils, skin and the cervix in humans (Suply 

et al., 2017). The ligand displays chemokine-like properties and affects several downstream 

pathways after binding to GPR15: for example, it induces Gαi-dependent inhibition of cAMP 

production, it induces Ca2+ signaling and the recruitment of β-arrestin and it promotes the 

migration of GPR15-expressing cells in vitro (Ocón et al., 2017; Suply et al., 2017). GPR15L 

exhibits a broad range of activities including antimicrobial activity, cutaneous wound 

healing and the ability to inhibit colon cancer cell growth by binding to the Sushi containing 

Domain-2 receptor (SUSD2) (Li et al., 2015; Pan et al., 2014; Yang et al., 2015). These 

findings suggest that GPR15 might have an impact on cancer development and progression 

especially in colonic tissue. Human colorectal cancer (CRC) is a highly frequent malignancy 

and a major cause of cancer-related deaths world-wide (Adamczyk et al., 2021; McArdle & 

Hole, 2002). Indeed, the frequency of GPR15+ regulatory T cells is elevated in the blood of 
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CRC patients as well as in CRC tissues compared to healthy individuals (Adamczyk et al., 

2021). Conversely, a GPR15 deficiency repressed the infiltration of CRC tissues by Treg 

which in turn promoted a more efficient activation of CD8+ T cells and a reduced 

tumorigenesis (Adamczyk et al., 2021). Thus, GPR15 is a promising target for altering T cell 

migration and the identification of novel GPR15 ligands is of high scientific interest.  

 

1.4 The human peptidome as a source to identify novel GPCR ligands 

Since GPR15 and other GPCRs are linked to various diseases (see 1.3 and 1.3.3), the 

identification of novel, functional ligands against GPCRs is vital for drug discovery. A major 

focus is the peptidgeric system, the most abundant ligand-receptor-mediated signaling 

network in humans (Foster et al., 2019). Peptides have experienced a growing interest over 

the past decades as their pharmaceutical applications can address unmet medical needs and 

provide a complement or alternative to small molecules and other therapeutics (Henninot et 

al., 2018). Peptides are appreciated for their high selectivity, their efficacy and are, at the 

same time, relatively well tolerated and safe (Fosgerau & Hoffmann, 2015). Many 

endogenous peptides act as signaling molecules that bind to specific cell surface receptors 

such as GPCRs or ion channels where they induce intracellular effects (Fosgerau & 

Hoffmann, 2015). Notably, the dysregulation of peptide-activated pathways is associated 

with a wide range of pathologies, thus encouraging the search for novel peptides to boost the 

development of peptide drugs (Davenport et al., 2020).  

More than 85 endogenous peptide-derived drugs have been discovered and nearly 50 peptide 

drugs targeting GPCRs have been approved so far; mostly for metabolic diseases and 

oncology (Davenport et al., 2020; Wishart et al., 2018). The human peptidome comprises 

millions of peptides with the largest fraction of it being peptide fragments generated by the 

proteolysis of larger precursor proteins (Münch et al., 2014). However, it is functionally 

hardly explored as the extraction of bioactive peptides from this complex source is 

challenging (Münch et al., 2014). A promising concept is the systematic purification of 

peptides from tissues and body fluids followed by a combination of ultrafiltration, cation-

exchange separation and reverse-phase chromatography to separate and concentrate them 

into about 300–500 fractions (Schulz-Knappe et al., 1997) and finally analyze these complex 

peptide banks by biological testing (Bosso et al., 2018; Münch et al., 2014).   
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1.4.1 Peptide libraries from hemofiltrate to identify novel GPCR ligands 
 

Hemofiltrate is a side product of dialysis from patients suffering from end stage renal 

diseases (Schepky et al., 1994). Compared to blood plasma, it mainly contains molecules 

with a molecular weight ≤ 45 kDa making it a rich source of circulating bioactive peptides 

(Schepky et al., 1994). We have previously exploited HIV-1 to examine such libraries for 

novel endogenous ligands of CCR5 and CXCR4 taking into account that the endogenous 

chemokine ligands of these receptors, CCL5 (also known as RANTES) and CXCL12 (also 

known as SDF-1) respectively, also inhibit CCR5 or CXCR4 mediated HIV-1 infection 

(Bosso et al., 2018; Münch et al., 2014). In these studies, we found a truncated form of the 

Chemokine C-C ligand 14 (CCL14) as a novel CCR5 agonist and potent inhibitor of R5-

tropic HIV-1 strains and a small fragment of human serum albumin (EPI-X4) as a specific 

CXCR4 antagonist and inhibitor of X4-tropic HIV-1 strains (Detheux et al., 2000; Münch et 

al., 2002; Zirafi et al., 2015). Thus, infection with HIV-1 was a highly effective tool for the 

identification of novel GPCR ligands and provided a basis for this study.  

I expanded this successful approach by utilizing SIVs which are more promiscuous in their 

co-receptor usage to screen a peptide library derived from human hemofiltrate for novel 

ligands of GPR15 and inhibitors of GPR15-dependent virus infection. 
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2 Scientific aims 

G protein-coupled receptors (GPCRs) are the largest family of membrane proteins in the 

human body and play a central role in mediating the transduction of signals from the 

extracellular environment into the cell (Gershengorn & Osman, 2001; Heng et al., 2013; 

Venkatakrishnan et al., 2013). They are involved in regulating immune responses, 

homeostasis, metabolism and organogenesis (Marinissen & Gutkind, 2001; Venkatakrishnan 

et al., 2013). As such, GPCRs are important drug targets for therapy of multiple 

pathobiologies, e.g. cancer. Thus, the discovery of novel ligands modulating GPCR activity 

is highly relevant.  

GPR15 is a GPCR reported to regulate T cell trafficking to the colon and epithelia and might 

play a role in intestinal homeostasis, inflammation and cancer  (Li et al., 2015; Pan et al., 

2014; Suply et al., 2017; Yang et al., 2015). Therefore, it represents a promising novel target 

for altering T cell migration. Accumulating evidence suggests an important role of this 

receptor in certain types of cancer (Adamczyk et al., 2021; Wang et al., 2019). Consequently, 

the identification of novel GPR15 ligands is of high scientific interest. 

Aside from their physiological functions, GPCRs frequently serve as entry cofactors for 

viruses to mediate the infection of host cells. The pandemic HIV-1 requires CCR5 on the 

cell surface to mediate the initial infection (Xiao et al., 1998) while being able to switch co-

receptor usage during or after AIDS progression to use CXCR4 as an alternative (Connor et 

al., 1997; Xiao et al., 1998). In comparison, HIV-2 has a much broader coreceptor tropism 

(Blaak et al., 2005; Gilbert et al., 2003; Mörner et al., 1999; Popper et al., 1999; Reeves et 

al., 1999). SIV isolates also mostly use CCR5 for entry and are only in very rare cases able 

to infect host cells via CXCR4 (Kirchhoff et al., 1997). Additionally, many SIV isolates can 

efficiently utilize other GPCRs for entry among them GPR15 and CXCR6 (Marx & Chen, 

1998; Sina et al., 2010; Zhang et al., 2000). Thus, the properties of SIVs to utilize GPR15 

for infection can be exploited to discover new ligands for this GPCRs. 

The aim of my studies was to discover novel endogenous GPR15 ligands by screening a 

hemofiltrate-derived peptide library. Subsequently, I wanted to fully characterize the 

discovered ligand(s), better understand the molecular mechanism underlying GPR15 

interaction and evaluate their physiological function(s). 
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3 Materials and methods 

3.1 Material 

3.1.1 Cell culture 

3.1.1.1 Eukaryotic cell lines 

Cell line Description 
HEK293T Human embryonic kidney (HEK) cell line used for transient 

transfection; transformed by human adenovirus type 5 and stably 
expressing the simian virus 40 (SV40) large T antigen, which allows 
the replication of plasmids containing the SV40 origin of replication 
(DuBridge et al., 1987). Adherent cells. Obtained via the ATCC 
(#CRL-3216). 

TZM-bl HeLa cell derivative used as reporter cell line for HIV infection; 
stably expressing human CD4, CCR5 and CXCR4 as well as firefly 
luciferase and Escherichia coli-derived β-galactosidase under the 
control of the HIV-1 long terminal repeat (LTR) promoter (Platt et 
al., 1998; Wei et al., 2002). Adherent cells. Obtained via the NIH 
AIDS Reagent Program (#8129). 

GHOST cell lines GHOST cell lines are derived from human osteosarcoma cells (HOS) 
stably transduced with a MV7neo-T4 retroviral vector as well as 
stably co-transfected with a HIV-2 LTR-GFP construct and the CMV 
IE driving hygro-resistance construct. GHOST parental cells (NIH 
#3679) are the progenitor cell line used to develop e.g. the following 
GHOST cell transformants: GHOST-GPR15/BOB (NIH #3686), 
stably expressing CD4 and GPR15/BOB, GHOST-CCR5 (NIH 
#3944), stably expressing CD4 and CCR5, GHOST-CXCR6/Bonzo 
(NIH #3687), stably expressing CD4 and CXCR6/Bonzo. GHOST 
cell transformants were used as indicator cells for HIV-1, HIV-2, or 
SIV infection with uncloned, primary isolates, molecular clones, or 
pseudotyped virus. In contrast to GHOST parental cells, they are 
puromycin-resistant. GHOST cell transformants are cell pools rather 
than clones for human coreceptor expression. Adherent cells. 
Obtained via the NIH AIDS Reagent Program (#8129). 

HeLa Human cervical carcinoma-derived epithelial cells from Henrietta 
Lacks. Horizontal gene transfer from human papillomavirus 18 
(HPV18) to human cervical cells created the HeLa genome (Macville 
et al., 1999). Adherent cells. Obtained by ATTC (HeLa ATCC® 
CCL-2™). 

CEM-M7 CEM cell derivative used as indicator cells for HIV and SIV 
infection. CEM cells are lymphoblasts isolated from the peripheral 
blood buffy coat collected from a female child with acute leukemia. 
CEM-M7 cells express GFP upon HIV-1 infection driven by the 
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Cell line Description 
HIV-1 NL4-3 LTR. Neomycin-resistant suspension cells. Kindly 
provided by N. Roan.  

 
3.1.1.2 Primary cells 
Cells Origin 
CD4+ T  
lymphocytes 

Buffy coats of healthy donors were obtained from the German Red Cross 
Blood Donor Service Baden-Württemberg at Ulm University. CD4+

 T 
cells were negatively isolated by using the RosetteSep Human CD4+ T 
Cell Enrichment Cocktail (STEMCELL Technologies) and Biocoll 
Separating Solution (Biochrom GmbH) by gradient centrifugation.  

PBMCs Peripheral blood mononuclear cells (PBMCs) of humans were isolated 
from buffy coats of healthy donors obtained from the German Red Cross 
Blood Donor Service Baden-Württemberg at Ulm University by Biocoll 
gradient centrifugation. 

 
3.1.1.3 Bacteria 
Strain Description 
Escherichia coli  
XL-2 blue  

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac F´ proAB lacIqZΔM15 Tn10 
(Tetr)  

Escherichia coli  
XL-2 blue MRF’  

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac F´ proAB lacIqZΔM15 Tn10 
(Tetr) McrA-, McrCB-, McrF-, Mrr-, HsdR-  

 

3.1.2 Media 
3.1.2.1 Eukaryotic cell culture 
Medium Manufacturer 
DMEM Dulbecco’s Modified Eagle Medium  

Gibco/Life Technologies 
RPMI-1640 Roswell Park Memorial Institute Medium 

Gibco/Life Technologies 
Opti-MEM Improved Minimal Essential Medium 

Gibco/Life Technologies 
 
3.1.2.2 Bacterial culture 
Medium Manufacturer/Composition 
LB medium Lysogeny broth (LB) medium  

10 g/l Bacto Tryptone, 5 g/l Bacto Yeast Extract, 10 g/l NaCl in 
distilled water; supplemented with ampicillin (100 μg/ml) or 
kanamycin (50 μg/ml) 

LB agar 16 g/L Bacto Agar in LB medium; supplemented with ampicillin (100 
μg/ml) or kanamycin (50 μg/ml) 

S.O.C. Medium Super Optimal broth with Catabolite repression  
Invitrogen/Life Technologies (2% Tryptone, 0.5% Yeast Extract, 10 
mM NaCl, 2.5 mM MgCl2, 10 mM MgSO4 and 20 mM glucose) 
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Medium Manufacturer/Composition 
SOC Outgrowth 
Medium 

Super Optimal broth with Catabolite repression  
New England Biolabs (2% Vegetable Peptone, 0.5% Yeast Extract, 
10 mM NaCl, 2.5 mM KCl, 20 mM MgCl2, 10 mM MgSO4 and 20 
mM glucose) 

 

3.1.3 Nucleic acids 

3.1.3.1 Expression vectors and proviral constructs 

Construct Description 
pcDNA3.1_GPR15 GPR15 was PCR-amplified from the plasmid pCMV6-

XL4 human GPR15 (OriGene, # SC116846, ACCN: 
NM-005290). Thereby the single restriction sites NheI 
and HindIII were added to the sequences by the primers 
used (Primer: NheI-GPR15-for and GPR15-HindIII-
rev). The amplified GPR15 was cloned in the empty 
pcDNA3.1 vector by using the introduced single 
restriction sites. 

pcDNA3.1_eGFP_GPR15 GPR15 construct N-terminally tagged with eGFP 
cloned via overlap-extension PCR. For the N-terminal 
tagged pcDNA3.1-eGFP-GPR15 construct eGFP was 
fused to GPR15 by replacing the stop codon of eGFP 
and the start codon of GPR15 by the linker sequence 
CCCGGG (Primer: eGFP NheI-for, GPR15-HindIII-
rev, GFP GPR15-SOE-rev and GFP-GPR15-SOE-for) 
and afterwards ligated in the pcDNA3.1 vector construct 
by using NheI and HindIII. 

pcDNA3.1_ GPR15_eGFP C-terminally tagged construct pcDNA3.1-GPR15-eGFP 
was cloned as described before by fusing eGFP to the 
C-terminal end of GPR15 by replacing the stop codon 
of GPR15 and the start codon of eGFP with the linker 
sequence GGCGCCGGCGCC (Primer: NheI-GPR15-
for, eGFP-HindIII-rev, GPR15-GFP-SOE-rev and 
GPR15-GFP-SOE-for). 

pBR_HIV‐1 ZP6248 (TF) Infectious molecular clone (IMC) of the HIV-1 ZP6248 
transmitted/ founder (TF) virus. HIV-1 ZP6248 is 
impaired in its ability to utilize CCR5 and CXCR4 as 
entry co-receptor but can infect cell lines overexpressing 
alternative coreceptors such as GPR15/BOB, APJ, and 
FPRL-1 (Jian et al., 2011). 

pBR_HIV-2 ROD10 Expression vector containing an ampR gene and a 
multiple cloning site within a LacZ controlled gene. It 
encodes the full provirus of HIV-2 ROD10. Two unique 
restriction sites SnaBI and AgeI were generated to allow 
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Construct Description 
exchange of a large part of env (de Silva et al., 2012). 
Kindly provided by Beatrice H. Hahn.  

pBR_HIV-2 ROD9 Plasmid encoding for the HIV-2 ROD9 IMC 
pBR_HIV-2 7312A env, nef (L36874.1): amplified from previously 

described proviral construct, kindly provided by 
Beatrice H. Hahn 

pBR_SIVmac239 Plasmid encoding the proviral clone of SIVmac239 
carrying a functional nef gene (Endres et al., 1995; 
Kestier et al., 1991) 

pBR_SIVmac239_IRES_eGFP Generation of the SIVmac239 proviral construct 
carrying a functional nef gene followed by an IRES 
element and the eGFP cassette has been described 
previously (Schindler et al., 2006). 

pBR_SIVmac239_IRES_eBFP Generation of a SIVmac239 proviral construct carrying 
a functional nef gene followed by an IRES element and 
the eBFP cassette was performed in the same manner as 
previously described for eGFP (Schindler et al., 2006). 

pBR_SIVmac239_IRES_FLuc Modification of SIVmac239 eGFP. PCR-amplification 
with flanking primers introducing MluI and XmaI 
restriction sites of the IRES Firefly-Luciferase (F-Luc) 
cassette from a HIV-1 IRES-F-Luc reporter construct 
was used and therewith the IRES-eGFP cassette in the 
SIVmac239 proviral construct replaced.  

pBR_SIVmac239_IRES_NLuc Modification of SIVmac239 eGFP. PCR-amplification 
with flanking primers introducing MluI and XmaI 
restriction sites of the IRES Nano-Luciferase (N-Luc) 
cassette from a pBR_HIV-1NL4_3 (X4) IRES_NLuc 
reporter construct was used and therewith the IRES-
eGFP cassette in the SIVmac239 proviral construct 
replaced. 

pBR_322hl_SIVsmm 
L1.RM174.V1 (TF) 

Full-length infectious molecular clone of 
transmitter/founder virus corresponding to SIVsmm 
lineage 1, RM174.V1 

pBR_322hl_SIVsmm L4.RM57 
(TF) 

Full-length infectious molecular clone of 
transmitter/founder virus corresponding to SIVsmm 
lineage 4, RM57 

pBR_322MCS_SIVsmm 
L5.DE28 (TF) 

Full-length infectious molecular clone of 
transmitter/founder virus corresponding to SIVsmm 
lineage 5, DE28 

pBR_322MCS_SIVsmm 
Outlier.DT17 (TF) 
 
 

Full-length infectious molecular clone of 
transmitter/founder virus corresponding to SIVsmm 
lineage outlier, DT17 
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3.1.3.2 Primers used to generate GPR15 expression constructs 

Construct name Primer name Primer sequence 

pcDNA3.1 GPR15 
NheI_GPR15_for gacccaagctggctagcatggacccagaagaaacttcag 

GPR15_HindIII_rev 
gccaggaggaggaagaggtctgtgtcactctaaccgcggg
gtaccgagctcggatccac 

eGFP-GPR15 

eGFP NheI_for cactatagggagacccaagctggctagcatggcgagc 
GPR15_HindIII_rev gccaggaggaggaagaggtctgtgtcactctaaccgcggg

gtaccgagctcggatccac 
GFP-GPR15-SOE-rev ctgggtccccggggttgtacagttcatccatgccatg 
GFP-GPR15-SOE-for ctgtacaaccccggggacccagaagaaacttcag 

GPR15-eGFP 

NheI_GPR15_for gacccaagctggctagcatggacccagaagaaacttcag 
eGFP_HindIII_rev gtggatccgagctcggtaccaagctttcagttgtac 
GPR15-GFP-SOE-rev gctcgcggcgccggcgccgagtgacacagacctc 
GPR15-GFP-SOE-for cactcggcgccggcgccgcgagcaaaggagaag 

 

3.1.4 Kits and reagents 

Kit Manufacturer Identifier 
CellTiter-Glo Luminescent Cell 
Viability Assay 

Promega  E7570 

Fix & Perm Cell Fixation and 
Permeabilization Kit (CE) 

Nordic MUbio GAS-002 

Gal Screen  Applied Biosystems  T1027 
iST-kit Preomics P.O.00027 
Luciferase Assay System Promega  E1501 
Mini/ Midi DNA Preparation Kits Qiagen 12125/ 12145 
Nano-Glo luciferase assay system Promega  N1120 
Phusion High-Fidelty PCR Kit Thermo Scientific F553L 
Pierce Gold BCA Protein Assay Kit ThermoFisher A53225 
Q5® High-Fidelty PCR Kit New England Biolabs E0555L 
RNeasy Plus Mini Kit QIAGEN 74134 
RosetteSep Human CD4+ T Cell 
Enrichment Cocktail 

StemCell  15062 

TaqMan™ Fast Universal PCR Master 
Mix 

ThermoFisher 4352042 

Wizard® Plus Midipreps DNA 
Purification System 

Promega A7640 

 
 
Reagent Manufacturer Identifier 
1,4-diazabicyclo-(2,2,2)-octane 
(DABCO) 

Carl Roth GmbH & Co. KG 0718 

6x Protein Sample Loading Buffer LI-COR 928-40004 
Agarose Sigma-Aldrich  
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Reagent Manufacturer Identifier 
Anthrax Protective Antigen, Bacillus 
anthracis 

Sigma-Aldrich 176908 

Bacto Agar  BD Biosciences 214010 
Bacto Tryptone  BD Biosciences 211705 
Bacto Yeast Extract BD Biosciences 212750 
Bafilomycin A1 Santa Cruz Biotechnology sc-201550 
Biocoll Separating Solution Biochrom GmbH  
BlueStar Prestained Protein Marker Nippon genetics Co. Ltd. MWP03 
Calcium chloride (CaCl2) dihydrate Sigma-Aldrich  
Casein (1%, in PBS) Thermo Fisher 37528 
Complete ULTRA Tablets, Mini 
EDTA-free 

Roche 5892791001 

DAPI (4',6-Diamidino-2-
Phenylindole, Dihydrochloride) 
(1:1,000, IF) 

Invitrogen D1306 

Disodium phosphate (Na2HPO4) Sigma-Aldrich  
Doxycycline Sigma Aldrich D3072 
Dulbecco’s phosphate buffered saline 
(DPBS) [-]CaCl2 [-]MgCl2  

Gibco/Life Technologies D8662-500ML 

Dynabeads Human T-Activator 
CD3/CD28  

ThermoFisher 11132D 

eBioscience Fixable Viability Dye 
eFluor™ 780 

Invitrogen/ Thermo Fisher 65-0865-18 

Erythrosin B Stain Logos Biosystems L13002 
Ethidium bromide AppliChem GmbH APA1152.0010 
FACS Flow Solution BD Biosciences 342003 
FACS Shutdown Solution BD Biosciences 334224 
FACS Clean Solution BD Biosciences 340345 
Fetal Calf Serum (FCS) Gibco/Life Technologies 10270106 
Glycerol Sigma-Aldrich G5516 
Glycine Sigma-Aldrich  
Hoechst 33342 Solution ThermoFisher 62249 
Hydrochloric acid (HCl) VWR 20252 
Hygromycin B Thermo Fisher  10687010 
Immobilon-FL PVDF membrane Merck Millipore IPVH00010 
Isopropanol Merck 9516-1L 
Kanamycin Invitrogen/Life Technologies 11588876 
L-glutamine PAN-Biotech P04-80100 
Loading dye Carl Roth GmbH & Co. KG   
Magnesium chloride (MgCl2) Sigma-Aldrich 208337 
Methanol Sigma-Aldrich R30852801 
3-[4,5-dimethyl-2-thiazolyl]-2,5-
dephenyl-2H-tetrazolium Bromide 
(MTT) 

Sigma Aldrich 32161000 (CT01) 
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Reagent Manufacturer Identifier 
Invitrogen 1KB plus DNA ladder Thermo Fisher 10787018 
NEBuffers New England Biolabs Inc. B7200S 
Nonidet P-40 USB 15875388 
NuPAGE 4-12% Bis-Tris Gels Invitrogen NP0321BOX 
NuPAGE MES SDS Running Buffer 
(20x) 

Invitrogen/ Thermo Fisher NP0002 

Opti-MEM Gibco 31985047 
Paraformaldehyde (PFA, 4%) Santa Cruz Biotechnology sc-281692 
Passive lysis buffer Promega E1941 
Penicillin-Streptomycin Gibco/Life Technologies 

PAN-Biotech 
P06-07050 

Phosphate-Buffered Saline (PBS) Gibco 14190094 
Polyethylenimin (PEI) Sigma-Aldrich 408727 
Protease inhibitor Sigma-Aldrich P2714 
Puromycin Dihydrochloride Thermo Fisher  A1113803 
Rapamycin Merck 553211 
RNase away Thermo Fisher 7000TS1 
Sodium chloride (NaCl) Millipore 1064041000 
Sodium dodecyl sulfate (SDS) Fluka/ Thermo Fisher 60-090-515 
Sodium hydroxide (NaOH) Carl Roth GmbH & Co. KG 9356.1 
Sodium pyruvate Sigma-Aldrich S8636 
TransIT-LT1 Transfection Reagent Mirus MIR2306 
Tris AppliChem GmbH A2264 
Triton X-100 Sigma-Aldrich T8787 
Tween-20 Sigma-Aldrich 9005-64-5 
β-mercaptoethanol Sigma-Aldrich 444203 

 

3.1.5 Enzymes 

Kit Manufacturer Identifier 
Chymase Promega  C8118 
Cathepsin D  Sigma-Aldrich 9025-26-7 
Cathepsin E BioVision 7842-500 
Cathepsin G Thermo Fisher  RP-77525 
Napsin A R&D 8489-NA-050 
Pepsin Sigma-Aldrich 10108057001 
Restriction endonucleases New England Biolabs Inc.  
Trypsin (procrine pancreas) Sigma-Aldrich T0303-1G 
Trypsin/EDTA PAN-Biotech P10-023100 
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3.1.6 Solutions and buffers 

Solution/buffer Composition 
For transfection 
HEPES buffered saline (HBS) 2x 5.94 % HEPES (w/v), 8.18 % NaCl (w/v), 0.25 % 

Na2HPO4 x 2H2O (w/v) in distilled water for 10x 
HBS; for 2x HBS, the 10x stock was diluted in 
distilled water, pH 7.12, sterile filtered 

CaCl2 2 M CaCl2 in distilled water, sterile filtered 
Polyethylenimine (PEI)  1x, diluted in water 
For flow cytometry 
FACS buffer 1 % FCS (v/v) in DPBS 
Fixing solution 2 - 4 % PFA (v/v) in DPBS 
For Western Blot 
Antibody buffer 0.05 % Casein (v/v), 0.2 % Tween-20 (v/v) in 

PBS 
Blocking buffer 1 % (v/v) Casein in PBS 
Co-IP lysis buffer 150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.5 

mM Na3VO4, 0.5 mM NaF, 0.1 % Nonidet P-40 
(v/v) in distilled water, pH 7.5, Complete ULTRA 
protease inhibitor cocktail tablet (1 pill/10 ml lysis 
buffer added directly before use) 

Running buffer 1x NuPAGE MES SDS Running Buffer in 
distilled water 

Transfer buffer 47.9 mM Tris, 38.6 mM glycine, 1.3 mM SDS, 20 
% methanol (v/v) in distilled water, pH 8.3 

Washing buffer 0.2 % Tween-20 (v/v) in PBS 
Other 
5x PBS 140 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, 

1.5 mM KH2PO4 in distilled water, pH 7   
10x Poly-L-Lysine (PLL) stock 0.1 mg/ml (w/v) in DPBS 

 

3.1.7 Antibodies 

Antibody Manufacturer Identifier 
For Flow Cytometry   
Mouse anti-human CXCR4 (BV421) BioLegend 306517 
Mouse IgG2a, κ Isotype Ctrl (BV421) BioLegend 400259 
Mouse anti-human CXCR4 (12G5, 
APC) 

BioLegend 306510 

Mouse anti-human CD69 (APC) BioLegend 310909 
Mouse IgG1, κ Isotype Ctrl (APC) BioLegend 400120 
Mouse anti-human CD25 (PE) BioLegend 302606 
Mouse IgG1, κ Isotype Ctrl (PE) BioLegend 400112 
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Antibody Manufacturer Identifier 
Rat anti-human CCR5 (FITC) BioLegend 313705 
Rat IgG2a, κ Isotype Ctrl (FITC) BioLegend 400506 
Mouse anti-human GPR15 (APC) BioLegend 373006 
Mouse IgG2a, κ Isotype Ctrl (APC) BioLegend 400222 
Mouse anti-human CXCR6 (BV421) BioLegend 356014 
Mouse anti-human GPR15 (PE) BioLegend 373004 
Rabbit anti-human GPR15 (ab8104) Abcam ab8104 
Rabbit anti-human GPR15 (ab188938) Abcam ab188938 
Mouse anti-human GPR15 R&D 367902 
Mouse anti-human GPR15 (PE) R&D FAB3654P 
Mouse anti-HIV-1 core antigen FITC  Beckman Coulter 6604665 
Goat anti-Mouse IgG (H+L) Secondary 
Antibody (PE), eBioscience 

Thermo Fisher Scientific 12-4010-82 

Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody (PE) 

Thermo Fisher Scientific P-2771MP 

Mouse anti-human CD4 antibody 
(clone OKT4) (PerCP/Cyanine5.5) 

BioLegend 317428 

Mouse anti-human CD195/CCR5 
Clone 3A9 (APC) 

BD 560748 

Mouse IgG2a, κ Isotype Ctrl (APC) BD 551414 
For Western Blot & IF   
IRDye 800CW Goat anti-Mouse IgG 
Secondary Antibody (1:20,000, wb) 

LI-COR  926-32210 

IRDye 800CW Goat anti-Rabbit IgG 
Secondary Antibody (1:20,000, wb) 

LI-COR  926-32211 

IRDye 800CW Goat anti-Rat IgG 
Secondary Antibody (1:20,000, wb) 

LI-COR  926-32219 

IRDye® 680RD Goat anti-Mouse IgG 
Secondary Antibody (1:20,000, wb) 

LI-COR  926-68070 

IRDye® 680RD Goat anti-Rabbit IgG 
Secondary Antibody (1:20,000, wb) 

LI-COR  926-68071 

3.1.8 Small molecule inhibitors and cytokines 

Reagent Manufacturer Identifier 
AMD3100 Merck 239820 

Human IFN-α2 Sigma-Aldrich SRP4594 

Human IL-2 Miltenyi Biotec 130-097-743 
Human CXCL16 R&D Systems 976-CX-025 
Human TNFα Sigma-Aldrich T6674 

Maraviroc (MVC) Merck PZ0002 
Phytohemagglutinin (PHA) Thermo Fisher R30852801 

 
 



Materials and methods  27 

3.1.9 Peptides 

Peptide Description/ Manufacturer 
Human Cystatin C Human Cystatin C (purified, isolated from 

urine). Obtained from Enzo Life Science 
(#BML‐SE479‐0100) 

C-terminal Cystatin C fragments C-terminal fragments of human Cystatin C 
synthesized by the Core Facility of Peptidomics, 
Ulm University. Nomenclature of the peptide 
fragments is based on the respective amino acid 
positions in the full-length Cystatin C protein 
e.g. CysC95-146 corresponds to a 52aa peptide 
fragment from position 95 to 146. 

Atto647-CysC95-146 N-terminally, Atto647-labelled CysC95-146 
peptide with an additional C-terminal lysin after 
position 146. Custom order placed at Peptide 
Specialty Laboratories GmbH, Heidelberg 
(Order #7006261). 

CysC95-146 AAA Cystatin C fragment corresponding to the last 52 
aa of human Cystatin C. Residues G95, K120 
and Q126 in were changed into alanine to 
generate an inactive peptide. Custom order 
placed at Synpeptide, Co. Ltd., Shanghai, China. 

GPR15L Endogenous chemokine ligand of GPR15 (Ocón 
et al., 2017; Suply et al., 2017). Kindly provided 
by Klaus Seuwen, Novartis Pharma AG, Basel. 

CXCL16 Recombinant Human CXCL16 protein and 
endogenous ligand of CXCR6. Obtained from 
R&D (#976‐CX‐025). 

 

3.1.10 Consumables 

Consumable Manufacturer 
Amicon® Ultra – 15 Centrifugal Filters Merck Millipore 
C-Chip Disposable Hemocytometer, 
Neubauer Improved 

Nano EnTek Inc 

Cell culture flasks Sarstedt AG & Co. KG 
Cell culture plates Sarstedt AG & Co. KG 
Combitips plus/advanced Eppendorf AG 
Cover glasses VWR 
ELISA plate High Bind. F Sarstedt AG & Co. KG 
Filter tips (10, 1000 µl) Nerbe plus GmbH 
Filter tips (20, 200 µl) Sarstedt AG & Co. KG 
Filtropur V50 0.45 µm Vacuum Filter Sarstedt AG & Co. KG 
Gel loading tips Santa Cruz Biotechnology, Inc. 
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Consumable Manufacturer 
Immobilon-FL Transfer Membrane Merck Millipore 
LUNA Cell Counting Slides Logos biosystems 
Microscope slides VWR 
Nunc Cell-Culture Treated Multidishes VWR 
Nunc white polystyrene 96-well 
Microwell plates 

Nunclon/Thermo Scientific 

NuPAGE Novex Bis-Tris gels Invitrogen/Life Technologies 
Polystyrene 5 ml round-bottom tubes Falcon/Corning, Inc. 
Reaction tubes (0.25, 1.5, 2 ml) Sarstedt AG & Co. KG 
RNase-Free 1.5 ml Microfuge Tubes Ambion 
Sealing tape Thermo Scientific 
Serological pipettes (5, 10, 25 ml) Sarstedt AG & Co. KG 
Tubes (15, 50 ml) Sarstedt AG & Co. KG 
Whatman chromatography paper 2 mm 
CHR 

GE Healthcare 

 

3.1.11 Equipment 

Equipment Manufacturer 
Bacteria incubator BD 720 BINDER 
Bacteria incubator Certomat IS Sartorius AG 
Bacteria incubator RS 422 BINDER 
Centrifuge 5417C Eppendorf AG 
Centrifuge 5417R Eppendorf AG 
Centrifuge 5427R Eppendorf AG 
Centrifuge 5430 Eppendorf AG 
Centrifuge 5810R Eppendorf AG 
Compact Digital MicroPlate Shaker Thermo Scientific 
CO2 incubator HERAcell 240 Heraeus 
CO2 incubator Steri-Cult 3311 Thermo Scientific 
Cytation 3 Cell Imaging Multi-Mode 
Reader 

BioTek Instruments 

CytoFLEX Beckman Coulter 
FACSCanto II BD Biosciences 
Flex cycler Analitik Jena AG 
Gel Doc XR+ Bio-Rad Laboratories GmbH 
HERAsafe HS18 Thermo Scientific 
LI-COR Odyssey Imager LI-COR Biosciences GmbH 
LUNA-II Automated Cell Counter Logos biosystems 
Mini-Sub GT cell Bio-Rad Laboratories GmbH 
Model 200/2.0 Power Supply Bio-Rad Laboratories GmbH 
NanoDrop 2000 Thermo Scientific 
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Equipment Manufacturer 
Orbital shaker GFL 
Orion microplate luminometer Berthold 
Orion II Microplate luminometer Titertek-Berthold 
Power Pac HC Bio-Rad Laboratories GmbH 
Rotary Tube Mixer RSM7 Ratek Instruments Pty Ltd 
StepOnePlusTM Real-Time PCR System Applied Biosystems 
Tube roller mixer SRT6D Stuart, Cole-Parmer 
The belly dancer/Hybridization water bath Stovall Life Science, Inc. 
Thermomixer compact/comfort Eppendorf AG 
Trans-Blot SD Semi-Dry Transfer Cell Bio-Rad Laboratories GmbH 
UV Screen Syngene International 
VMax kinetic ELISA microplate reader Molecular Devices, LLC 
VeritiTM 96-Well Thermal Cycler Applied Biosystems 
XCell SureLock Electrophoresis cell Thermo Scientific 
XCell4 SureLock Midi-Cell Thermo Scientific 

 

3.1.12 Software 

Software Source 
BD FACSDiva™ Version 8.0 BD Biosciences 
FlowJo_V10 https://www.flowjo.com RRID:SCR_008520 
CorelDRAW 2017 Corel Corporation 
GraphPad Prism 7.05 GraphPad Software, Inc. 
Image Lab 5.2.1 Bio-Rad Laboratories GmbH 
Image Studio Lite Ver 5.0 LI-COR Biosciences GmbH 
ImageJ http://imagej.nih.gov/ij/ 
Microsoft Office 2019 Microsoft Corporation 
Multalin Ver 5.4.1 http://multalin.toulouse.inra.fr 
Nanodrop 2000 Thermo Scientific 
NEBaseChanger® v. 1.2.9 https://nebasechanger.neb.com/ 
Odyssey Image Studio LI-COR Biosciences GmbH 
Simplicity 4.02 Titertek-Berthold 
SnapGene® 4.3.8.1 GSL Biotech LLC 
SoftMax Pro 5.4 Molecular Devices, LLC 
StepOneTM ThermoFisher 
ZEN 2009 Carl Zeiss, http://www.zeiss.com 

RRID:SCR_013672 
Expasy ProtParam tool https://web.expasy.org/protparam/ 

(Gasteiger et al., 2005) 
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3.1.13 Other External facilities 

Company Services provided 
Eurofins Genomics siRNAs, DNA sequencing 
Microsynth AG SeqLab DNA sequencing 
Synpeptide, Co. Ltd., Shanghai, China Custom peptide synthesis 
Peptide Specialty Laboratories GmbH, 
Heidelberg  

Custom peptide synthesis 

 

 

3.2 Methods 

3.2.1 Generation and screening of HF-libraries 

Fractions of a hemofiltrate-derived peptide library were generated as described before (Zirafi 

et al., 2015). Fractions were tested for their ability to inhibit SIVmac239 infection in 

GHOST-GPR15 cells. For this, cells were seeded in 96-well F-bottom plates, cultured 

overnight and subsequently incubated with the peptide fractions for 2 hours prior to infection 

with an SIVmac239 construct containing the firefly luciferase reporter gene in place of the 

nef gene. Forty-eight hours later, the cells were lysed and infection rates were determined 

using the luciferase assay system (Promega) as recommended by the manufacturer. Infection 

was measured as relative light units (RLU) per second with an Orion Microplate 

luminometer (Berthold). 

 

3.2.2 Purification of CysC95-146 

CysC95-146 was purified from a 1000 L-HF equivalent sample (308 mg) of the active 

fraction CEX-Pool 4/RP-Fr19-20 (peptide bank HF020802), using a combination of 

reversed-phase and cation-exchange HPLC techniques. After every purification step, 

fractions were tested in an infection assay as outlined above. The chromatographic steps 

were performed in the following order: A) Source RPC15 column of dimensions 20 x 250 

mm; flow rate: 13 mL/min; gradient (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 80 % ACN; detection wavelength: 280 nm. B) Source 

RPC15 column of dimensions 20 x 250 mm; flow rate: 13 mL/min; gradient (min/%B): 0/2, 

10/20, 58/32, 65/40, 68/60, and 75/100; detection wavelength: 280 nm. C) Source RPC15 

column of dimensions 10 x 125 mm; flow rate:3 mL/min; gradient (min/%B): 0/5, 10/20, 

60/28, 70/40, 68/60, and 80/100; detection wavelength: 280 nm. D) Grace Vydac 218TP54 

RP18 column of dimensions 4.6 x 250 mm; flow rate: 1 mL/min; gradient (min/%B): 0/5, 

5/26, 65/31, 70/36, and 75/100; detection wavelength: 225 nm. E) PolySULFOTHYL A 

cation-exchange column of dimensions 4 x 150 mm; flow rate: 0.7 mL/min; gradient 
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(min/%B): 0/0, 30/30, 45/50, and 55/100, being A: 10 mM phosphate + 20% acetonitrile, 

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

wavelength: 220 nm. 

3.2.3 MALDI-TOF analysis of the active fraction 

The molecular mass of the biologically active fraction was measured after the latest 

purification step (cation-exchange HPLC) by a Voyager-DE Pro matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI–TOF–MS) device 

(PerSeptive Biosystems, Framingham, MA, USA). The matrix solution was prepared with 

α-cyano-4-hydroxycinnamic acid dissolved at 5 mg/mL in mass buffer (0.1% TFA in 1:1 

acetonitrile/water solution). Prior to MS measurement, the chromatographic fraction was 

desalted with a RPC18 cartridge (Waters, USA). 1 µL of the sample solution and matrix 

solution were mixed on a 100-well stainless steel MALDI plate and measurements were 

performed in linear mode. Positive ions were accelerated at 20 kV and up to 100 laser shots 

were automatically accumulated per sample position. As a control and visualization 

software, the Voyager RP BioSpectrometry Workstation version 3.07.1 (PerSeptive 

Biosystems, USA) software was used. 

 

3.2.4 Peptide synthesis 

CysC95-146 and other C-terminal Cystatin C fragments were generated by solid phase 

peptide synthesis using conventional Fmoc chemistry. Fmoc‐protected amino acids with 

protected side chains were purchased from Novabiochem (Merck KGaA, Darmstadt, 

Germany). Peptide synthesis was performed using a preloaded Wang resin (Novabiochem) 

in a 0.1 mmol scale on a Liberty blue microwave peptide synthesizer (CEM corporation, 

Matthews, NC, USA). The raw peptides were precipitated and purified by reverse phase 

HPLC after the coupling reactions, deprotection reactions and cleavage from the resin took 

place. The correct molecular mass of the obtained purified synthetic peptides was analyzed 

by electrospray (ESI) and MALDI-mass spectrometry and a purity of ≥ 95% was confirmed 

by analytical HPLC. 

 

3.2.5 Quantitation of CysC95-146 in hemofiltrate  

The amount of CysC95-146 in hemofiltrate was calculated based on its presence in the 

chromatographic fraction CEX-Pool 4/RP-Fr19-20 of the peptide peptide bank HF020802, 

where the biological activity was initially found. For disulfide bridge reduction and 

carbamidomethylation, the synthesized CysC95-146 and the sample purified from the HF 
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peptide library were incubated with 50 mM NH4HCO3 + 5 mM DTT at RT for 20 min.  

Subsequently, iodoacetamide was added up to 50 mM to the samples and incubated at 37°C 

for 20 min. The reaction was stopped by quenching with 10 mM DTT. The injection volume 

in the LC-MSMS system was 15 µL. The amounts of injected peptide standards were 62.5, 

125, 250, 500 and 1000 pmol. The samples were analyzed with a LTQ Orbitrap Velos Pro 

system (Thermo Fisher Scientific) online coupled to an U3000 RSLCnano (Thermo Fisher 

Scientific) as described by the manufacturer with the following modifications: the separation 

was carried out using a binary solvent gradient consisting of solvent A (0.1% FA) and solvent 

B (86% ACN, 0.1% FA). The column was initially equilibrated in 5% solvent B. In a first 

elution step, the percentage of B was raised to 15% within 5 min, followed by another 

increase to 40% B in 30 min. The column was washed with 95% B for 4 min and re-

equilibrated with 5% B for 19 min. Ion chromatograms were visualized by XCalibur Qual 

Browser (Thermo Fisher Scientific, Bremen, Germany). To identify CysC95-146 in the 

samples, the total ion chromatograms were filtered by searching the m/z range corresponding 

to the m/z value of the most intense signal (± 20 ppm) according to the theoretical isotopic 

distribution at z=6. The peak areas were calculated with the default parameters of the 

software. The peak areas were exported and the linear regression calibration curve (peak 

area vs standard amount) was visualized using Microsoft Excel 2016. 

 

3.2.6 Cloning 

3.2.6.1 Primers 

Cloning primers were designed using either SnapGene® or NEBaseChanger®, and effective 

binding of the primers to the target sequence was assessed with Multalin. Oligos were 

synthetized via Biomers and resuspended in H2O HPLC Gradient grade to achieve a final 

concentration of 100 pmol/µl. Primers were stored at -20°C and diluted 1:10 (v/v) in H2O 

HPLC Gradient grade before performing the polymerase chain reaction (PCR). 

3.2.6.2 Polymerase chain reaction 

PCRs were carried out using either the Phusion High-Fidelity DNA Polymerase or the Q5® 

High-Fidelity DNA Polymerase, according to the manufacturers’ instructions. A total of 35 

thermal cycles per PCR were performed in either a VeritiTM 96-Well Thermal Cycler 

(Applied Biosystems) or in a Flex cycler (Analytik Jena) in a total volume of 50 µl. To 

validate the correctness of the reaction, 25 µl of product were separated in agarose gels 

(either 0.7 % or 1 % agarose (w/v) in 1x TAE buffer) with the addition of ethidium bromide 
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(0.2 µg/ml). After 25 minutes of electrophoresis at 140 V, DNA bands were visualized via 

the Gel Doc XR+ (Bio-Rad Laboratories GmbH) detection system. 

3.2.6.3 Enzymatic digestion 

PCR products and DNA constructs were digested with enzymes and buffers provided by 

New England BioLabs according to the manufacturer’s instructions. 

3.2.6.4 Molecular clones of HIV and SIV 

SIVmac239 proviral construct carrying a functional nef gene followed by an IRES element 

and the eGFP cassette were generated as previously described (Schindler et al., 2006). A 

similar approach was used to generate the replication-competent SIVmac239 F-Luc and N-

Luc constructs. Therefore PCR-amplification with flanking primers introducing MluI and 

XmaI restriction sites of the IRES-FLuc cassette from a HIV-1 IRES-FLuc reporter construct 

was used and therewith the IRES-eGFP cassette in SIVmac239 proviral construct replaced. 

The integrity of the PCR-derived insert was confirmed by sequencing.  

For the ligation reaction, insert and vector DNA were purified from the agarose gels, mixed 

and ligated via the DNA Ligation Kit 2.1 (Takara Bio Inc.). The ligation reaction was 

performed overnight (O/N) at 16 °C. For PCR performed with the Q5® High-Fidelity PCR 

Kit, ligation was performed according to the manufacturer’s instructions. 

3.2.6.5 GPR15 expression constructs 

For all PCRs described in the following, the Phire Hot Start II DNA Polymerase (Thermo 

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

XL4_human_GPR15 (obtained from Origene, CAT# SC116846, ACCN: NM_005290). 

Single restriction sites NheI and HindIII were added to the sequences using the primers 

NheI_GPR15_for and GPR15_HindIII_rev. The amplified GPR15 was cloned in the empty 

pcDNA3.1 vector using the previously introduced single restriction sites. In addition, fusions 

of this GPCR expression constructs with eGFP at the C- or N-terminus were generated by 

overlap-extension PCR. For the N-terminal tagged pcDNA3.1_eGFP_GBR15 construct 

eGFP was fused to GPR15 by replacing the stop codon of eGFP and the start codon of 

GPR15 with the linker sequence CCCGGG (Primer: eGFP NheI_for, GPR15_HindIII_rev, 

GFP-GPR15-SOE-rev and GFP-GPR15-SOE-for) and afterwards ligated in the pcDNA3.1 

construct by using NheI and HindIII. The C-terminal tagged construct 

pcDNA3.1_GPR15_eGFP was constructed in the same way by fusing eGFP to the C-

terminal end of GPR15 by replacing the stop codon of GPR15 as well as the start codon of 
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eGFP with the linker sequence GGCGCCGGCGCC (Primer: NheI_GPR15_for, 

eGFP_HindIII_rev, GPR15-GFP-SOE-rev and GPR15-GFP-SOE-for). 

 
3.2.6.6 Bacterial transformation 

To amplify expression vectors or recombination-prone proviral constructs, Escherichia coli 

XL-2 blue or Escherichia coli XL-2 blue MRF’ strains were used. Bacteria were thawed on 

ice before mixing 1 µg plasmid DNA or 5 µl ligation product with 10 µL or 20 µL of 

chemically competent bacteria, respectively. The bacteria-DNA mix was incubated on ice 

for 20 min followed by a heat-shock at 42 °C for 30 sec. Subsequently, preparations were 

incubated on ice for 2.5 min and then 100 µL (normal transformation) or 200 µL 

(transformation of ligation products) S.O.C. medium were added. Mixtures were incubated 

at either 37 °C for 30 min (XL-2 blue) or at 30 °C for 90 min (XL-2 blue MRF’) on a 

Thermomixer compact/comfort (Eppendorf AG). For normal transformations, 35 µL and for 

ligation products, the whole mixture was plated on LB agar plates containing ampicillin (100 

µg/ml) or kanamycin (50 µg/ml). Bacteria were incubated at 37 °C O/N (XL-2 blue) or at 

30 °C for 24 h (XL-2 blue MRF’) and single-bacteria colonies were inoculated in the desired 

amount of LB medium supplemented with ampicillin (100 µg/ml) or kanamycin (50 µg/ml). 

3.2.6.7 Plasmid DNA purification 

For cloning and sequencing, plasmid DNA was extracted from 5 mL bacteria cultures with 

the Mini DNA Preparation Kit (Qiagen) following the manufacturer’s instructions. Plasmid 

DNA for transfection of eukaryotic cells was isolated from 150 mL bacterial cultures using 

the Wizard Plus Midi DNA Preparation Kit (Promega). To determine DNA concentrations, 

the NanoDrop 2000 spectrophotometer (Thermo Scientific) was blanked with 1 µl of H2O 

HPLC Gradient grade and final DNA concentration and purity was assessed using 1 µl of 

plasmid DNA and the NanoDrop 2000 software. 

3.2.6.8 DNA sequencing 

To confirm the correct sequences of the cloning products, plasmid DNA was shipped to 

either Microsynth AG Seqlab or Eurofins MWG GmbH. Sequencing reaction mixtures were 

prepared according to the provider’s instructions. 

3.2.7 Eukaryotic cell culture 

GHOST Bob (GPR15), Bonzo (CXCR6), CCR5 and parental cells were obtained from the 

NIH AIDS Reagent Program. Ghost cells were maintained in in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with FCS (10% (v/v)), L-glutamine (2 mM), streptomycin 
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(100 mg/mL) and penicillin (100 U/mL), Geneticin G418 (500 μg/ml), 100 μg/ml 

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

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

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

HEK293Tcells were provided and authenticated by the ATCC. TZM-bl cells were provided 

and authenticated by the NIH AIDS Reagent Program, Division of AIDS, NIAID. Hela cells 

were obtained from ATTC (ATCC® CCL-2). HEK293T, TZM-bl and Hela cells were 

maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with FCS (10% 

(v/v)), L-glutamine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL). Cells 

were cultured at 37°C, 90% humidity and 5% CO2. The cells were split 1:10 or 1:20 

regularly twice a week. CEM-M7 cells were originally provided by N. Roan, cultivated in 

RPMI1640 with FCS (10% (v/v)), L-glutamine (2 mM), streptomycin (100 mg/mL) and 

penicillin (100 U/mL) and split 1:5 or 1:10 regularly twice a week. Cells were split regularly 

by rinsing of the flasks with DPBS followed by Trypsin-EDTA (2 – 3 mL) incubation at 37 

°C for 5 – 10 minutes and resuspension in fresh DMEM. 

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of healthy 

human donors. Buffy coats (lymphocyte concentrates from 500 ml whole blood) were 

obtained from the blood bank (Ulm) and diluted 1:3 (v/v) in DPBS. Biocoll Separating 

Solution (Biochrom GmbH) was overlayed with the diluted blood and centrifuged at 1,600 

x g for 20 min without brakes. The white interphase layer formed by peripheral blood 

mononuclear cells (PBMCs) was transferred in a fresh tube and washed twice with PBS. 

After separation and washing, 1 x 106cells/ml were cultured in supplemented RPMI-1640 

with 1 μg/ml PHA and 10 ng/mL IL-2 for 3 days. CD4+ T lymphocytes were isolated via 

negative selection with the RosetteSep Human CD4+ T Cell Enrichment Cocktail 

(STEMCELL Technologies) followed by Biocoll gradient centrifugation according to the 

manufacturer’s instructions. CD4+ T lymphocytes were kept in culture in RPMI-1640 

medium supplemented with heat-inactivated FCS (10 % (v/v)), L-glutamine (2 mM), 

streptomycin (100 µg/ml) and penicillin (100 U/ml) and either stimulated with IL-2/ PHA 

as described aboveor CD3/CD28 beads (Dynabeads Human T-Activator CD3/CD28, 

Thermo Fisher). 

Cell cultures were maintained at 37 °C, in an environment containing 90 % relative humidity 

and 5 % CO2. 
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3.2.8 Transient transfection 

HEK293T cells were transiently transfected using either the calcium-phosphate precipitation 

method or the TransIT®-LT1 Transfection Reagent (Mirus). One day before transfection, 

0.65 x 106 HEK293T cells were seeded in 6-well plates (Greiner Bio-one, Frickenhausen). 

For transfection in smaller dishes, cell numbers were adjusted accordingly under 

consideration of the size of the respective cell culture dish. At a confluence of 50-75% cells 

were used for transfection. For the calcium-phosphate precipitation method, 5 μg DNA was 

mixed with 13 μL 2 M CaCl2 and the total volume was made up to 100 μL with water. This 

solution was added drop wise to 100 μL of 2x HBS. The transfection cocktail was vortexed 

for 5 sec and added drop wise to the cells. The transfected cells were incubated for 8-16 h 

before the medium was replaced by fresh supplemented DMEM. Transfection with 

TransIT®-LT1 Transfection Reagent was performed according to the manufacturer’s 

recommendation. For virus stock production, 48 h post transfection, cell culture supernatants 

were harvested in sterile 2 ml reaction tubes, centrifuged at 500 x g for 4 min and transferred 

into fresh 2 ml reaction tubes. SIVmac239 F-Luc virus stocks were additionally concentrated 

by ultracentrifugation. Virus stocks were stored at – 80°C.  

 

3.2.9 Cell viability 

The cell viability of adherent cells in presence of e.g. CysC95-146 was determined 3 days 

post peptide treatment using the Cell Titer Glo Viability Assay (Promega) according to the 

manufacturer’s instructions or by MTT assay. In the MTT assay, 10 μL of MTT solution (5 

mg/ml in PBS) were added to 100 μL of cells. After 3 hours of incubation at 37°C, the 

supernatant was aspirated and formazan crystals that were forming around living cells were 

dissolved in a 1:2 mixture of DMSO and EtOH. Absorption was measured at 490 nm and 

baseline corrected at 650 nm using a VMax Kinetic ELISA microplate reader (Molecular 

Devices). 

 

3.2.10 Infectivity Assays 

 
3.2.10.1 Inhibition of GPR15 dependent virus infection by CysC95-146 or GPR15L 

GHOST GPR15 cells were seeded with a density 6,000 cells/well in 96 well F-bottom plates. 

The next day, cells were incubated with increasing concentrations of CysC95-146 from 

human or agm/mac for 2h at 37°C prior to infection with a SIVmac239 reporter virus either 

harbouring a firefly-luciferase or a NanoGlo-luciferase construct. Infectious virus yield was 
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determined 3 days post infection using the using the respective luciferase assay kits from 

Promega as recommended by the manufacturer. Luciferase activities were quantified as 

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

investigate the effect of GPR15L and CysC95-146 on X4-tropic HIV-1 infection, TZM-bl 

reporter cells were seeded at the same density, treated with the respective peptide and 

infected with HIV-1 NL4-3 (X4). 3 dpi, infection rates were determined by performing a β-

galactosidase reporter assay as described in detail in 3.2.12.  

 

3.2.10.2 Antibody-mediated inhibition of GPR15 dependent virus infection  

We obtained antibodies targeting the N-terminus (ab8104) or the first extracellular loop 

(ab188938) from Abcam. Additionally, one antibody against human GPR15 with unknown 

target site was purchased from R&D (R&D #367902). One day prior to the experiment, 

GHOST GPR15 cells were seeded with a density of 6,000 cells/well in 96 well F-bottom 

plates. Cells were preincubated with increasing concentrations of anti-GPR15 antibodies for 

2h at 37°C. Then, cells were infected with an SIVmac239 firefly reporter virus. 3 dpi, 

infectivity was analyzed by performing the firefly luciferase reporter assay from Promega as 

recommended by the manufacturer. 

 
3.2.10.3 Infection of primary blood cells 

One million PBMCs were incubated with various amounts of CysC95-146 in presence or 

absence of the additional entry inhibitors AMD3100 or Maraviroc for 1 – 2 at 37°C. Then, 

cells were infected by spinoculation (2,000 x g, 2h at 37°C) with the indicated virus stocks 

generated by transient transfection of HEK293T cells with the respective pro-viral constructs 

of HIV-1, HIV-2, SIVmac or SIVsmm as described previously. PBMCs were cultured in the 

presence of 10 ng/ml IL-2 in RPMI-1640 for three day. 3dpi, cells were transferred to FACS 

tubes, pelleted (4 min, 450 x g), washed with 500 μL FACS buffer (PBS with 1% (v/v) FCS) 

and stained with 50 μL of a master mix with 1:50 (v/v) FITC-conjugated p24 antibody (KC-

FITC p24 Beckmann) in permeabilization buffer (NordicMUbio, Fix&Perm solution B). 

Cells were incubated for 30 min at 4°C and then washed with 1 ml FACS buffer to remove 

unbound antibody. Then, cells were fixed with 4% PFA and incubated for 30 min at 4°C 

before being analyzed by flow cytometry using the FACS Canto II flow cytometer. PBMCs 

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

doublets and then analyzed for infection (p24 positive cells). Data were generated with BD 

FACS Diva 6.1.3 Software. 
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3.2.11 Replication kinetics in human primary cells 

PBMCs of at least three donors were isolated from buffy coats of healthy individuals as 

described before 0.75 million PBMCs per sample were counted and transferred to FACS 

tubes, washed twice in DPBS and incubated with 10 µM GPR15L, 10 µM CyC95-146, 15 

µM Maraviroc, 10 µg/ml AMD3100 or 500 ng/ mL CXCL16 in RPMI-1640 for 1 hour at 

37°C. Then, cells were infected with virus stocks previously generated by transient 

transfection of HEK293T cells with the respective pro-viral constructs overnight. 16 hours 

post infection, cells were washed, and each individual donor samples split into triplicates to 

avoid overgrowing of the cells during the kinetic. Cells were subsequently transferred to a 

96 U-well plate. At the indicated time points, cells were pelleted at 350 x g for 5 minutes 

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

80°C. Medium was replaced with fresh RPMI-1640 supplemented with 10 ng/mL IL-2. 

CysC52F, GPR15L and the remaining compounds were added again to achieve the 

concentrations as stated above. 

 

3.2.12 Quantification of infectious virus yield from human primary cells 

Infectious virus yields from transduced peripheral blood mononuclear cells (PBMCs) or 

human CD4+ T lymphocytes was measured using the TZM-bl reporter cell system. TZM-bl 

cells are HeLa-derived naturally expressing CXCR4 cells that have been transduced with 

lentiviral vectors to stably express CD4 and CCR5, thus making them susceptible to HIV 

and SIV infection (Platt et al., 1998). TZM-bl cells express the Escherichia coli β-

galactosidase (β-gal) gene, whose promoter is activated by the viral transactivator of 

transcription (Tat) (Wei et al., 2002). To quantify infectious HIV and SIV yield, 10 x 103 

TZM-bl reporter cells were seeded in 100 μL supplemented DMEM per well 24 h prior to 

infection in 96-well F-bottom plates. The next day, cells were infected with the supernatants 

collected from the PBMC cultures. Infection of TZM-bl reporter cells was performed in 

technical triplicates by addition of 70 μl PBMC culture supernatants and 30 µL of 

supplemented DMEM. Three days post infection, viral infectivity was determined using a 

galactosidase screen kit from Tropix as recommended by the manufacturer. In brief, cell 

culture supernatants were removed, cells were lysed in 40 μl Gal-Screen substrate (Applied 

Biosystem or Life Technologies) and incubated at RT for 30 min. Afterwards, 35 μl of the 

cell lysates were transferred to white 96-well Microwell plates (Nunc) and β-Galactosidase 

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

luminometer (Berthold).  
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3.2.13 Flow cytometry 
 

3.2.13.1 Co-receptor usage  

To investigate the coreceptor usage by SIVs and HIVs in presence of CysC95-146, 6,000 

cells/well of either GHOST GPR15, CCR5 or CXCR6 cells were seeded 24h before the 

experiment in 96 well F-bottom plates. The next day, cells were treated with increasing 

amounts of CysC95-146 for 2 h at 37°C prior to virus addition. Three days post infection, 

infection rates were analyzed by measuring GFP-positive cells via flow cytometry. For this, 

cells were first detached from the plate, washed in PBS, fixed in 4% PFA. Cells were gated 

based on forward and side scatter characteristics, followed by exclusion of doublets and then 

analyzed for GFP expression. Data were generated with BD FACS Diva 6.1.3 Software 

using the FACSCanto II flow cytometer. Data analysis was performed using FlowJo 10.6 

Software (Treestar). 

 
3.2.13.2 Receptor downmodulation by GPR15L.  

To investigate the effect of CysC95-146 and GPR15L on the surface expression of GPR15, 

GHOST-GPR15 and CEM-M7 cells were incubated with increasing amounts of GPR15L or 

CysC95-146 for 30 min at either 37°C or 4°C (to prevent receptor internalization), followed 

by a staining with anti-GPR15 or isotype control antibodies. Cells were washed, fixed in 4% 

PFA and analyzed by flow cytometry. Cells were gated based on forward and side scatter 

characteristics, followed by exclusion of doublets and then analyzed for GPR15 expression 

Data were generated with BD FACS Diva 6.1.3 Software using the FACSCanto II flow 

cytometer. Data analysis was performed using FlowJo 10.6 Software (Treestar). 

 
3.2.13.3 GPR15 antibody competition assay.  

To investigate the interaction sites of CysC95-146 with GPR15, 50,000 GHOST-GPR15 

cells were counted, washed in FACS buffer (1x PBS with 1% FCS, 4°C) and transferred to 

FACS tubes. Cells were centrifuged at 4°C and 1,300 rpm (350 x g) and the supernatants 

were discarded. Cell pellets were resuspended in 100 µL antibody master mix containing 

anti-GPR15 antibodies (either ab8104, targeting the N-terminus of GPR1 or ab188938, 

targeting the first ECL) and CysC 95-146. Indicated concentrations of CysC 95-146 were 

achieved during this inoculation step. Antibody concentrations were constantly kept at 10 

ng/mL. Cells were incubated with this mix at 4°C for 1 hour. Then, cells were washed several 

times in FACS buffer before being stained with a secondary antibody (Goat anti-rabbit IgG 

H&L PE, ab97070) for 30 minutes at 4°C. After staining with the secondary antibody, cells 

were washed three times in FACS buffer, fixed in 4% PFA (1 h, 4°C) and kept at 4°C until 
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analysis by flow cytometry. Cells were gated based on forward and side scatter 

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

expression. Data were generated with BD FACS Diva 6.1.3 Software before analysis with 

FlowJo 8.8 Software (Treestar). 

 
3.2.13.4 Flow cytometric analysis of surface markers expressed on human primary 

cells in presence or absence of GPR15L or CysC95-146  

Human PBMCs were isolated from whole blood as described before. 250,000 cells were 

incubated with 10 µM of CysC95-146 or GPR15L in RPMI-1640 supplemented with 10 

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

and stained for the respective markers using 1 µL of each antibody in 50 µL FACS buffer. 

Antibodies and isotype controls were obtained from BioLegend: Brilliant Violet 421™ anti-

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

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

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

recommended Isotype control of each antibody described above was used at equal 

concentration. Cells were incubated with the antibodies for 1 h at 4°C. Cells were washed 

and fixed in 4% (v/v) PFA in PBS. PBMCs were gated based on forward and side scatter 

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

expression. Data were generated with BD FACS Diva 6.1.3 Software before analysis with 

FlowJo v10 Software (Treestar). 

 

3.2.13.5 CXCR4 Antibody competition assay.  

Competition of GPR15L and CysC95-146 with antibody binding was performed on SupT1 

cells. Cells were washed in PBS containing 1 % FCS and 50,000 cells were then seeded per 

well in a 96 V-well plate. Buffer was removed and plates were precooled at 4°C. Compounds 

were diluted in PBS and antibody (clone 12G5, APC labelled) was diluted in PBS containing 

1 % FCS. The antibody was used at a concentration closed to its determined Kd. Compounds 

were added to the cells and 15 µl antibody immediately afterwards. Plates were incubated at 

4°C in the dark for 2 h. Next, cells were washed with PBS containing 1 % FCS and fixed 

with 2 % PFA. Antibody binding was analyzed by flow cytometry (CytoFLEX; Beckman 

Coulter®). 
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3.2.13.6 Infection of human PBMCs in presence of CysC95-146 

One million PBMCs were incubated with various amounts of CysC95-146 in presence or 

absence of the additional entry inhibitors AMD3100 or Maraviroc for 1 – 2 at 37°C. Then, 

cells were infected by spinoculation (2,000 x g, 2h at 37°C) with the indicated virus stocks 

generated by transient transfection of HEK293T cells with the respective pro-viral constructs 

of HIV-1, HIV-2, SIVmac or SIVsmm as described previously. PBMCs were cultured in the 

presence of 10 ng/ml IL-2 in RPMI-1640 for three day. 3dpi, cells were transferred to FACS 

tubes, pelleted (4 min, 450 x g), washed with 500 μl FACS buffer (PBS with 1% (v/v) FCS) 

and stained with 50 μL of a master mix with 1:50 (v/v) FITC-conjugated p24 antibody (KC-

FITC p24 Beckmann) in permeabilization buffer (NordicMUbio, Fix&Perm solution B). 

Cells were incubated for 30 min at 4°C and then washed with 1 ml FACS buffer to remove 

unbound antibody. Then, cells were fixed with 4% PFA and incubated for 30 min at 4°C 

before being analyzed by flow cytometry using the FACSCanto II flow cytometer. PBMCs 

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

doublets and then analyzed for infection (p24/p27 positive cells). Data were analyzed with 

BD FACS Diva 6.1.3 Software. 

 

3.2.14 Proteolysis of Cystatin C 

100 µg (7.54 nmol) of purified human Cystatin C protein (from human urine, BML-SE479-

0100) obtained from Enzo Life Science were digested with indicated proteases at 1:100 

molar ratio (75.4 pmol protease per samples). Digestions were performed in 0.2 M citrate 

buffer pH 4.0 (Cathepsin D, G and E); 100 mM Tris HCl with 10 mM CaCl2 pH 8 (Trypsin), 

20 mM Sodium Acetate pH 3.5 (Pepsin), 50 mM Tris HCl with 0.26 M NaCl pH 8 

(Chymase) or 0.1 M NaOAc with 0.2 M NaCl pH 3.5 (Napsin A). Digestions with Cathepsin 

G and E were incubated for 24 h at 37°C, all other reactions for 2 h at 37°C. To remove 

excessive proteases and buffers, digestion products were diluted in DPBS by mixing 75 μL 

digestion reaction mixtures with 425 μL DPBS. These dilutions were then further applied to 

30 kDa Amicon ultrafiltration units (Merck, #UFC5030). Samples were centrifuged for 30 

minutes at 12,000 x g and room temperature to remove the proteases. Columns were 

discarded and the flowthrough was applied to 3 kDa Amicon ultrafiltration units (Merck, 

#UCF5003) to retain Cystatin C fragments (~ 5-7 kDa) and to remove salts and exchange 

buffer. Samples were centrifuged again as described above. Cystatin C peptides were eluted 

from the filter by inverting the unit in a fresh 1.5 mL Eppendorf tube. Samples were 

centrifuged for 2 minutes at 1,000 × g and eluate volumes adjusted to the starting volume of 
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75 μL. The recovered digestion products were used for the GHOST GPR15 infection assays, 

for visualization in a Coomassie stained SDS PAGE as well as for mass spectrometry. The 

amount of digestion product used was based on the molecular weight of the full-length 

Cystatin C and assuming complete digestion of the protein. 

 

3.2.15 Coomassie staining  

Digestion products generated as described in 3.2.14 were mixed with Protein Loading Buffer 

(LI-COR #928-40004) and TCEP (final concentration 50 mM). Samples were heated to 70°C 

for 10 min. Proteins were then separated on NuPAGE 4-12% BisTris gels, fixed in a solution 

of 50% methanol and 7% acetic acid before being stained with GelCode Blue (Thermo Fisher 

#24590) for 1 h at RT. After de-staining with ultrapure water, the gel was imaged on Gel 

Doc™ XR+ Gel Documentation System (BioRad). 

 

3.2.16 Confocal Microscopy 

5,000 Hela cells were seeded in 300 µL supplemented DMEM in µ-Slide 8-well Ibidi 

microscopy chambers one day prior to the experiment. Then, cells were transfected with 0.25 

µg GFP-tagged GPR15 expression plasmids generated as described in 3.2.6.5 using the 

TransIT®-LT1 Transfection Reagent (Mirus) according to the manufacturer’s protocol. 4 

hours post transfection, the medium was changed and cells were cultured for 2 days at 37°C, 

90% humidity and 5% CO2. 48 hours post transfection, cells were washed with DPBS, fixed 

in 4% (v/v) PFA for 30 minutes at room temperature and permeabilized using a 5% (v/v) 

FCS in DPBS with 0.5% (v/v) Triton X100 solution. Nuclei were stained with DAPI by 

incubating the cells for 2 hours at 4°C with this dye. Cells were washed three times with 

PBS and one time with HPLC water. Cells were covered with glycerol based mounting 

medium to prevent bleaching of the fluorophores during microscopy. Confocal microscopy 

was performed using a LSM710 (Carl Zeiss).  

To examine the interaction of CysC95-146 with GPR15, Hela cells were transfected as 

described above. 2 days post transfection, cells were treated with 5 µM Atto647-labelled 

CysC95-146 for 1 h at 4°C. Then washed several times in ice-cold PBS, fixed in 4% (v/v) 

PFA for 30 minutes at 4°C. Nuclei were stained using Hoechst33342 (Merck) according to 

the manufacturer’s instructions. Cells were washed with PBS, covered with glycerol based 

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

microscopy was performed using a LSM710 (Carl Zeiss). Images were deconvoluted using 

Huygens Software (Scientific Volume Imaging) and processed in ImageJ (Fiji). 
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3.2.17 GPCR signaling assays 

GPCR signaling efficiency was determined through fluorescence-based calcium release 

assays at Novartis as described by Suply et al., 2017 making use of CHO cells engineered to 

express human GPR15 together with the promiscuous G protein Gα16. 

 

3.2.18 Western Blot 

Western blot analysis was performed to verify the expression of cellular proteins. Whole-

cell lysates (WCLs) were prepared by collecting cells in Phosphate-Buffered Saline (PBS). 

The cell pellet (500 g, 4 °C, 5 min) was lysed in a transmembrane lysis buffer consisting of 

50 mM HEPES pH 7.4, 150 mM NaCl, 1% Triton X-100 and 5 mM 

ethylenediaminetetraacetic acid (EDTA) supplemented with 1:500 protease inhibitor by 

vortexing extensively at maximum speed for at least 30 s. Cell debris were pelleted by 

centrifugation (20,000 g, 4°C, 20 min) and the total protein concentration of the cleared 

lysates was measured using the Pierce BCA Protein Assay Kit according to manufacturer’s 

instructions. The lysates were adjusted to the same protein concentration and stored at -80°C. 

SDS-PAGE and immunoblotting was performed using standard techniques as previously 

described (Koepke et al., 2020). WCLs were mixed with 6x Protein Sample Loading Buffer 

supplemented with 15% β-mercaptoethanol to achieve a final dilution of 1x, then heated to 

95°C for 5 min and allowed to cool down to room temperature on ice. WCLs were 

subsequently separated on NuPAGE 4-12% Bis-Tris Gels for 90 minutes at 90 V and blotted 

onto Immobilon-FL PVDF membranes. The transfer was performed at a constant voltage of 

30 V for 30 min. After the transfer, the membrane was blocked in 1% Casein in PBS. Proteins 

were stained with primary antibodies, and subsequently Infrared Dye labelled secondary 

antibodies, diluted in 0.05% Casein in PBS. Membranes were scanned with an infrared LI-

COR Odyssey Imager (LI-COR Biosciences), and band signal intensities Band intensities 

were quantified using the Image Studio Lite Version 5.0 software (LI-COR Biosciences). 

Protein levels were normalized on β-actin or GAPDH levels. 

3.2.19 Molecular Modelling 

The initial atomic positions of the CysC95-146 model were obtained based on the full CysC 

structure (Protein Data Bank identification code 3GAX), taken from the Protein Data Bank 

(https://www.rcsb.org/structure/3gax). Possible initial GPR15 atomic coordinates were 

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

Maestro (www.schrodinger.com/releases/release-2019-3) for pH 7. An initial equilibration 
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(300K for 0.1 ns) was then performed by classical MD (molecular dynamics) simulations 

using the GROMACS MDs engine and the non-reactive force field Amber99sb. Afterwards, 

ReaxFF (reactive molecular dynamic) simulations (van Duin et al., 2001) were performed 

with the Amsterdam Modeling Suite 2019 (ADF2019, SCM, Theoretical Chemistry, Vrije 

Universiteit, Amsterdam, The Netherlands, http://www.scm.com) within NVT ensembles 

over 25 ps and coupling to a Berendsen heat bath (temperature = 300 Kelvin with a coupling 

constant of 100 fs). Random interaction structures between GPR15 and CysC95-146 were 

generated and preselected using the overall system energy as selection criterion. For the most 

stable systems reactive MD simulations were performed to evaluate the interaction energy 

and morphology. Afterwards, amino acid-resolved interaction energies were obtained by 

individually removing amino acids from the frustrated interaction model, followed by 

evaluating the energy changes. For all visualizations the Visual Molecular Dynamics 

program (VMD) (Humphrey et al., 1996) was used. The molecular modeling analysis were 

performed by Christoph Jung and Timo Jacob at the Institute of Electrochemistry (University 

Ulm, see also materials and methods and author contributions as stated in Hayn, Blötz et al., 

2021). 

 

3.2.20 Statistical analysis 

Statistical analyses were performed using GraphPad PRISM 8. P-values were determined 

using a two-tailed Student’s t test (except if indicated otherwise). Unless otherwise stated, 

data are shown as the mean of at least three biological replicates ± SEM. Significant 

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

are specified in the figure legends. Statistical analyses were performed with the GraphPad 

Prism 8 software. 

3.2.21 Ethical statement 

Experiments that involved the isolation and differentiation of PBMCs and CD4+ T 

lymphocytes from peripheral blood were approved by the Ethics Committee of the Ulm 

University Medical Center. All donors provided written informed consent. 
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4 Results 

4.1 Identification of a novel GPR15-specific inhibitor of SIV infection  

To discover novel ligands of G protein-coupled receptor 15 (GPR15), peptide libraries were 

generated from up to 10,000 liters of hemofiltrate using cation-exchange separation followed 

by reverse-phase (RP) chromatography (Münch et al., 2014; Schulz-Knappe et al., 1997) at 

Pharis Biotec GmbH. In this process, the hemofiltrate is applied to a cation-exchange column 

before being eluted using eight buffers with increasing pH ranging from 2.5 to 9.0. The 

resulting pH pools P1 to P8 were further separated into 40-50 peptide- containing fractions 

(F1 to F50) using RP chromatography culminating in a final library of about 360 peptide 

fractions. The peptide library was kindly provided by Wolf-Georg Forssmann. It represents 

essentially the entire blood peptidome in a highly concentrated, bioactive and salt-free form.  

I analyzed all fractions of this library for inhibitors of the infectious molecular clone 

SIVmac239 that uses GPR15 for viral entry (Pöhlmann et al., 1999). To this end, I infected 

GFP-expressing human osteosarcoma cells (GHOST) that stably express CD4 and GPR15 

(GHOST Bob/GPR15 cells) with SIVmac239 to find novel peptide ligands of this GPCR 

(Figure 3A). The neighboring fractions 17-21 of pH pool 4 strongly inhibited virus infection 

in the absence of cytotoxic effects. We selected fractions 19 and 20 for further purification 

as they decreased GPR15-mediated SIVmac239 infection by up to 95% (Figure 3B).  

Matrix Assisted Laser Desorption Ionization – Time of Flight Mass Spectrometry (MALDI-

TOF-MS) of the inhibitory fraction obtained after five rounds of purification showed the 

main m/z signal at 5.914 Da as well as some minor peaks (Figure 3C). I searched our 

(updated version) hemofiltrate peptide database (Richter et al., 1999) and found that this 

signal corresponds to the 52 C-terminal aa of Cystatin C oxidized at Met136. This peptide 

was termed CysC95-146 (Figure 3D). Another m/z signal detected at 2.959 corresponds to 

a double-charged species of the same peptide. CysC95-146 has two disulfide bridges formed 

by the cysteine residues C99 to C109 and C123 to C143 respectively. The peptide contains 

3 negatively charged residues (aspartic acid [D] and glutamic acid [E]) and 6 positively 

charged residues (arginine [R] and lysine [K]) (Figure 3D). The grand average of 

hydrophobicity (GRAVY) score was calculated using the Expasy ProtParam tool (Gasteiger 

et al., 2005). It is the sum of the hydropathy values of the individual amino acids within a 

protein divided by the total number of its residues. The GRAVY score for CysC95-146 is -

0.710 indicating that this peptide is of non-polar and hydrophilic nature. CysC is a relatively 

small, basic protein with a molecular weight of ~ 13.3 kDa that is ubiquitously expressed by 

all nucleated cells in the human body at a constant rate (Grubb et al., 1985; Onopiuk et al., 
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2015; Zi & Xu, 2018). It belongs to the cystatin protein family and is the most abundant 

inhibitor of cysteine protease in humans (Turk et al., 2012). 

 

4.2 C-terminal fragments of Cystatin C inhibit GPR15-dependent HIV 

and SIV infection 

To determine if the identified peptide is indeed responsible for the observed antiviral activity, 

I chemically synthesized the C-terminal 52 aa residues of human Cystatin C. This synthetic 

peptide, hereafter referred to as CysC95-146, inhibited SIVmac239 infection in GHOST-

GPR15 cells in a dose-dependent manner with a mean 50% inhibitory concentration (IC50) 

of ~ 500 nM (Figure 4A). Importantly, the peptide did not display significant cytotoxic 

effects at concentrations of up to 15 µM (Figure 4C). In addition to SIVmac239, several 

SIVsmm strains naturally infecting sooty mangabey monkeys frequently use GPR15 as an 

entry cofactor (Chahroudi et al., 2012; Riddick et al., 2016). I could confirm potent inhibition 

for three highly divergent infectious molecular clones of SIVsmm (Figure 4B). To elucidate 

 
 

Figure 3: Identification of a C-terminal Cystatin C fragment inhibiting GPR15-mediated SIVmac 
infection. (A) Schematic overview of a hemofiltrate peptide library screening in GHOST-GPR15 cells 
expressing CD4 and GPR15. (B) Hit fractions in pH pool 4. The gray bars indicate the efficiency of 
SIVmac239 infection of GHOST-GPR15 cells in the presence of the hemofiltrate peptide library fractions 
compared to the absence of peptide (100%) and the black line indicates the peptide/protein elution profile. 
Fractions used for further peptide purification are indicated in red and highlighted by an arrow. + indicate 
infection in the absence of peptide, - shows uninfected cells. (C) MALDI-TOF spectrum of the active 
fraction obtained after the fifth round of purification. Sequence analyses identified the 52 C-terminal 
residues of Cystatin C. (D) Amino acid sequence of human Cystatin C. The signal peptide (green), the 
isolated peptide (red) and putative C-C bridges are indicated. The cleavage site to generate CysC95-146 is 
indicated by a red arrow. (B-D) From (Hayn et al., 2021; Fig. 1 A-C); CC BY-NC-ND 4.0, 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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if the effects of CysC95-146 were specific for GPR15, I investigated if this peptide affected 

SIVmac and SIVsmm infection in GHOST cell lines expressing other known SIV entry 

coreceptors, namely CCR5 and CXCR6 (Figure 4B). Expression of CD4 and the respective 

coreceptors in GHOST-GPR15, GHOST-CXCR6, GHOST-CCR5 and GHOST parental cell 

lines was confirmed by flow cytometry prior to the infection experiments. CysC95-146 

predictably inhibited GPR15-mediated virus infection for all tested SIV infectious molecular 

clones in a dose dependent manner and had little to no effect on CCR5- and CXCR6-

dependent virus infection (Figure 4B). Thus, the peptide is specific for GPR15.  
 

SIVsmm is the simian precursor of HIV-2 (Figure 1) (Sharp & Hahn, 2011; Visseaux et al., 

2016) and displays a broader coreceptor tropism compared to HIV-1. It uses for example 

CCR1, CCR2b, CCR3, CXCR6 and GPR15 in addition to CCR5 and CXCR4 for entry 

(Gilbert et al., 2003; Mörner et al., 1999; Popper et al., 1999; Reeves et al., 1999). Therefore, 

I asked whether CysC95-146 might be relevant in HIV-2 infection. To this end, I analyzed 

the impact of three different HIV-2 strains: HIV-2 ST which is an attenuated HIV-2 strain 

with reduced in vitro cytopathic activity (Kong et al., 1988; Kumar et al., 1990); HIV-2 

ROD10, a derivative of the first reported infectious HIV-2 clone (Clavel, Guyader, et al., 

1986; Döring et al., 2016) and HIV-2 7312A, originally isolated from an infected individual 

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

ROD10 belong to the HIV-2 group A which spread most in the human population while 

HIV-2 7312A is a recombinant form of groups A and B (Ibe et al., 2010). CysC95-146 

significantly reduced GPR15-mediated infection of all three HIV-2 stains with IC50 values 

ranging from 1.3 to 7.0 µM (Figure 4D). However, it was not possible to achieve more than 

~ 80% of entry inhibition. One possible explanation might be a GPR15-independent 

infection of GHOST cells as I observed that HIV-2 ROD10 could efficiently infect the 

GHOST parental cell line (Figure 4D, grey line). Indeed, FACS analysis of all tested GHOST 

cell lines revealed that the parental cell line expresses low levels of CXCR4 but no GPR15 

or other known entry coreceptors to detectable levels.  
 

HIV-1 usually only utilizes CCR5 and/or CXCR4 as entry cofactors (Connor et al., 1997; 

Xiao et al., 1998). However, a highly unusual strain, HIV-1 IMC ZP6248, is impaired in 

CCR5 and CXCR4 coreceptor usage but capable of infecting cells that express alternative 

coreceptors such as GPR15 (Jiang et al., 2011). CysC95-146 inhibited the infection of 

GHOST-GPR15 cells by HIV-1 ZP6248 with an IC50 of 1.1 µM (Figure 4E). Taken together, 

my results showed that CysC95-146 specifically inhibits GPR15 dependent SIV and HIV 

infection.  



Results  48 

 

 

 

4.3 CysC95-146 binds specifically to GPR15 expressing cells 

To investigate whether CysC95-16 interacts with GPR15, I generated N- and C-terminal 

fusions of this GPCR with the enhanced green fluorescent protein (eGFP) as well as Atto647-

tagged versions of this peptide. Confocal microscopy performed on Hela cells transfected 

with these GPR15 expression constructs revealed that the N-terminal tagging of GPR15 with 

eGFP leads to mislocalization of the receptor and lack of cell surface expression (Figure 

S1A). C-terminal tagged GPR15-eGFP was efficiently expressed and showed the expected 

localization at the cellular membrane (Figure S1B).  In addition, only GPR15-eGFP was able 

to mediate CD4-dependent entry of SIVmac239 with similar efficiency as the non-eGFP 

tagged GPR15 protein in co-transfection experiments in HEK293T cells (Figure 5C). Single 

transfections with either CD4 or GPR15 (+/- eGFP) resulted in minor luciferase signals close 

to mock levels (Figure 5C). To investigate the co-localization between GPR15 and CysC95-

146 in laser scanning microscopy, CysC95-146 was labelled at its N-terminus with Atto647. 

After transfection of GPR15-eGFP, the cells were exposed to the labelled peptide. Atto647-

 
 

Figure 4: CysC95-146 specifically inhibits GPR15-mediated SIV and HIV infection. (A) GHOST-GPR15 
cells were infected with a SIVmac239 luciferase reporter construct in the presence of CysC95-146. 
Experiments shown in all panels were performed at least in triplicate and curves show mean values (±SEM). 
(B) GHOST cells engineered to express GPR15, CXCR6 or CCR5 were infected with different SIV strains. 
Values show the percentage of virally infected (GFP+) cells in the presence of increasing concentrations 
of CysC95-146 compared to the percentage of infected cells obtained in the absence of peptide (100%). 
The dotted line indicates the percentage of eGFP+ cells obtained after infection of the parental GHOST 
cell line in the absence of peptide. (C) CysC95-146 is not cytotoxic. GHOST-GPR15 seeded in 96-well F-
bottom plates were incubated with increasing amounts of peptide for 3 days at 37°C. Metabolic activity 
was analyzed by MTT and CellTiter-Glo assay. (D, E) Inhibition of (D) the indicated HIV-2 molecular 
clones or (E) HIV-1 ZP6248 by CysC95-146. In panel E, SIVmac239 is shown as positive control for 
comparison. Experiments were performed as described in (B). (A-E) From (Hayn et al., 2021; Fig. 2 A-E); 
CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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CysC95-146 was detectable exclusively at the membrane of GPR15-expressing HeLa cells 

while being absent from control cells (Figure 5A), suggesting that the presence of GPR15 is 

required for peptide binding. Quantification of the Atto647 fluorescence intensity confirmed 

that the peptide co-localized with GPR15-eGFP expressing cells (Figure 5B). In summary, 

these data further support that CysC95-146 specifically targets GPR15 at the cell surface. 

 

To determine the region(s) in GPR15 targeted by CysC95-146, I investigated its ability to 

compete with GPR15 antibodies with known epitopes for receptor binding (Figure 6A). 

 
Figure 5: CysC95-146 interacts specifically with GPR15-expressing cells. (A) Hela cells were transfected 
with an eGFP-tagged GPR15 expression plasmid or a vector control and cultured for 2 days. Subsequently, 
cells were treated with Atto647-labeled CysC95-146. Excessive peptide was removed in several washing 
steps before staining the nuclei with DAPI according to the manufacturer's instructions. Samples were 
analysed by confocal microscopy using a LSM710 (Carl Zeiss). Scale bar indicates 10 μm. (B) 
Quantification of the Atto647 mean fluorescence intensity at the cell membrane from Atto-647-CysC95-
146 treated samples shown in panel A. n=23-27 cells ± SEM. ***, p<0.001 (Mann-Whitney test, unpaired 
t-test, non-parametric). (C) HEK293T cells transiently transfected with plasmids expressing the indicated 
receptors and/or an empty control vector and subsequently infected with a SIVmac239 Nano-Luciferase 
reporter virus. Infection rates were quantified as relative light units (RLU) per second. Results are displayed 
as means ± SEM, n = 6. One representative of two biological repeats is shown; (D) Western Blot of WCL 
of HEK293T cells from (C). (A-C) Adapted from (Hayn et al., 2021; Fig. 3 A-C); CC BY-NC-ND 4.0, 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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CysC95-146 competed with ab8104 targeting the extracellular N-terminus of GPR15 and to 

a lesser extent with ab188938 interacting with the first extracellular loop (ECL1) for binding 

to this GPCR (Figure 6C). As expected, these two antibodies also significantly inhibited 

SIVmac239 entry on their own when incubated with GHOST-GPR15 cells in absence of 

CysC95-146 (Figure 6B). In contrast, the R&D antibody #367902 that efficiently recognizes 

GPR15 in FACS-based assays and targets an unknown region of GPR15 did not show 

significant effects on SIVmac infection (Figure 6B). Consistent with the competition assays 

shown in Figure 6C, molecular modelling predicted the strongest interaction between 

CysC95-146 and the N-terminus of GPR15 (Figure 6D). To deepen our understanding of the 

interaction between CysC95-146 and GPR15, we investigated the contribution of individual 

amino acids in GPR15 and CysC95-146 in detail. Modeling predicted that most amino acids 

in CysC95-146 (Figure 6E) and GPR15 (Figure S3) stabilize the interaction by less than 2 

eV. For GPR15, the amino acid residues D2, E5, Y14 and T16 that are all located in the N-

terminal part of this GPCR were suggested to have the strongest interaction with CysC95-

146 (Figure S3). In CysC95 146, only the two amino acid residues G95 and K120 stabilized 

the binding with >4 eV suggesting that they are crucial for the interaction with GPR15 

(Figure 6E). To verify these in silico predictions, I mutated residues G95, K120 and Q126 

in CysC95-146 to alanine. As expected, the combined changes disrupted the antiviral activity 

of CysC95-146 almost completely (Figure 6F). Taken together, these results indicate the 

importance of the N-terminus and 1st ECL of GPR15 for HIV-2 and SIV entry and their 

function as the main target site for CysC95-146. 
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Figure 6: (A) Schematic representation of the antibody competition assay performed as described in (C). 
(B) Anti-GPR15 antibodies ab8104 targeting the N-terminus and ab188938 targeting the 1st extracellular 
loop of GPR15 but not RD #367902 (unknown binding site) inhibit SIVmac infection. GHOST-GPR15 
cells were preincubated with the indicated anti-GPR15 antibodies prior to infection with a SIVmac239 
luciferase reporter virus. From (Hayn et al., 2021; Fig. 6H) (C) GPR15 antibody competition assay. 
GHOST-GPR15 cells were incubated with the indicated concentrations of CysC95-146 and either ab8104 
or ab188938 and analysed by flow cytometry. The indicated frequencies of GPR15 positive cells were 
obtained by subtraction of background (secondary antibody only), followed by normalization to the no 
peptide samples. Shown are the mean values for n = 3 experiments ± SEM, * p < 0.05 (Welch’s t-test, 
unpaired). From (Hayn et al., 2021; Fig. 6G) (D) Theoretically proposed binding of CysC95-146 with 
GPR15 based on reactive MD simulations (ReaxFF). In the model, the amino acid-resolved interaction 
energies are highlighted using the color coding shown in the lower right-hand scale. From (Hayn et al., 
2021; Fig. 6I) (E) Predicted interaction energy contributions of individual amino acids in CysC95-146. The 
lower line indicates the proposed exchanges of G69, K94 and Q100 to alanine in order to generate a peptide 
with a decreased ability to interact with GPR15. From (Hayn et al., 2021; Fig. S6) (F) Effect of amino acid 
changes of G69A, K94A and Q100A on the antiviral activity of CysC95-146. FACS analyses of GHOST-
GPR15 cells infected with SIVmac239-BFP after exposure to the parental and mutant CysC95-146 peptide. 
Data shows mean values +/- SEM, n = 2 experiments ** p < 0.01, * p < 0.05 (Multiple t-test, unpaired, 
corrected for multiple comparisons using the Holm-Sidak method). Adapted from (Hayn et al., 2021; Fig. 
S6); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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4.4 Various endogenous CysC fragments prevent GPR15-mediated 

lentiviral infections 
 

CysC95-146 corresponds to the C-terminal 52 aa residues of Cystatin C. To determine the 

minimal size of GPR15-specific and antivirally active Cystatin C peptide fragments, I first 

investigated if the full-length Cystatin C protein also affects primate lentivirus infection. In 

contrast to CysC95-146, full-length Cystatin C had little to no inhibitory effect on 

SIVmac239 entry (Figure 7). Additionally, N-terminal truncations of CysC95-146 by up to 

12 amino acid residues (CysC107-146, Figure 7A) as well as N-terminal expansions by up 

to 6 amino acid residues (CysC89-146, Figure 7B) did not disrupt the antiviral activity. 

However, the addition of ten amino acids (CysC85-146) was sufficient to render the peptide 

inactive (Figure 7B). 

To further define critical regions, I generated a comprehensive library of C-terminal Cystatin 

C fragments. The analysis of their anti-SIV activity suggested that residues 107 to 146 are 

crucial for the antiviral activity (Table 1). Moreover, I could show that CysC95-146 tolerates 

smaller truncations either at its N- or C-terminus. Excessive changes, however, resulted in a 

peptide with reduced or fully disrupted antiviral activity (e.g CysC85-146, Figure 7B). 

Notably, some of the tested fragments, e.g. CysC107-146, were up to 4-fold more active than 

CysC95-146 (Table 1). In summary, these results demonstrate that a large number of C-

terminal fragments of Cystatin C are able to prevent GPR15-dependent SIVmac infection 

while aa residues 107-146 are necessary for the antiviral activity.  

 
 

Figure 7: Anti-SIV activity of different C-terminal Cystatin C fragments. (A, B) Inhibition of SIVmac239 
by (A) full-length Cystatin C and N-terminally truncated or (B) extended CysC peptides. Numbers refer to 
amino acid positions in the full-length Cystatin C sequence. GHOST GPR15 cells were treated with the 
indicated concentrations of the Cystatin peptides before infection with a SIVmac239 Firefly-Luciferase 
reporter virus. Three days post infection, firefly-luciferase activities were analyzed. Experiments shown in 
all panels were performed at least in triplicates and curves show mean values (±SEM). From (Hayn et al., 
2021; Fig. 4 A-B); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Cystatin C is the most potent inhibitor of Cysteine proteases in the human body (Onopiuk et 

al., 2015; Randers et al., 1998; Turk et al., 2012). The anti-cysteine protease activity of 

Cystatin C is attributed to three structural motifs in the protein that form a wedge-shaped 

structure blocking the active site of C1 cysteine proteases (Turk & Bode, 1991). The first 

motif is a glycine residue in the N-terminal region (G11 in human Cystatin C), the second 

one is a glutamine-valine-glycine loop (Q-x-V-x-G) and the third one a proline-tryptophan 

(PW) hairpin loop in the C-terminal region of the protein (Mussap & Plebani, 2004; Ochieng 

& Chaudhuri, 2010). To analyze if the antivirally active Cystatin C fragments can interact 

and inhibit Cysteine protease activity, I took advantage of a fluorogenic reporter substrate 

(AMC, 7-amino-4-methyl coumarin) harboring a cleavage site that is recognized by the 

cysteine protease papain. Hydrolysis of the terminal arginine-AMC amide bond after the 

proteolytic cleavage of this substrate will release AMC and the fluorescence can be 

quantified. I adapted a functional activity assay for Cystatin C from Wilson et al. in which I 

preincubated papain with Cystatin C before exposing it to this fluorogenic substrate (Wilson 

et al., 2013). The activity of papain was monitored over 90 min and fluorescence was 

recorded in intervals of 60 sec. As expected, full-length Cystatin C inhibited papain-

mediated cleavage of the ZFR-AMC substrate almost completely, resulting in a reduced 

fluorescence close to background levels of untreated substrate (Figure 8). The antivirally 

active Cystatin C fragment CysC95-146 was not able to inhibit the protease activity of papain 

(Figure 8). On the contrary, CysC95-146 increased papain protease activity by ~ 2.5-fold 

Table 1: Overview of the amino acid sequences and antiviral activities of chemically synthesized CysC 
peptides analyzed. IC50 values were determined by infection of GHOST-GPR15 cells with a SIVmac239 
luciferase reporter construct in the presence of increasing quantities of the indicated peptides. CysC95-146 
is highlighted in bold. From (Hayn et al., 2021; Fig. 4 C); CC BY-NC-ND 4.0, 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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compared to mock conditions, resulting in an increased AMC emission (Figure 8 B). Taken 

together, these results demonstrate that CysC95-146 does not retain the ability of Cystatin C 

to inhibit the activity of cysteine proteases. Surprisingly, CysC95-146 even enhanced papain 

activity resulting in an enhanced fluorescence emission which suggests that this peptide 

might still be able to interact with the protease albeit in a different way than CysC. 

            

4.5 Physiological concentration and generation of CysC95-146 

We initially isolated CysC95-146 from a hemofiltrate-derived peptide library. This suggests 

that the peptide naturally circulates in the blood stream. To further examine this, I established 

a MS-based method for the quantification of CysC95-146 in human hemofiltrate (Figure 

S4). CysC95-146 was detected at concentrations of ~ 10.7 ng/mL (236 pmol) in the original 

hemofiltrate fraction (Figure S2). These quantities are lower than the IC50 of CysC95-146 

(Table 1). Since hemofiltrate is significantly more diluted than blood and material might 

have been lost during sample preparation, the actual blood plasma concentrations might be 

significantly higher. Additionally, HIV-infected individuals have elevated Cystatin C levels 

compared to healthy individuals (Neuhaus et al., 2010; Odden et al., 2007) and several other 

fragments aside from CysC95-146 are also antivirally active but were not measured in our 

assay. Therefore, my analyses most likely depreciate the concentration of C-terminal 

Cystatin C fragments that is achievable in vivo. To better understand how antiviral Cystatin 

 
Figure 8: (A) The cysteine protease papain was either preincubated with assay buffer (mock, blue line), 
Cystatin C (purple line), or CysC95-146 (green line). Papain activity was determined over time after 
addition of the Z-FR-AMC substrate. To monitor background activity, the fluorescence emission of the 
substrate in absence of the protease papain was monitored as well (black line). Data are shown as the mean 
of n=3 experiments. AMC, 7-amido-4-methylcoumarin; (B) Quantification of papain activity from (A) by 
calculating the area under the curve (AUC). Data are shown as the mean of n= 3 experiments ± SEM. 
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C fragments are generated, I treated the highly abundant plasma protein Cystatin C with 

several representative proteases of the endo- and lysosomal protein degradation machinery: 

Cathepsin D, G, E, trypsin, pepsin, chymase and Napsin A (Appelqvist et al., 2013; Turk et 

al., 2012; Yamamoto et al., 2012; Zaidi & Kalbacher, 2008). I found that the digestion of 

Cystatin C with Cathepsin D, trypsin, pepsin, chymase and Napsin A generated peptides 

with a size similar to CysC95-146 (Figure 9A). When I examined the effect of these digestion 

products on GPR15-mediated SIVmac239 infection in GHOST-GPR15 cells, I confirmed 

that Cathepsin D, chymase and Napsin A digested samples significantly inhibited virus 

infection in a similar range as the CysC95-146 peptide (Figure 9C). Analyses of the digestion 

products by MS revealed the presence of several of the previously characterized C-terminal 

Cystatin C fragments e.g. CysC95-146 or CysC92-146 in the digestion products (Figure 9B).  

Taken together, these results demonstrate that GPR15-specific, antivirally active Cystatin C 

fragments can be found in blood-derived hemofiltrate and are presumably generated by 

proteolytic digestion of full-length Cystatin C by proteases that are naturally present and 

activated at sites of inflammation and infection. 
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4.6 CysC95-146 does not interfere with the function of GPR15L 

GPR15 was classified as an orphan G protein-coupled receptor until the recent discovery of 

its agonistic chemokine ligand (named GPR15L) that modulates recruitment of lymphocytes 

to epithelia (Ocón et al., 2017; Suply et al., 2017). The chemokine ligands for the main entry 

cofactors of HIV-1, CCR5 and CXCR4, generally inhibit virus infection (Verani & Lusso, 

2005). Surprisingly, GPR15L did not inhibit GPR15-mediated SIVmac239 infection (Figure 

10A) even though it induced significant downregulation of GPR15 from the surface of CEM-

 
 

Figure 9: Treatment with various proteases generates antiviral Cystatin C fragments. (A) Human Cystatin 
C protein was digested with the indicated proteases. Digestion products were separated by SDS-PAGE and 
visualized by Coomassie Brilliant Blue staining. As controls, non-digested Cystatin C as well as the 
synthesized CysC95-146 were included. (B) Heat Map visualization of identified Cystatin C fragments in 
samples digested with the indicated proteases by Mass spectrometry (C) Proteases and non-digested protein 
were removed by ultrafiltration with different kDa cut-offs for purification. GHOST-GPR15 cells were 
then treated with the digestion products or CysC95-146 or full-length Cystatin C and subsequently infected 
with a SIVmac239 luciferase reporter virus. Infection was measured as described before. Results are 
displayed as means of triplicates ± SD of one representative digestion; # p = 0.06; *p < 0.05; **p < 0.01 
(Mann–Whitney U test, unpaired t test, nonparametric). Adapted from (Hayn et al., 2021; Fig. 5); CC BY-
NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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M7 and GHOST-GPR15 cells (Figure 10B). I could prevent receptor internalization by 

keeping the cells on ice suggesting that the observed downregulation of GPR15 was mainly 

a result of endocytosis rather than of competition with the antibody used for staining. 

CysC95-146 did not alter the cell surface expression of GPR15 in both GHOST-GPR15 and 

CEM-M7 cells (Figure 10C) suggesting that the antiviral activity of this peptide is likely the 

result of its competition with the virus for receptor binding and not of the peptide altering 

GPR15 expression levels. To investigate whether CysC95-146 induces GPR15 signaling, I 

took advantage of CHO cells engineered to express human GPR15 together with the 

promiscuous G protein Gα16 (Suply et al., 2017). Gα16 is used as an adaptor protein to relay 

GPCR signal transduction to a pathway involving phospholipase C β (PLC-β) and release of 

Ca2+ from intracellular stores (Kostenis, 2001). Several GPCRs can successfully couple to 

Gα16 (Offermanns & Simon, 1995) and some orphan GPCRs were successfully 

deorphanized using this G protein (Elshourbagy et al., 2000; Offermanns & Simon, 1995; 

Suply et al., 2017).  CysC95-146 and other antivirally active Cystatin C fragments did not 

induce calcium release while GPR15 signaling was confirmed for GPR15L (Figure 10D). 

This suggests that the antivirally active Cystatin C fragment is not an activating ligand for 

GPR15. Based on these findings, I asked whether CysC95-146 and other active fragments 

can inhibit SIV entry without compromising the physiological function of GPR15 or if they 

might act as GPR15 antagonist thus preventing the endogenous ligand, GPR15L, from 

inducing GPCR signaling. To address this, I performed the calcium flux assays in presence 

of constant quantities of GPR15L and increasing concentrations of antivirally active Cystatin 

C fragments (Figure 10E). The presence of increasing concentrations (up to 10 µM) of the 

indicated Cystatin C fragments caused no significant changes in GPR15L-induced calcium 

flux. Thus, these experiments confirmed that antivirally active, C-terminal CysC fragments 

do not compromise the signaling activity of GPR15L and are not antagonists of this GPCR 

(Figure 10E). Conversely, GPR15L did not interfere with the antiviral activity of CysC95-

146 either (Figure 10F) suggesting different binding sites of the two ligands. Notably, 

GPR15L significantly reduced the surface expression of GPR15 in both CEM-M7 and 

GHOST-GPR15 cells (Figure 10B) but failed to prevent GPR15-mediated SIVmac239 

infection (Figure 10F). This implies that only a certain threshold of GPR15 expression might 

be required for viral entry and thus, the GPR15L-induced downmodulation does not 

contribute to an inhibition of virus infection.  
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Figure 10: Effect of CysC95-146 and GPR15-L on GPR15 function. (A) GPR15L does not inhibit 
SIVmac239 infection in GHOST-GPR15 cells treated with increasing amounts of GPR15L or CysC95-146 
experiments shown in all panels were performed at least in triplicate and curves show mean values (±SEM). 
(B, C) GPR15-L (B) but not CysC95-146 (C) downmodulate GPR15 from the surface of GHOST-GPR15 
and CEM-M7 cells. GHOST-GPR15 or CEM-M7 cells were preincubated with increasing amounts of 
GPR15L or CysC95-146 at 4°C or 37°C. GPR15 expression was analyzed by flow cytometry. (D) Cystatin 
C fragments do not induce GPR15-mediated calcium signaling. The effect of the indicated CysC fragments 
and GPR15L on calcium signaling was measured in an aequorin fluorescence assay in GPR15-expressing 
CHO-K1 cells. Each data point represents the mean relative light units ±SD over background fluorescence 
of quadruplicate measurements. (E) Cystatin C fragments do not interfere with the signaling function of 
GPR15L. The effect of CysC fragments on GPR15L signaling was analyzed as described in panel D. (F) 
GPR15L does neither enhance nor interfere with the antiviral activity of CysC95-146. GHOST-GPR15 
cells were treated with CysC95-146 in the presence or absence of 10 µM GPR15L and infected with a 
SIVmac239 luciferase reporter virus as described in panel A. (G) Changes in the expression levels of 
different chemokine receptors and/or activation markers on human PBMCs in the presence of GPR15L or 
CysC95-146. Data show normalized expression levels detected in IL-2/ PHA 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). (H) 
Competition of GPR15L with binding of Ab 12G5 targeting the 2nd extracellular loop of CXCR4. (I) Effect 
of CysC95-146 and GPR15L (left) or AMD3100 (right) on CXCR4-tropic HIV-1 NL4-3 infection of 
GHOST-CXCR4 cells. Results show mean of n=2, in triplicates (±SEM). Infection in absence of peptides 
or inhibitors was set to 100%. (A-F) From (Hayn et al., 2021; Fig. 6 A-F); (G-H) from (Hayn et al., 2021; 
Fig. S8B-D); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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It is well established that GPCRs can bind and be activated by numerous ligands but only 

signal via a small set of intracellular signaling proteins (Venkatakrishnan et al., 2016). 

Therefore, I investigated the effect GPR15L and CysC95-146 on other surface markers and 

GPCRs that are relevant in primary viral target cells. In a first experiment, I could confirm 

the presence of the known HIV and SIV entry coreceptors CXCR6, CCR5, CXCR4 and 

GPR15 on human primary viral target cells by flow cytometry (Figure S4). In a subsequent 

experiment, I isolated PBMCs from three healthy individuals, stimulated them with IL-2/ 

PHA and analyzed them for expression levels of CCR5, CXCR4, GPR15, CXCR6, CD69 

and CD25 in the presence of either CysC95-146 or GPR15L. As expected, GPR15L 

significantly reduced GPR15 expression levels by ~ 40% in all three donors (Figure 10G). 

Surface expression of CCR5, CXCR6, CD69 and CD25 did not change. Unexpectedly, 

GPR15L reduced CXCR4 expression levels even stronger by up to ~ 60% (Figure 10G). To 

verify this effect, I performed titration experiments with GPR15L and the 12G5 CXCR4 

antibody that is known to compete with the endogenous CXCR4 ligand for receptor binding. 

Indeed, GPR15L strongly competed with this antibody (Figure 10H) suggesting that 

GPR15L is able to interact with another chemokine receptor, that is CXCR4. However, in 

contrast to the CXCR4 antagonist AMD3100 (Figure 10I, right panel), neither CysC95-146 

nor GPR15L inhibited CXCR4-mediated HIV-1 infection (Figure 10I, left panel). In 

summary, these results show that the antiviral peptide CysC95-146 does not interfere with 

the physiological signaling function of GPR15L and revealed an unexpected effect of 

GPR15L on the cell surface expression of CXCR4. 

4.7 The antiviral activity of CysC95-146 is evolutionary conserved and 

present in primary viral target cells  
 

To understand whether inhibition of GPR15-mediated HIV and SIV infection by CysC95-

146 might be relevant in primary viral target cells of these viruses, I infected PBMCs of 

three healthy individuals in presence and absence of this peptide. Human PBMCs express 

various coreceptors of HIV and SIV (Figure S4). Therefore, I included the small molecule 

inhibitors AMD3100 and Maraviroc (MVC) in this experiment preventing CXCR4 and 

CCR5 mediated viral entry, respectively. As expected, CysC95-146 had no effect on the 

CCR5-tropic derivative of HIV-1 NL4-3 as well as the CXCR4-tropic HIV-2 ROD9 

infectious molecular clone but it reduced the infection of human PBMCs with SIVmac239 

by up to 80% (Figure 11, first panel). These results suggest that GPR15-mediated entry 

contributes significantly to the infection of primary viral target cells with SIVmac239 and 
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confirmed once again the specificity of CysC95-146 for GPR15. In the following, I analyzed 

the effect of CysC95-146 on three additional virus strains: at first, the previously introduced 

GPR15-tropic HIV-1 ZP6248 IMC, and secondly, HIV-2 7312 and SIVsmm L1, two virus 

strains capable of utilizing CCR5, GPR15 and CXCR6 for viral entry. CysC95-146 clearly 

reduced PBMC infection for all three HIV-1, HIV-2 and SIVsmm strains (Figure 11, second 

panel). Notably, virus strains that do not depend on GPR15 for viral entry e.g. CCR5 or 

CXCR4-tropic HIV-1 and HIV-2 strains were potently inhibited when MVC and AMD3100 

were added (Figure 11, third and fourth panel) confirming the specificity of CysC95-146 for 

GPR15. 

To examine the effects of CysC95-146 on viral replication, I treated PBMCs with this 

peptide and various other inhibitors prior to virus exposure and in defined intervals post virus 

exposure. The production of infectious virus was determined by infection of TZM-bl 

indicator cells with PBMC culture supernatants obtained at different days post-infection 

(Figure 12A). Cumulative infectious virus production was determined by calculating the area 

under the curve (AUC) of these replication kinetics (Figure 12B). As expected, MVC 

blocked CCR5-tropic HIV-1 NL4-3 (R5) replication while AMD3100 fully prevented 

CXCR4-tropic HIV-1 NL4-3 (X4) replication (Figure 12A & B). GPR15L, CysC95-146 and 

the CXCR6 chemokine ligand CXCL16 did not exhibit any significant effect on X4 or R5- 

tropic HIV-1 replication (Figure 12A & B). Exposing human PBMCs to the GPR15-tropic 

HIV-1 ZP6248 did not result in significant replication therefore preventing any meaningful 

analysis of the inhibitors (data not shown). CysC95-146 suppressed infectious virus yields 

 

 
Figure 11: Effect of CysC95-146 on SIV and HIV infection of primary human cells. IL-2 and PHA 
stimulated PBMCs were treated with the indicated amounts of CysC95-146 ± AMD3100/MVC. Cells were 
infected with the indicated virus strains. 3 days post-infection, PBMCs were stained for p24 and analyzed 
by flow cytometry. Shown are the mean values for n = 3 donors ± SEM and infection in cells obtained in 
the absence of peptide was set to 100%. *** p < 0.001, ** p < 0.01, * p < 0.05 (Multiple t-test, unpaired, 
corrected for multiple comparisons using the Holm-Sidak method). adapted from (Hayn et al., 2021; Fig. 
S7C); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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of SIVmac239 infected PBMCs on an average by ~65% (Figure 12A & B) which is less 

efficient than the 99.2% inhibition observed for CCR5 antagonist MVC. These results 

suggest that SIVmac239 utilized both GPR15 and CCR5 for efficient entry into primary T 

cells and indicates that the chemokine receptor CCR5 contributes significantly to the 

infection of primary viral target cells with SIVmac239. Since CysC95-146 is specific for 

GPR15 but has no effect on CCR5-dependent virus infection, it could not fully prevent 

replication of SIVmac239. To test this hypothesis and remove the occluding effects of 

CCR5, I screened saliva samples of healthy individuals for the rare Δ32/Δ32 deletion in the 

CCR5 gene present in about ~1% of Caucasians (Samson et al., 1996). This deletion disrupts 

the expression of a functional CCR5 receptor in affected individuals (Samson et al., 1996). 

After identifying a donor (Figure 12C), I performed the same replication kinetic as outlined 

above in presence of the various antiviral agents in these CCR5 Δ32/Δ32 PBMCs. 

Predictably, CCR5-tropic HIV-1 did not replicate in these cells (Figure S5). CysC95-146 

almost entirely prevented SIVmac239 replication (Figure 12D) reducing the cumulative 

infectious virus yield by ~95% compared to the virus control (Figure 12E, left graph). The 

peptide had no effect on CXCR4-tropic HIV-1 infection (Figure 12E, right graph).  GPR15L, 

MVC, AMD3100 and CXCL16 did not display any significant effects on SIVmac239 

replication. Conversely, AMD3100 reduced infectious virus yield of X4-tropic HIV-1 by ~ 

94% (Figure 12E, right graph). Thus, in the absence of a functional CCR5 receptor, CysC95-

146 almost entirely prevented SIV replication in primary T cells supporting potent inhibition 

of GPR15 dependent virus entry.  
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GPR15 represents a major SIV entry cofactor for two of the most well studied simian species 

naturally infected with SIV, i.e. sooty mangabeys (smm) and african green monkeys (agm) 

(Riddick et al., 2010; Riddick et al., 2016). In addition, SIVmac infecting rhesus macaques 

is the best established non-human primate model for AIDS in humans and utilizes GPR15 

as a major entry cofactor for infection (Kiene et al., 2012). To better understand if C-terminal 

Cystatin C fragments could play a role in a natural SIV infection, I analyzed the conservation 

of Cystatin C (Figure 13A). I found that the C-terminus of human Cystatin C is fully 

conserved in great apes while the macaque ortholog only differs in two amino acids from the 

human protein. These changes are located at positions 113 where aspartatic acid (D) is 

replaced by glutamic acid (E) and at position 129 where alanine (A) is replaced by threonine 

(T) (Figure 13A). These amino acids are not the ones I have previously identified as being 

crucial for the ability of the peptide to interact with GPR15 by molecular modeling (Figure 

 
Figure 12: CysC95-146 shows antiviral activity against GPR15- mediated SIVmac239 replication in 
human primary cells. (A) To examine possible effects on spreading infection, human PBMC were treated 
with the various indicated compounds prior to virus exposure and afterwards in defined interval. Infectious 
virus production was determined by infection of TZM-bl indicator cells with PBMC culture supernatants 
obtained at different days post-infection. Shown are the mean values of n=3 donors (B) Calculated Area-
under-the-curve (AUC) for the virus replication data obtained in panel E. *** p < 0.001, ** p < 0.01, * p 
<0.05 (Welch’s t-test, unpaired). (C) Agarose gel electrophoresis image of the PCR products performed to 
verify the homozygous deletions in the CCR5 gene of a Δ32/Δ32 PBMC donor. (D) Replication kinetics 
of SIVmac239 in Δ32/Δ32 PBMCs in the presence of various antiviral agents. Experiment as described in 
A, symbols are provided in panel A, mean of triplicate infections in TZM-bl indicator cells ± SD. (E) 
Calculated area-under-the-curve (AUC) for the virus replication of SIVmac239 (see panel D) and X4 HIV-
1 in Δ32/Δ32 PBMCs. *** p < 0.001, ** p < 0.01, * p <0.05 (Welch’s t-test, unpaired). (A-E) From (Hayn 
et al., 2021; Fig. 7 C-G); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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6E). This suggests that C-terminal Cystatin C fragments from great apes and macaques 

should also be able to inhibit GPR15-mediated infection of primate lentiviruses. To test this, 

I chemically synthesized the CysC95-146 peptide of rhesus macaques and tested its antiviral 

activity in the GHOST-GPR15 assays as described before. Indeed, the peptide derived from 

rhesus macaques inhibited GPR15-dependent SIVmac239 infection as efficiently as its 

human ortholog (Figure 13B). Thus, the antiviral activity of CysC95-146 is conserved in the 

simian hosts of SIV. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 13: The antiviral activity of CysC95-146 is conserved in monkeys and affects HIV-2 and SIV 
infection in human T cells. (A) Alignment of Cystatin C amino acid sequences from the indicated species. 
Dots indicate identity to the human sequence and dashes gaps introduced to optimize the alignment. The 
region corresponding the CysC95-146 is shaded. (B) Antiviral activity of human and monkey-derived 
CysC95-146 peptides on SIVmac239 infection of GHOST-GPR15 cells as described before. From (Hayn 
et al., 2021; Fig. 7 A-B); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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5 Discussion 

GPR15 is upregulated in at least 33 different types of cancer and may facilitate the 

recruitment of regulatory T cells to promote colorectal cancer, a major cause of cancer-

related deaths world-wide (Adamczyk et al., 2021; Wang et al., 2019). GPR15 has also been 

proposed to play a role in mucosal immunity as it is involved in the homing and trafficking 

of T cells to the inflamed mucosa of the gut (Fischer et al., 2016; Nguyen et al., 2015; Suply 

et al., 2017). Consequently, GPR15 is a promising target e.g. for altering T cell migration in 

cancer therapy and the identification of novel GPR15 ligands is of high scientific interest. 

Notably, besides its endogenous functions, GPR15 also serves as entry cofactor for HIV and 

SIV (Kiene et al., 2012; Unutmaz et al., 1998). Thus, blocking GPR15, e.g. by ligands, 

prevents GPR15-mediated lentiviral infection of target cells. In this study, I exploited the 

ability of SIV and HIV to utilize GPR15 for entry to screen a blood-derived hemofiltrate 

peptide library for novel endogenous ligands of this GPCR. I identified CysC95-146 and 

other naturally occurring C-terminal fragments of Cystatin C as specific ligands of GPR15 

and inhibitors of GPR15-dependent HIV-1, HIV-2 and SIV infection. In contrast, GPR15L, 

the recently discovered chemokine ligand of GPR15 (Suply et al., 2017), does not inhibit 

lentiviral infection via this GPCR. CysC95-146 and related peptides do not interfere with 

the signaling function of GPR15L and are generated by immune-activated proteases from 

the abundant plasma resident (Figure 14). I confirmed the antiviral activity of CysC95-146 

in primary CD4+ T cells and showed that it is conserved in the simian hosts of SIV infection. 

Thus, I have identified an endogenous bioactive peptide specifically preventing the 

detrimental activity of this GPCR (e.g. virus infection) without compromising its 

physiological signaling function. 

        
 

Figure 14: CysC95-146 and GPR15L 
modulate GPR15 function. Cystatin C 
is proteolytically cleaved under acidic 
conditions generating C-terminal 
fragments that occupy the N-terminal 
and ECL-1 domains of GPR15, thus 
preventing HIV-2 and SIV entry. 
GPR15L seems to interact with either 
ECL2 and ECL3 to induce intracellular 
GPCR signaling. 
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CysC is one of the best characterized members of the human cystatin family. It is a relatively 

small, basic protein with a molecular weight of 13.343 kDa that is ubiquitously expressed 

by all nucleated cells in the human body at a constant rate (Grubb et al., 1985; Onopiuk et 

al., 2015; Zi & Xu, 2018). The protein is expressed as a 120 aa single polypeptide chain that 

is preceded by a 26 aa signal peptide at the amino terminus (Abrahamson et al., 1990; Turk 

et al., 1997). Before secretion, CysC undergoes cleavage of the signal sequence between the 

aa residues Gly26 and Ser27 (Nguyen & Hulleman, 2016). The vast majority of newly 

synthesized CysC is secreted from the cell and present extracellularly, however, it can also 

be internalized via endocytosis and is then found in the endo-lysosomal compartments where 

it can efficiently inhibit intracellular cathepsins (Calkins et al., 1998; Ekström et al., 2008). 

In healthy individuals, Cystatin C plasma levels are about 0.1 µM (Abrahamson et al., 1986), 

however, they can be upregulated reaching blood plasma levels of up to 0.5 – 0.7 µM under 

conditions of uremia, inflammation or viral infections (Abrahamson et al., 1986; Bhasin et 

al., 2013; Longenecker et al., 2015; Neuhaus et al., 2010). I found that CysC95-146 and 

other antivirally active fragments, e.g. CysC107-146, inhibit GPR15-dependent HIV and 

SIV infection with IC50 values ranging from 0.38 – 1.5 µM for the most active peptides. 

These values approximate the blood plasma concentrations of full-length CysC under 

conditions of uremia or infection and consequently suggests that relevant concentrations of 

antivirally active peptides might be reached in vivo under these conditions. To assess whether 

antiviral CysC fragments might be present in plasma at relevant concentrations, I used an 

MS-based method for the quantification of CysC95-146 in hemofiltrate. My analyses 

showed that CysC95-146 was present at concentrations of ~ 236 pmol in the original 

hemofiltrate fraction. This concentration is lower than the IC50 of CysC95-146 (~ 0.5- 1 µM). 

However, hemofiltrate is significantly diluted compared to blood. In addition, I found that 

several CysC fragments other than CysC95-146 are also antivirally active but were not 

measured in this assay. Thus, the concentrations of antiviral CysC fragments that can be 

achieved in vivo are likely underestimated by my measurements.   

CysC is a member of the cystatin superfamily and acts as an inhibitor of various cysteine 

proteases (Schnittger et al., 1993). It inhibits the activities of host, bacterial and viral cysteine 

proteases, thus preventing the destructive proteolysis of host tissues (Bobek & Levine, 

1992). I confirmed potent inhibition of the cysteine protease papain by full-length CysC in 

an assay using a fluorogenic AMC-coupled substrate. CysC95-146 did not retain this ability 

of the full-length protein and was not able to inhibit cysteine proteases. This finding was not 

unexpected as the anti-cysteine protease activity of CysC relies on the interplay of three 
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different motifs. These motifs form a wedge-shaped structure blocking the active site of C1 

cysteine proteases (Turk & Bode, 1991). The first motif is a glycine residue in the N-terminal 

region of the protein, the second one is a glutamine-valine-glycine loop (Q-x-V-x-G) and 

the third one a proline-tryptophan (PW) hairpin loop in the C-terminal region of the protein 

(Mussap & Plebani, 2004; Ochieng & Chaudhuri, 2010). Since antivirally active CysC 

fragments are lacking the first and the second motif, thus only providing the PW hairpin loop 

located in the C-terminal region, they are unable to block the active site of cysteine proteases. 

Surprisingly, I observed that CysC95-146 significantly enhanced the activity of papain. This 

indicates that the peptide might still be able to bind to papain and revealed a potential role 

of CysC95-146 as an allosteric modulator of cysteine proteases.  

I found that CysC95-146 and other naturally occurring C-terminal fragments of CysC can 

be generated by treating the full-length protein with the proteases Cathepsin D, chymase and 

Napsin A. In vivo, these proteases are either secreted by specialized granules or lysosomal 

exocytosis during immune responses and activated under acidic conditions (Okajima, 2013; 

Rodríguez et al., 1997; Yamamoto et al., 2012). Acidification is suggested to play a key role 

in innate immunity and is a hallmark of inflammatory tissues (Rajamäki et al., 2013). This 

suggests that these antivirally active peptide fragments may be generated at local sites of 

infection and inflammation. Importantly, in individuals with chronic HIV infection, the 

plasma levels of CysC are significantly elevated while the levels appear to decrease with the 

initiation of antiretroviral therapy (ART) (Bhasin et al., 2013; Longenecker et al., 2015; 

Neuhaus et al., 2010). Consequently, it seems plausible that higher concentrations of the 

plasma resident CysC might also result in the generation of higher concentrations of 

antivirally active CysC peptides by proteases recruited to these sites of infection. Notably, 

the generation of CysC95-146 shows parallels to generation of Epi-X4, a CXCR4 specific 

antagonist, which is generated from serum albumin by cathepsin D and E under acidic 

conditions (Zirafi et al., 2015). Additionally, the proteolytic cleavage of CCL14 by serine 

proteases generates a highly potent CCR5 antagonist (CCL14[9-74]) that efficiently inhibits 

R5-tropic HIV-1 infection (Detheux et al., 2000; Münch et al., 2002). Albumin, Cystatin C 

and CCL14 are ubiquitous and abundantly expressed proteins and can be found in various 

tissues (Detheux et al., 2000; Hayn et al., 2021; Münch et al., 2002; Zirafi et al., 2015). It is 

therefore tempting to speculate whether these active peptides are locally generated to 

cooperatively inhibit GPR15-, CXCR4- and CCR5-mediated infection by lentiviral 

pathogens as part of an innate immune defense mechanism. In addition, such endogenous 

peptides might have been the driving force behind the promiscuous coreceptor usage of SIVs 
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as the presence of such inhibitors over time likely put pressure on the virus to adopt novel 

mechanisms to infect cells. Since SIVs are most likely infecting primate species for millions 

of years (Compton et al., 2013; Gifford et al., 2008), this might explain their broader 

coreceptor tropism compared to HIVs which recently emerged during the last century 

(Sauter & Kirchhoff, 2019; Sharp & Hahn, 2011).  

GPR15 is a common coreceptor of HIV-2 that infects about one to two million people mainly 

in Sub-Saharan Africa and it is also used by some HIV-1 strains (Sharp & Hahn, 2011; 

Visseaux et al., 2016). I could show that CysC95-146 is active against several highly 

divergent HIV-2 strains and the unusual HIV-1 ZP6248 – in both indicator cell lines as well 

as primary viral target cells. In GHOST-GPR15 cells, HIV-2 infection was reduced by up to 

60% for HIV-2 ST and up to 80% for HIV-2 ROD10 and HIV-2 7312A while HIV-1 ZP6248 

was inhibited by almost 95%. In primary viral target cells, the effects of CysC95-146 on 

HIV-2 7312A and HIV-1 ZP6248 infection were less pronounced resulting in a decrease of 

infection by ~ 30 – 60% respectively. This finding was not surprising considering that CD4+ 

T cells, in contrast to GHOST indicator cells, express a variety of known HIV and SIV entry 

cofactors such as CXCR4, CXCR6, CCR5 and GPR15 (Figure S4). Consequently, this 

suggests that a GPR15-independent entry contributes to the infection of these cells and 

provides a plausible explanation why CysC95-146 could not fully prevent infection. Indeed, 

by additionally treating the cells with AMD3100 blocking CXCR4 dependent entry and with 

Maraviroc blocking CCR5-dependent entry, I could further reduce infection suggesting that 

both receptors also contribute to the infection of primary T cells by these viruses. Taken 

together, my data suggest that antiviral cystatin C fragments might be relevant in specifically 

restricting GPR15-dependent HIV-2 infection of human T cells.  

When I investigated the effect of CysC95-146 on viral replication and spread in primary 

viral target cells over a period of 12 to 14 days, I found that CysC95-146 decreased GPR15-

dependent SIVmac239 replication in primary T cells by ~60% and was less efficient than 

the CCR5 antagonist Maraviroc that reduced replication by ~ 99%.  This was likely because 

this virus also utilizes CCR5 for entry into primary T cells. To challenge this hypothesis, I 

screened saliva samples of uninfected individuals for the presence of the Δ32/Δ32 deletion 

in the CCR5 gene that is present in about ~1% of Caucasians and disrupts functional CCR5 

expression (Samson et al., 1996) and performed infection experiments in Δ32/Δ32 PBMCs. 

I could confirm that GPR15 allows SIV to replicate in Δ32/Δ32 PBMCs cells in the absence 

of CCR5. In humans, the Δ32/Δ32 genotype is associated with a reduced risk of the 



Discussion  68 

acquisition of HIV-1 (Liu et al., 1996; Samson et al., 1996). Notably, sooty mangabeys, the 

original host of SIVsmm/HIV-2, also frequently lack functional CCR5 expression (Riddick 

et al., 2010). However, the prevalence of natural SIVsmm infection is not significantly 

reduced in animals lacking functional CCR5 (Riddick et al., 2010). One could speculate that 

this is most likely due to efficient usage of other entry cofactors such as GPR15 or CXCR6 

as coreceptors. Indeed, previous studies on SIV infection in sooty mangabeys revealed that 

infection is mediated by other coreceptors in addition to CCR5 and thus suggests that several 

receptors together may determine tropism and cell targeting in vivo (Riddick et al., 2010). 

Consequently, a combination of CysC95-146 with other (endogenous) inhibitors targeting 

different coreceptors will be required for efficient inhibition of virus infection.  

My results from molecular modeling and antibody competition assays showed that the N-

terminus and ECL1 of GPR15 are crucial for viral entry. This finding resembles reported  

data showing that the N-terminal regions of CCR5 and CXCR4 are targeted by the HIV-1 

envelope glycoproteins and therefore play a key role in membrane fusion (Golding et al., 

2005; Zhou et al., 2001). Consistent with previous results on CCR5 and HIV-1, I could show 

that antibodies targeting the N-terminus or ECL-1 of GPR15 prevented SIVmac239 infection 

highlighting the importance of these regions for viral entry and suggesting that CysC95-146 

likely also targets these regions. To test this hypothesis, I established an antibody 

competition assay in which CysC95-146 and GPR15-specific antibodies competed for 

GPR15 binding and confirmed that this peptide indeed targets the N-terminal regions of 

GPR15. In comparison to CysC95-146, the recently discovered chemokine ligand of GPR15, 

GPR15L (Suply et al., 2017), displayed little to no inhibitory effect on HIV and SIV 

infection. This was surprising since the agonistic chemokine ligands of CCR5 and CXCR4, 

RANTES and CXCL12, inhibit R5- and X4-tropic HIV infection respectively (Bleul et al., 

1996; Mosier et al., 1999; Oberlin et al., 1996). Conversely, small molecule inhibitors and 

antagonists of CCR5 and CXCR4, e.g. Maraviroc and AMD3100, inhibit CCR5 and 

CXCR4-dependent viral entry while also antagonizing chemokine signaling via these 

GPCRs (Donzella et al., 1998; Dorr et al., 2005). Strikingly, C-terminal fragments of 

Cystatin C inhibited GPR15-dependent SIV and HIV infection without interfering with the 

GPR15L-mediated signaling activity of this receptor. In addition, CysC95-146 and related 

fragments did not induce GPR15-dependent Ca2+ signaling on their own. Thus, these 

peptides are neutral ligands of GPR15. Furthermore, my findings suggest that the interaction 

pattern of GPR15L with its receptor differs from those reported for typical chemokines: (1) 

GPR15L does not inhibit GPR15-dependent infection of lentiviral pathogens and is thus 
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likely not targeting the N-terminus or 1st ECL of GPR15. (2) GPR15L appears to interact 

more with the C-terminal domains of GPR15 instead of the receptor’s N-terminus (Hayn et 

al., 2021; Suply et al., 2017). The differences in interaction sites might also explain why 

CysC95-146 does not affect GPR15L mediated signaling and vice versa and why the 

chemokine ligand did neither enhance nor reduce the antiviral effect of the CysC95-146 

peptide. Further structure-function analyses will be necessary to fully understand the 

antiviral mechanism and the interaction(s) of both CysC95-146 and GPR15L with GPR15.  

My results show that GPR15L induced significant downmodulation of GPR15 from the cell 

surface both in cell lines as well as in primary viral target. Yet, it had little if any effect on 

virus infection. CysC95-146 on the other hand did not alter GPR15 expression levels. Both 

receptor removal from the cell surface as well as competitive inhibition by occupation of the 

interaction site(s) of the HIV-1 envelope glycoprotein are well known mechanisms of 

chemokines that might contribute to the inhibition of HIV-1 infection (Lobritz et al., 2013; 

Steen et al., 2010). Thus, the competition of CysC95-146 with HIV-2s and SIVs for GPR15 

receptor binding seems to be the major determinant for the antiviral activity of the peptide 

and is more effective than the GPR15L-induced downregulation of GPR15 in both cell lines 

and primary CD4+ T cells. Additionally, this also suggests that only a certain threshold of 

GPCR expression is required for viral entry.        

To our understanding, CysC95-146 and related fragments are the first reported antiviral 

agents that prevent GPCR-mediated infection by a lentiviral pathogen without affecting the 

physiological signaling function of the corresponding chemokine receptor. The specific 

targeting of viral entry but not the signaling activity of a GPCR is of significant interest as 

these receptors are involved in many physiological and pathobiological processes and are 

targets of about 30 - 40% of all currently available drugs (Garland, 2013; Rask-Andersen et 

al., 2011; Zhang & Xie, 2012). Thus, this study provides proof-of concept evidence that it is 

possible to target the detrimental functions of GPCRs e.g. viral entry without affecting their 

physiological functions.                 

Aside from their physiological functions, multiple GPCRs are known to be aberrantly 

expressed in tumors (Li et al., 2005). Accumulating evidence suggests that these receptors 

and their downstream targets are crucially involved in formation and progression of cancer 

by regulating cellular processes such as cell proliferation, invasion, angiogenesis, stress 

signals and migration or by affecting signaling cascades (Lynch & Wang, 2016; O’Hayre et 

al., 2014). GPR15 plays a key role in the homing of immune cells to the large intestine and 
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skin (Kim et al., 2013; Wang et al., 2019). Recent studies found that GPR15 is upregulated 

in different types of cancers making it a potential novel target for immunotherapy (Wang et 

al., 2019). In addition, GPR15L, previously known as  C10orf199, is also a functional ligand 

of the receptor Sushi Domain Containing 2 (SUSD2) and the co-expression of both 

suppresses proliferation of several tumor cell lines by initiating a G1 arrest via 

downregulation of cyclin D and CDK6 (Pan et al., 2014). Thus, the endogenous chemokine 

ligand of GPR15 might act as a tumor suppressor. CysC95-146, in contrast to GPR15L, does 

not induce Ca2+ signaling by activation of GPR15 and is thus not a functional but rather a 

neutral ligand of this GPCR. Notably, it cannot be excluded that CysC95-146 does not affect 

other downstream pathways of GPR15 dependent signaling or has an effect on tumor growth 

and formation, thus clearly warranting further investigation.          

GPR15 is not the only GPCRs known to be involved in pathobiological processes such as 

cancer. Other example are the chemokine receptors CXCR4 and CXCR6 (Harms, Gilg, et 

al., 2020; Meijer et al., 2008). Deregulation of CXCR4, e.g. by elevated expression levels or 

aberrant CXCR4/CXCL12 signaling is known to be associated with various diseases 

including tumor development, cancer metastasis, enhanced tumor growth, chronic 

inflammation and altered immune responses (Harms, Gilg, et al., 2020; Harms, Habib, et al., 

2020). My results show that GPR15L induces significant downmodulation of both GPR15 

and CXCR4 from the cell surface of primary CD4+ T cells and that this effect was 

surprisingly more pronounced for CXCR4 than GPR15. Interestingly, by performing a 

titration experiment of GPR15L in presence of a CXCR4 antibody, I discovered that 

GPR15L competed with the antibody for receptor binding. The antibody used in this assay 

(clone 12G5) targets a binding pocket formed by the second extracellular loop of CXCR4. 

Most CXCR4 antagonists can prevent binding of the endogenous chemokine ligand 

CXCL12 by occupying this region (Harms, Gilg, et al., 2020). Thus, I found that GPR15L 

can also act as a CXCR4 antagonist. Interestingly, Adamczyk et al. have previously 

described that CXCR4 was expressed at significantly higher levels on GPR15+ compared 

with GPR15– CD4+ T cells and that these cells might have an enhanced migration capacity 

in patients suffering from ulcerative colitis, however, the reasons for this were not fully 

understood (Adamczyk et al., 2017). It is therefore tempting to speculate that the observed 

enhanced CXCR4 expression in presence of GPR15 in primary CD4+ T cells is the result of 

a crosstalk between these receptors and a common ligand, specifically given that my data 

revealed that GPR15L might be a potential novel ligand for CXCR4.  
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In contrast to GPR15L, I found that CysC95-146 neither alters GPR15 and CXCR4 surface 

expression nor does it induce GPCR signaling by triggering Ca2+ influx. However, I showed 

that this peptide is highly specific for GPR15 and only binds to the N-terminal regions of 

this GPCRs and not to GPR15 negative cells or cells expressing other GPCRs, e.g. CXCR4. 

The properties of CysC95-146 to not alter the physiological signaling function of its 

corresponding GPCR are making this peptide a promising candidate in the field of 

theranostic - especially given the emerging role of GPR15 in cancer as outlined above. 

Theragnostic is a “combination of therapeutics and diagnostics in one package for image-

guided therapy” (Kalash et al., 2016). It describes the combination of using one labelled drug 

to identify (diagnostics) and a second drug to deliver therapy to treat a tumor (Bai et al., 

2015). Novel theragnostic strategies are frequently using peptides as targeting agents since 

they possess multiple advantages including a small size, reduced immunogenicity, high 

multivalence and they can be easily optimized to achieve high bioavailability and tumor 

penetration (Bhujwalla et al., 2018; Chi et al., 2017). CysC95-146 fulfills the requirements 

as a diagnostic agent with high specificity for a specific receptor. Since this peptide does not 

compromise the physiological function of GPR15, it could be used in a labelled form to track 

GPR15 expression in tumor tissue. Furthermore, it might be possible to use this peptide to 

deliver cargo to GPR15 expressing cells without altering or blocking the receptor. CysC95-

146-transported agents might include radioactive therapeutics or even GPR15L if further 

studies confirm its potential as a tumor suppressor. In summary, CysC95-146 might be a 

suitable candidate to investigate the role of GPR15 in cancer formation and growth as well 

as a suitable delivery agent in theranostic strategies.  

CysC95-146 is a relatively large peptide but I could show that it tolerates truncations e.g. by 

up to 12 aa at its N-terminus without a loss of activity, resulting in even more active peptides 

e.g. CysC107-146. For potential applications as an entry inhibitor or in theranostics, further 

optimization will be necessary in order to achieve high bioavailability and stability. We have 

previously demonstrated that structure-activity-relationship (SAR) studies allow an increase 

in activity of endogenous peptides by several orders of magnitude and offer perspectives for 

their therapeutic application (Harms, Habib, et al., 2020; Münch et al., 2007; Zirafi et al., 

2015). For example, a derivative of a natural 20-residue fragment of α(1)-antitrypsin was 

optimized allowing it to efficiently target the gp41 fusion peptide of HIV-1 in humans 

(Forssmann et al., 2010). More recently, the endogenous CXCR4 antagonist EPI-X4 was 

optimized giving rise to more stable and effective derivatives that prevent atopic dermatitis 

and airway inflammation in preclinical mouse models (Harms, Habib, et al., 2020). 
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Additional structural and molecular modelling studies and SAR analyses will allow us to 

determine the minimal active size of C-terminal Cystatin C fragments. Moreover, it is 

feasible to increase their activity by rational design of derivatives predicted to interact more 

strongly with GPR15 using my molecular modeling approach.      

In summary, my approach identified C-terminal fragments of Cystatin C, e.g. CysC95-146, 

that specifically inhibit GPR15-mediated HIV-1, HIV-2 and SIV infection. I confirmed the 

antiviral activity of this peptide in primary CD4+ T cells and showed that it is conserved in 

the simian hosts of SIV infection. The peptide is generated from an abundant precursor by 

proteases activated at sites of inflammation. In contrast, the endogenous chemokine ligand 

of GPR15, GPR15L, failed to inhibit virus infection. CysC95-146 binds exclusively to 

GPR15 and prevents GPR15-mediated viral entry without compromising the GPR15L-

induced signaling activity of this GPCR. Thus, my study provides a proof of concept that 

some ligands of GPCRs can block pathogens without interfering with their physiological 

signaling function. 
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6 Summary 

GPR15 is a GPCR reported to regulate T cell trafficking to the colon and epithelia that might 

play a role in intestinal homeostasis and inflammation. Thus, GPR15 is a promising target 

for altering T cell migration. Accumulating evidence suggests an important role of this 

receptor in certain types of cancer. To discover novel endogenous GPR15 ligands, I took 

advantage of the fact that GPR15 also serves as an entry cofactor for HIV and SIV. To this 

end, a library of hemofiltrate-derived peptides was analyzed for inhibitors of GPR15-

mediated SIV infection, leading to the purification and identification of a C-terminal 

fragment of Cystatin C (CysC95-146) binding to the N-terminal regions of GPR15. CysC95-

146 and other C-terminal Cystatin C fragments are detectable in blood-derived human 

hemofiltrate. They are generated by digestion of the abundant plasma resident Cystatin C by 

proteases that are present and activated at sites of infection and inflammation. CysC95-146 

inhibited GPR15-dependent entry of various HIV-1, HIV-2 and SIV strains in several cell 

lines and in primary CD4+ T cells. In contrast, GPR15L, the recently discovered chemokine 

ligand of GPR15, displayed little if any inhibitory effect. This finding was unexpected since 

the chemokine ligands of CCR5 and CXCR4 inhibit R5- or X4-tropic HIV-1 infection 

respectively. In addition, binding of CysC95-146 does not induce GPR15 signaling nor does 

it interfere with signal transduction by GPR15L. Thus, my results suggest that the main 

binding site of CysC95-146 in the N-terminus of GPR15 is crucial for HIV and SIV infection 

and distinct from the interaction site of GPR15L. CysC95-146 is conserved in the simian 

hosts of SIV infection and the macaque-derived peptide is as active as the human orthologue 

in inhibiting GPR15-dependent virus entry.  

In summary, I discovered CysC95-146 as a novel physiological ligand of GPR15. To our 

knowledge, it is the first known peptidic inhibitor of GPCR-mediated infection by lentiviral 

pathogens that does not interfere with the signaling function of the corresponding chemokine 

receptor. It is derived from Cystatin C, a highly abundant cysteine protease inhibitor, and 

might be generated locally in vivo in response to infection and inflammation. In addition, 

CysC95-146 fulfills the requirements of a diagnostic agent with high specificity for GPR15. 

Since this peptide does not compromise the physiological function of GPR15, it might be 

applicable to monitor GPR15 expression e.g. in tumor tissue or to deliver bioactive 

molecules to GPR15 expressing cells without altering or blocking the receptor in the process. 
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Figure S1: 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. 
From (Hayn et al., 2021; Fig. S2); CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Figure S2: Quantification of CysC95-146 in the HF-derived 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 CysC95-146 
position in the starting HF chromatogram. (B) Mass spectrum of the components present within the time 
range where CysC95-146 is located (signal highlighted by a red arrow). (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. from (Hayn et al., 2021; Fig. S3); 
CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 
Figure S3: Predicted interaction energies of specific amino acid residues in GPR15 with the peptide 
CysC95-146. Adapted from (Hayn et al., 2021; Fig. 6I and Fig. S5); CC BY-NC-ND 4.0, 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Figure S4: GPCR expression profile of CD4+ T cells stimulated with CD3/CD28 beads and IL-2. Shown 
are the gating strategy and GPCR expression levels of CD4+ T cells from one representative donor.  

 
Figure S5: R5-tropic HIV-1 NL4-3 does not replicate in Δ32/Δ32 PBMCs. Replication kinetics of HIV-1 
NL4-3 (R5) in Δ32/Δ32 PBMCs in the presence of various antiviral agents. Shown are mean values of one 
Δ32/Δ32 donor in triplicates ± SD. Experimental details are provided in Figure 12. 
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