J. Biochem. 2022;172(3):149-164  https://doi.org/10.1093/jb/mvac052

THE JOURNAL OF
BIOCHEMISTRY

Novel small synthetic HIV-1 V3 crown variants: CCR5 targeting

ligands

Received 3 January 2022; accepted 2 June 2022; published online 16 June 2022

Anju Krishnan Anitha'2,

Pratibha Narayanan'-2,

Neethu Ajayakumar'-2,

Krishnankutty Chandrika Sivakumar! and
Kesavakurup Santhosh Kumar'-*

!Chemical Biology Laboratory, Pathogen Biology Research Program,
Rajiv Gandhi Centre for Biotechnology, Thiruvananthapuram 695014,
India; and *University of Kerala, Thiruvananthapuram, Kerala, 695014,
India

TKesavakurup Santhosh Kumar, Chemical Biology Laboratory, Pathogen
Biology Research Program, Rajiv Gandhi Centre for Biotechnology,
Thiruvananthapuram 695014, India. Tel.: +91471 2529518,

email: kskumar @rgcb.res.in

The CC chemokine receptor 5 (CCR5) antagonism
represents a promising pharmacological strategy for
therapeutic intervention as it plays a significant role in
reducing the severity and progression of a wide range of
pathological conditions. Here we designed and gener-
ated peptide ligands targeting the chemokine receptor,
CCRS5, that were derived from the critical interaction
sites of the V3 crown domain of envelope protein glyco-
protein gp120 (TRKSIHIGPGRAFYTTGEI) of HIV-1
using computational biology approach and the peptide
sequence corresponding to this region was taken as the
template peptide, designated as TMP-1. The peptide
variants were synthesized by employing Fmoc chem-
istry using polymer support and were labelled with
rhodamine B to study their interaction with the CCRS
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receptor expressed on various cells. TMP-1 and TMP-
2 were selected as the high-affinity ligands from
in vitro receptor-binding assays. Specific receptor-
binding experiments in activated peripheral blood
mononuclear cells and HOS.CCRS cells indicated that
TMP-1 and TMP-2 had significant CCRS specificity.
Further, the functional analysis of TMP peptides using
chemotactic migration assay showed that both peptides
did not mediate the migration of responsive cells.
Thus, template TMP-1 and TMP-2 represent promising
CCRS targeting peptide candidates.

Keywords: V3 crown; RANTES; gp120; CCRS
antagonism; CCRS.

Introduction

CC chemokine receptor 5 (CCRS5), which is a member of
the B chemokine receptor family, is mainly expressed on
various immune cells, neurons, astrocytes, microglia, vas-
cular smooth muscle and fibroblasts (/, 2). It is a key player
in mediating the migration of cells during the immune
response. On the contrary, it acts as a doorway for the
development of various pathological conditions, including
autoimmune diseases, allergic diseases, cancers and bacte-
rial infections as well as in several viral infections caused
by HIV-1, Zika virus, Epstein Barr virus, Rhinovirus, Rocio
virus and Hepatitis B virus (3-7).

CCR5 related
diseases
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CCRS5 blockade represents a potential therapeutic
approach to combat CCR5-related diseases. It is achieved
either by employing gene-editing strategies to disable the
cell surface expression of CCRS or by CCRS antagonism
using various molecular entities. It was reported as
an effective strategy to treat several cognitive defects,
multiple sclerosis, neuroinflammation and various cancers
including breast cancer, ovarian cancer, prostate cancer,
colorectal cancer, melanoma, multiple myeloma and gas-
tric cancer (8—13). CCR5A32 mutation, which prevents the
cell surface expression of CCRS, was reported to provide
resistance against HIV-1 infection, rheumatoid arthritis
and coronary artery disease (/4-16). Reports suggest that
CCRS5 antagonism is effective against Crimean-Congo
hemorrhagic fever, vaccinia virus infection, HIV infection
and Staphylococcus aureus pathogenesis (/7-20). CCRS
targeting gained momentum again during the COVID-19
pandemic situation, with the identification of its invol-
vement in the clinical progression of SARS-CoV-2
infection. CCRS antagonism has also been reported as a
potential treatment modality to combat corona infection, as
CCRS antagonists were found to be effective in treating the
immune dysregulation caused by SARS-CoV-2 infection
leading to the cytokine storm (2/-23). The involvement of
CCRS in the development of various bacterial, parasitic,
fungal and viral infections and the associated immune
dysregulation accelerated the efforts to develop CCRS5
inhibitors as anti-infectives.

CCRS targeting molecular entities mainly come under
four categories: chemokine analogues, small molecule
inhibitors, peptide-based inhibitors and monoclonal anti-
bodies. Chemokine analogues represent the first generation
CCRS antagonists, as the endogenous chemokines serve as
an excellent template for the generation of chemokine-
based CCRS5 antagonists. RANTES (regulated upon acti-
vation, normal T cell expressed and presumably secreted)
is the extensively modified endogenous chemokine for
developing chemokine analogues targeting CCRS5 and
few RANTES variants, such as AOP-RANTES and PSC-
RANTES, showed excellent HIV-1 inhibitory activity (24,
25). Peptide T is a peptide-based CCRS5 antagonist derived
from the V2 region of gpl120. It binds competitively to
the CCRS5 and blocks the interaction between gp120/CD4
and CCRS5 (26). Maraviroc, a small molecule CCRS5
inhibitor developed by Pfizer, is the first Food and Drug
Administration (FDA)-approved CCRS antagonist for the
treatment of naive and treatment-experienced HIV patients
(27). In addition to this, the efficacy of maraviroc against
several pathological conditions, including COVID-19, is
being evaluated in clinical trials (28-32). Cenicriviroc is
another small molecule CCRS5 antagonist, which binds to
a domain other than the extracellular loop 2 and the N
terminus of CCRS and induces a conformational change
in the CCRS. It showed promising effects against HIV-
1 infection, liver fibrosis and fatty liver (35-35). It is
also under clinical trials against HIV-1 and COVID-
19 (36, 37). Leronlimab (PRO-140) is a humanized
monoclonal antibody that recognizes N-terminal and
extracellular loop 2 of CCRS5, which showed excellent
effectiveness against HI'V-1 infection, is currently retasked
for triple-negative breast cancer, COVID-19, Graft-versus-
host disease (37-41). There are a growing number of
CCRS antagonists in various phases of pre-clinical and
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clinical trials for the treatment of CCR5-related diseases
(37).

As important as druggable target identification, the
selection of a candidate molecule that can be used as
the template to design CCRS inhibitor is also critical in
achieving effective receptor blockade. Since the CCRS5
in complex with HIV-1 gpl20 is well studied, the
exploitation of such interaction interface holds great
possibility to design potent CCRS inhibitors. The crucial
component of HIV-1 envelope protein involved in the
initial interaction of both viral and host cell membrane
is the envelope glycoprotein subunit: gp120. The gp120
subunit is composed of five relatively conserved (C1-C5)
and five variable (V1-V5) domains (42, 43). The amino
acid residues in the third variable region (V3) of gp120
serve as the major determinants of coreceptor selectivity,
cellular tropism (44-55). The V3 region, which consists
of approximately 35 amino acid residues, shows a high
degree of sequence diversity among various isolates and is
one of the major immunogenic sites in the virus (56-58).
Topologically, the V3 domain is divided into three distinct
regions: the base, the stem and the tip or crown.

In this study, we selected the V3 crown region and the
few residues flanking on both sides of the V3 crown to gen-
erate CCRS targeting ligands, as the residues in the crown
region have been identified as the major determinants for
coreceptor usage (59). The peptide derived from this region
was termed TMP-1 and the possible interactions between
the TMP-1 and CCRS5 were exploited to generate high-
affinity CCR5-binding ligands. The variants were designed
by employing a systemic mutation approach, in which the
certain amino acid residues of the TMP-1 were replaced
with other residues based on the intermolecular interaction
free energy of TMP-1:CCRS5 complex and the available
literature. The computationally derived complete structure
of TMPs in complex with CCRS receptor structure showed
that the peptides interacted with CCRS5 residues in the N-
terminus, extracellular loop 1, 2 and 3 and transmembrane
helices 1, 2, 3, 6 and 7. The in vitro receptor-binding
experiments using rhodamine B-labelled TMP-1 and vari-
ants conducted on CCRS5 expressing cells showed that
TMP-1 and TMP-2 displayed significantly higher binding
ability than TMP-3 and TMP-4. The specificity of TMP-
1 and TMP-2 towards CCRS highlights their feasibility as
efficacious CCRS5 targeting candidate molecules.

Materials and Methods

Materials

RANTES Human Recombinant, Anti-Human CD195
(T21/8), Fluorescein Goat anti-mouse IgG(H + L), Ficoll-
Paque Plus, Hoechst stain, MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) dye, rhodamine
B, CLEAR Resin, Rink amide linker and Fmoc protected
amino acids, phytohaemagglutinin P (PHA-P).

Human osteosarcoma cells (HOS.CCRS5) stably express-
ing CCRS5 receptors were obtained from NIH AIDS
Reagent Program, Division of AIDS, and were treated as
per the protocol mentioned by the NIH AIDS Reagent
Program for culturing and maintaining. The cells were
cultured in DMEM and were supplemented with 10%
heat-inactivated foetal bovine serum and 1% Penicillin



Streptomycin (Pen Strep) (Gibco, Life Technologies,
Waltham, Massachusetts, USA) at 37°C containing 5%
CO,. THP -1 monocyte cells were obtained from the
National Centre for Cell Sciences (Pune, India). The
cells were cultured in RPMI 1640 (Gibco) and were
supplemented with 10% heat-inactivated foetal bovine
serum and 1% Pen Strep. Peripheral blood mononuclear
cells (PBMCs) were freshly isolated from whole blood of
healthy donors according to the standard protocol described
using Ficoll-Paque Plus (GE Health care, Chicago,
Illinois, USA) (Institutional Human ethical committee No.
IHEC/1/2013/09) (60). The freshly isolated PBMCs were
activated with phytohemagglutinin (PHA-P) (5 ug/ml)
(Sigma-Aldrich, Missouri, USA) in DMEM with 10% FBS
for 48—72 hours prior to the experiment at 37°C.

Methods

Selection of template The V3 crown region of gp120, along
with the flanking residues from both N and C-terminal
region of the V3 stem was selected as the reference peptide
for generating the CCRS5 targeting ligands, as the CCRS5
utilization of the gp120 envelope protein is primarily medi-
ated by the residues in the V3 crown region of V3 loop
(59, 61). The V3 loop is composed of approximately 35
residues, in which residues 1 and 35 are connected through
a disulphide bridge. It possesses a net-positive charge,
which can vary from +2 to +10 (47, 62).

Binding-free energy analysis of template peptide and designing of
CCRS5 targeting variants The primary sequence of the tem-
plate was retrieved from the solution NMR structure of the
V3 loop of the envelope protein gp120 from RCSB Protein
Data Bank with PDB ID: 1CE4. The X-ray crystallography
structure of the Maraviroc bound CCRS5 was obtained from
RCSB Protein Data Bank with PDB ID: 4MBS (63, 64).
The alignment of V3 loop residues obtained from the PDB
data is represented in the Fig. 1A. The binding-free energy
and the critical interacting residues of the selected V3
crown region with the CCRS receptor structure were anal-
ysed by molecular dynamics simulations using Gromacs
4.5.5 in a membrane-mimicking environment (65). The
binding-free energy of the peptide residues was estimated
using the g_mmpbsa module (66) by taking snapshots at
every 10 ps from the 20 ns production run and the whole
process was repeated until sufficient good scoring variants
were received.

The residues in the template peptide with favourable
binding energy and those reported as conserved were pre-
served. A systemic mutation approach was adopted to
substitute residues with unfavourable binding energy with
other amino acids in order to generate novel peptide vari-
ants. The variants were then modelled using Modeller 9.17.
The modelled variants were then subjected to ZDock to pre-
dict their interaction with the receptor. ZDOCK uses a grid-
based representation of two proteins and a 3-dimensional
fast Fourier transform to explore the rigid-body search
space of docking positions (67). The variants with better
binding score than the TMP-1 were selected and were
further subjected to molecular dynamics simulations using
Gromacs 4.5.5 in a membrane-mimicking environment
(65).

CCRb targeting peptide ligands

Chemical synthesis of CCRS targeting peptide variants The pep-
tide ligands were synthesized on Cross-Linked Ethoxy-
late Acrylate resins (CLEAR resin) using Fmoc protected
amino acids (Peptides International, Louisville, USA). On-
resin fluorochrome (rhodamine B) labelling of peptides
was also done. Following synthesis, the peptides were
cleaved from the resin by treating with the cleavage cocktail
comprising of TFA (95% v/v), thioanisole (2.5% v/v) and
water (2.5% v/v) at room temperature for 3 hours with gen-
tle intermittent stirring. The filtrate was collected, concen-
trated under vacuum, precipitated by ice-cold diethyl ether
and recovered by centrifugation. The recovered peptide
ligands were purified by RP-HPLC (Shimadzu) using Phe-
nomenex LunaSu C18 analytical column (250 x 4.6 mm).
Chromatographic separation was employed using a gra-
dient mobile phase with a flow rate of 1 ml/min and the
column temperature was kept up to 40°C. The detection
was accomplished at 214, 510 and 540 nm. MALDI-TOF-
MS analysis was performed using Bruker Daltonis Ultra-
flex MALDI TOF/TOF mass spectrometer to confirm the
molecular mass of the peptide ligands.

Evaluation of CCRS expression The expression of CCRS on
the HOS.CCRS, PBMC and THP-1 monocyte cell line was
validated using anti CCRS5 monoclonal antibody (T21/8)
(eBioscience, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA). Cells were resuspended in 1X PBS to
a concentration of 5 x 10° cells per reaction tube. The cells
were blocked with 1% BSA in PBS and then incubated with
15 pg/ml anti-CCRS monoclonal antibody for 3 hours at
4°C, followed by incubation with FITC-labelled secondary
antibody (Invitrogen, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) for 1 hour in dark at 4°C. The fluo-
rescence associated with the cells per sample was analysed
using Flow cytometry (BD FACS Aria III).

Screening for the binding ability of TMP variants to CCR5 FACS-
based ligand binding assay was done to determine the
binding ability of variants. A single concentration of
rhodamine-labelled variants (20 M) was treated to the
HOS.CCRS cells and kept for 60 minutes at 4°C. Cells
were then centrifuged at 2000 rpm for 3 minutes; the
supernatant was then discarded and washed with 1X PBS
twice. The cells were resuspended in DMEM medium, and
the fluorescence was analysed by flow cytometry.

Evaluation of ligand binding by confocal microscopy HOS.CCR5
cells were cultured on a coverslip at a density of 1 x 10*
cells/well overnight. The media was removed and washed
twice with 1X PBS before the treatment of samples. A sin-
gle concentration (20 M) of rhodamine-labelled variants
was added to the coverslip and incubated for 60 minutes
at 4°C. The unbound variants were washed using 1X PBS,
then the samples were fixed in 4% formaldehyde and all
samples were incubated with 10 pg/ml Hoechst to stain the
nuclei of the cells. Finally, the coverslips were mounted and
imaging was performed using confocal microscopy (Leica
SP8 WLL).

Analysis of CCRS5 binding affinity of variants TMP-1 and TMP-
2 at different concertation were treated in cells expressing
varying levels of CCR5 (HOS.CCRS, THP-1 and PBMCs)
and incubated for 1 hour at 4°C. The cells were then
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Fig. 1. (A) Representative diagram showing the alignment of the V3 domain sequence obtained from PDB accession code 1CE4 and the amino
acid sequence of the selected region of V3 crown for designing variants. The peptide derived from this region (TRKSIHIGPGRAFYTTGEI) was
named TMP-1. (B) Interaction free energies of individual TMP-1 residues in complex with CCRS (intermolecular interaction free energies (y-axis) and

TMP-1 residues (x-axis)).

centrifuged at 1500 rpm for 3 minutes and unbound ligands
were removed by washing three times with 1X PBS buffer
and were resuspended in 500 1 DMEM for flow cytometry
analysis.

Effect of TMP binding on CCRS5 specific antibody binding The
PBMC:s cultured in the presence of PHA were harvested
and centrifuged at 400 x g and treated with 20 uM of TMP-
1 and TMP-2. The treated cells were incubated at 4°C for
1 hour and then washed three times with 1X PBS to remove
unbound ligands. Following this, 15 pg/ml of monoclonal
antibody (T21/8) against CCR5 was added and incubated
at 4°C for 3 hours and, finally, the cells were incubated for
1 hour with a secondary antibody conjugated with FITC
at dark. The control wells were treated with media alone.
The cells that were treated only with antibody served as the
comparative sample. The cells were then washed with PBS
thrice to remove the unbound secondary antibody and the
samples were analysed by flow cytometry.

Specific binding of TMP variants A competitive binding
strategy was adopted to determine the specificity of
variants using excess endogenous ligand of CCRS receptor,
RANTES (Sigma-Aldrich); 5 x 10° HOS.CCRS5 cells
were treated with either excess RANTES and single
concentration (20 uM) of rhodamine-labelled TMP
variants or TMP variants alone. Following the incubation
for 60 minutes at 4°C, the cells were washed thrice using
1X PBS to remove the unbound peptides. The cells treated
with the variants alone served as the comparative control
and the untreated cells served as the control.

Chemotactic migration assay Two strategies were adopted to
examine the chemotactic activity of TMP variants towards
HOS.CCRS cells. Using Transwell chambers (Corning,

152

New York, USA), the responsive cell migration towards the
variants was quantified. The cells were treated with serum-
free medium for 5 hours prior to the treatment of variants.
Different concentration of the TMP variants (0.1, 1.0, 10,
100 uM) were added to the lower wells of the chamber,
and cells in FBS-free medium were added to the upper
chamber. The upper and lower chambers were separated
by a filter of pore size of 8 uM. The whole chamber was
incubated at 37°C for 4 hours. The filter was then removed
and migrated cells were fixed and stained by crystal violet
and counted in three microscopic fields. Two inserts were
used for each treatment, in which the control group was
treated with media alone and RANTES (10 nM)-treated
cells served as the positive control.

Agarose spot assay was done to confirm the variant-
mediated chemotaxis of responsive cells (68). A total of
0.5% agarose in PBS was heated on a hot plate and stirred
till complete dissolution. After complete melting, it was
cooled to 40°C. The variants at the concentration of 0.1,
1.0, 10 and, 100 uM were prepared in 0.5% agarose in
PBS. The spots of peptide-containing agarose (20 ul) were
placed in each well and were allowed to solidify at 4°C for
5 minutes. The spots containing PBS alone and RANTES
(10 nM) served as the control and positive control, respec-
tively. A total of 5 x 10° cells along with FBS free media
were added to each well and incubated for 4 hours in a CO;
incubator. The media along with cells were replaced with
fresh media and imaging was performed.

CCRS internalization assay The down-modulation of cell sur-
face CCR5 was done as per previously published protocols
(69-71). The activated PBMCs were seeded in six-well
plates and incubated overnight at 37°C. The following day,
the media was replaced with fresh FBS-free media and
incubated for 3 hours prior to the experiment. The cells



were treated with different concentration of variants (0.1,
1.0, 10, 100 uM) and RANTES (10 nM) and incubated
for 60 minutes at 37 °C, transferred to 4°C and kept
for 5 minutes, and washed with ice-cold acid stripping
buffer. The unbound CCRS was then stained by anti-CCRS5
monoclonal antibody for 3 hours at °C and then with the
secondary antibody for 1 hour at dark. The cells treated
with RANTES served as positive control. The fluorescence
was quantified by flow cytometry analysis.

In vitro toxicity studies of variants The cytotoxic effect of vari-
ants against HOS.CCRS cells and isolated PBMCs was
evaluated by MTT assay (72). HOS.CCRS cells (1 x 10°)
and PBMCs (1 x 10*) were seeded in each well of 96-well
plates and kept overnight in DMEM medium containing
10% FBS. Cells were then incubated in the presence of var-
ious concentration of variants over 48 hours. Cells treated
with 1% TritonX100 were used as the positive control.
The cells were then treated with 100 L of MTT solution
(5 mg/ml) and incubated for 4 hours at 37°C. The insoluble
formazan product was solubilized by the addition of DMSO
to each well and the optical density was measured at 570 nm
after 10 minutes using a microplate reader (Biorad).
Hemolytic activity of variants was determined by treat-
ing various concentration of peptides in suspensions of
human RBC. A total of 5 ml of human blood was drawn
directly into EDTA coated tubes. The blood was cen-
trifuged at 800 x g for 10 minutes at 4°C; the levels of
haematocrit and plasma were marked on the tube; and
the plasma layer was aspirated. A total of 150 mM NaCl
was added up to the mark and mixed by inversion. The
whole content was then centrifuged at 500 x g and the
supernatant was aspirated. 1X PBS was added up to the
mark and spun at 500 x g for 5 minutes and washed twice
using PBS. The optical density of the blood was adjusted
to 1.2 at A600 using 1X PBS. Red blood cells were then
incubated at room temperature for 30—45 minutes in 1%
Triton X-100 (positive control), in PBS (blank), and with
TMP variants. The treated samples were centrifuged at
800 x g for 5 minutes, the supernatant was separated and
the absorbance was measured at 540 nm. The percentage
hemolysis of treated samples was analysed by determining
the absorbance value compared to that of positive control.

Statistical Analysis Data are expressed as mean =+ S.E. of two
independent experiments. The statistical significance was
performed by two-tailed unpaired Student’s 7-test or one-
way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison test. The analysis was done using
GraphPad Prism 6 software. The statistically significant
results are represented in the graph with stars (*, **).

Results

Selection of template and preparation of the receptor

The region between the N and C-terminal end located
within 8-26 residues (TRKSIHIGPGRAFYTTGEI) of the
V3 region (303-321 residues of gp120), comprising pri-
marily of V3 crown of HIV-1 gp120 was selected as the
template for designing peptide variants targeting CCRS

CCRb targeting peptide ligands

(Fig. 1A) (59). The template peptide is designated as TMP-
1 throughout the study. The direct interaction of V3 crown-
derived peptides to the CCRS receptor was examined by
in silico approach. The N-terminal region of CCRS, which
is critical for HIV-1 gp120 binding, ligand binding and
coreceptor functioning, was not solved in the crystal struc-
ture and was modelled using Modeller 9.17 (PDB ID:
4AMBS) (73-75).

Intermolecular interaction free energy of TMP-1 in complex
with CCR5

The interaction of 19-mer template peptide sequence
‘TRKSIHIGPGRAFYTTGEI" (TMP-1) with CCR5 was
performed using ZDock and molecular dynamics simu-
lations. The preliminary docking of the TMP-1 with the
CCRS receptor structure (PDB ID: 4MBS) was done to
obtain the TMP-1:CCRS5 complex structure, which was
further subjected for molecular dynamic simulation studies
in a membrane-mimicking environment to obtain the free
energy of binding. The intermolecular interaction free
energy analysis of TMP-1 in complex with CCRS validated
the contribution of each residue in TMP-1 for their interac-
tion with CCRS5. The residues Thrl, Arg2, Lys3 (Thr303,
Arg304, Lys305), Argl1, Glyl17, Aspl8 and Ile19 (Arg313,
Gly319, Asp320, Ile321) showed higher interaction free
energy (Fig. 1B). Residues Arg2, Lys3 and Argll have
already been reported to be critical in CCRS5 binding, and
their replacement has been shown to reduce the CCRS
utilization and binding (76, 77). The conserved GPG motif
-Gly8, Pro9 and Gly10 (Gly310-Pro311-Gly312) located
in the V3 crown region did not show significant influence
on binding affinity in terms of the binding score.

Designing and chemical synthesis of TMP variants

TMP variants were designed primarily based on the avail-
able literature and the obtained intermolecular interaction
free energies of individual amino acid residues of TMP-
1:CCRS5 complex. The residues with the highest nega-
tive binding energy score and those residues that were
reported to have a key role in CCRS5 binding and speci-
ficity were retained in most of the variants. Thus, three
variants (TMP-2, TMP-3, TMP-4) were generated and
were subjected to ZDock and molecular dynamic sim-
ulation analysis in a membrane-mimicking environment
(78). Interestingly, all the variants showed significantly
higher dock score and binding energy scores than the
TMP-1 (Table. 1). Residues Arg2 and Lys3, which were
already reported to be critical in CCRS binding, were
retained in all the variants. A conservative replacement
strategy was adopted for the arginine residue at the 11th
position (R11), which was experimentally shown as a key
residue in CCRS utilization (76, 77). The residue Argll
of TMP-2 and TMP-3 was replaced by Lysl1 (R11K).
The more conserved GPG motif -Gly8, Pro9 and Gly10
(Gly310-Pro311-Gly312) located in the V3 crown region,
which was reported to have a significant role in offering
the conformational flexibility to the V3 loop, was also
retained in all the variants (79-81). All the designed vari-
ants were found to be interacting with the same region of
the CCRS5 (Fig. 2; Supplementary Fig. 1). The computa-
tionally derived complete structure of TMPs in complex
with CCRS receptor structure showed that the peptides
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Table 1. Total binding energy values of the TMP-1 and variants obtained by ZDock and molecular dynamic simulation

Variants Sequence ZDock score (cal/mol) Binding score (kJ/mol)
TMP-1 TRKSIHIGPGRAFYTTGEI —1435.4 —509.8

TMP-2 TRKRIHLGPGKAFYTTGDV —441801.4 —657.2

TMP-3 TRKSISFGPGKAYYTTGDI —406940.8 —540.69

TMP-4 TRKSVHVGPGRAFYTTGEA —94372.3 —-530.9

Fig. 2. Interaction of TMP with CCRS. The structure of (A) CCR5:TMP-1, (B) CCR5:TMP-2, (C) CCR5:TMP-3 and (D) CCR5:TMP-4 generated by
molecular dynamic simulation. The CCRS5 receptor structure is represented in green, and the TMP variants are represented in yellow, pink, purple

and blue.

interacted with CCRS residues in the N-terminal region,
extracellular loop (ECL1), ECL2, ECL3, transmembrane
helical region 1 (TM 1), TM 2, TM 3, TM 6 and TM
7, through van der Waals, m—m and hydrogen bond inter-
actions. The residues in the TMP-1 were predominantly
involved in the interaction with the residues in N-terminal
region, ECL2 and TM 2 of CCRS. The residues in the
TMP-2 were found to predominantly interacting with the
CCRS residues in N-terminal region, ECL1, ECL2 and TM
2, whereas TMP-4 residues were mainly interacting with
CCRS5 N-terminal, ECL1 and TM7 and, finally, the residues
in the TMP-3 were primarily involved with residues in the
ECL2, TM6 and TM 7 (Supplementary Tables I-IV).

The unlabelled and rhodamine B-labelled TMP-1 and
variants were chemically synthesized by Fmoc-solid phase
peptide synthesis. The unlabelled peptide variants were
purified by RP-HPLC under the detection wavelength of
214 nm. It is evident from the chromatogram of the variants
that the retention time of all the variants followed a similar
pattern, which could be due to the sequence homology of
the variants. The labelled TMP variants were also purified
with the detection wavelength of 510 and 540 nm. The
molecular weight of both the unlabelled and labelled vari-
ants was confirmed by MALDI-TOF-mass spectroscopy
(Supplementary Table. V; Supplementary Fig. 2-9).
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Evaluation of CCR5 expression

HOS.CCRS cells, THP-1 monocyte cells and human
PBMCs were evaluated for the CCRS5 cell surface
expression using T21/8 monoclonal antibody, mapped
to the N-terminal domain of CCRS. It has already been
reported that CCRS expression in PBMCs is more in the
case of HIV-l-infected individuals compared with that
of normal individuals (82). The majority of the CCRS
in the PBMCs are expressed mainly by the monocyte
component (80%), whereas the lymphocyte component
expresses ~50% CCRS (83). The percentage of CCRS
expression in PBMC was obtained as 75 +2.4%. The
monocytes predominantly express CCRS, and it was
reported that the THP-1 monocytes after Phorbol myristate
acetate (PMA) treatment express ~96.9% CCRS5 (84). Our
immunostaining results also showed a similar pattern of
CCRS expression in THP-1 cells. The staining of anti-
CCRS antibody with THP-1 monocyte cells after 72 hours
of PMA treatment showed 95 4 0.3% FITC positive cells.
HOS.CCRS cells showed 99+5% FITC positive cells
(Supplementary Fig. 10A, B).

Binding ability of TMP variants
The CCRS5-binding ability of TMP-1 and the designed
variants was evaluated by flow cytometry analysis. The
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Fig. 3. The binding ability of rhodamine-labelled TMP variants with CCRS analysed using flow cytometry and confocal microscopy. (A) The
histogram showing the rhodamine-positive cells in control: TMP-1, TMP-2, TMP-3, TMP-4. TMP-1 and TMP-2 showed significant binding with CCRS,
whereas the cell population treated with TMP-3 and TMP-4 did not show binding activity. The quantitative overview of binding of (B) TMP-1 and

(C) TMP-2 with CCRS expressing cells. The binding of varying concentration of TMP variants to HOS.CCRS, THP-1 and PBMCs in terms of percent
rhodamine B-positive population was obtained by flow cytometry analysis. TMP-1 and TMP-2 showed a concentration-dependent binding in all three
cells. Data are expressed as mean & S.D. of two independent experiments. (D) Confocal microscopy images of TMP variants treated HOS.CCRS cells
with nuclei stained with Hoechst and rhodamine B-tagged TMP-1, TMP-2, TMP-3 and TMP-4 were observed.

HOS.CCRS cells were treated with single concentration
(20 uM) of rhodamine-labelled peptides (TMP-1, TMP-
2, TMP-3, TMP-4) and incubated for 60 minutes at 4°C.
The cells that were not treated with peptides were taken as
control. The cells treated with TMP-1 and TMP-2 showed
significant thodamine B fluorescence compared with that
of cells treated with TMP-3 and TMP-4 (Fig. 3A). The
binding ability in the terms of rhodamine-positive cells
showed that the peptide derived from the V3 region of
gpl120 (TMP-1) had the highest binding activity among
the variants followed by TMP-2, TMP-3 and TMP-4. Con-
focal microscopic studies of rhodamine B-labelled pep-
tides binding to CCRS5 confirmed the flow cytometry-
based binding data, where TMP-1 and TMP-2 showed
significant binding to the CCRS transfected HOS.CCRS5
cells (Fig. 3D). Thus, TMP-1 and TMP-2 were selected for
further in vitro receptor binding studies.

The binding ability of the TMP-1 and TMP-2 was
further validated in cells expressing varying levels of CCRS
(HOS.CCR5, PBMCs, THP-1) at different concentration.
The cell population treated with various concentration of
TMP-1 and TMP-2 showed a concentration-dependent
binding in all three cell lines (Fig. 3B, C). The peptides
showed the highest binding activity towards both THP-1
and HOS.CCRS followed by PBMCs. This is in consistent
with the immunostaining result, in which the expression
level of CCRS in PBMCs was low in comparison with the
HOS.CCRS and THP-1.

Inhibitory effect of TMP binding on CCR5 specific antibody
binding

The specificity of TMP peptides was evaluated by pre-
treating TMP-1 and TMP-2 with activated PBMCs,

followed by incubating the cells with anti-CCR5 mono-
clonal antibody. The pre-incubation of TMP-1 and TMP-
2 with PBMCs inhibited the binding of T21/8 to CCRS
(Fig. 4). The cell population treated with TMP-1 and TMP-
2 showed a significant reduction in the FITC fluorescence
compared with that of cells treated with monoclonal
antibody alone. The pre-treatment of TMP-1 reduced the
FITC fluorescence up to 30%, whereas TMP-2 showed
a 39% reduction in the FITC positive population. The
reduction in the FITC fluorescence was more in cells
treated with TMP-2, which suggests that TMP-2 is more
specific to CCRS. The specific binding of variants to the
cells harbouring the similar family of receptors confirmed
the targetability of both TMP-1 and TMP-2.

Specific binding of variants

A competitive binding strategy was carried out to determine
the specificity of TMP-1 and TMP-2 to CCRS receptor, in
which the cells were treated with rhodamine B-labelled
peptides with or without excess RANTES. The percentage
fluorescence associated with cells treated in the presence
and absence of excess RANTES was examined using flow
cytometry. The cells that were treated with both peptides
and excess RANTES showed a notable reduction in the
fluorescence compared with cells treated with variants
alone. The reduction in fluorescence up to 20% was
observed on the treatment with excess RANTES along with
TMP-1. Similarly, the cells treated with TMP-2 along with
RANTES showed a reduction in the fluorescence up to 34%
(Fig. 5). The reduction in the binding of TMP-1 and TMP-2
to the CCRYS in the presence of excess RANTES confirmed
that TMP-1 and TMP-2 were specifically targeting CCRS.
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Chemotactic migration assay

Chemokines are chemoattractant cytokines, involved in
leukocyte activation and their migration. The responsive-
ness of CCRS5 to the TMP-1 and TMP-2 was validated by
measuring the chemotactic activity using transwell migra-
tion assay. Chemotaxis experiments were performed on
HOS.CCRS cells. TMP-1 and TMP-2 in the concentration
range of 0.1-100 uM were used. Specific agonist RANTES
served as the positive control and cells treated with PBS
served as the control. TMP-1 consistently appeared to be
non-chemotactic at all the concentration tested, whereas
TMP-2 at 100 uM showed mild chemotactic response
towards the CCRS5 expressing cells. The migration of cells
in response to RANTES was observed (Fig. 6).

The chemotaxis was further confirmed using agarose
spot assay using HOS.CCRS cells. A total of 0.5% agarose
in PBS (negative control), RANTES (positive control)
and TMP variants at different concentration were spotted
in each well. Inconsistent with the quantitative transwell
migration assay, cell migration was not observed under the
agarose spot containing TMP-1. However, cell migration
was observed under the spot containing TMP-2 at100uM.
The cells did not migrate under the agarose spot without
a chemoattractant and was taken as the control and cell
migration was observed in response to spots containing
10 nM RANTES (Supplementary Fig. 11).

CCRY5 internalization assay

Activated PBMCs were used to investigate the CCRS
internalization mediated by TMP peptides. The cells were
incubated with serum-free medium for 2 hours, followed by
the treatment of peptides at the different concentration for
1 hour at 37°C to evaluate the internalization rate. The cells
were then transferred to 4°C and the surface-bound variants
were removed using acid stripping buffer, followed by PBS
washes. The cell surface CCRS was stained using T21/8
and secondary antibody. The TMP-2 induced 30% receptor
internalization at a concentration of 10 uM, whereas TMP-
1 at concentration ranging from 0.1 to 100 uM failed to
mediate CCRS internalization in PBMCs (Fig. 7).
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Fig. 5. Competitive binding FACS analysis using excess RANTES.
The cells were treated with rhodamine-labelled TMP variants (20 M)
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represents the following: (A) control (Cells only), (B) cells treated with
TMP-1 alone, (C) TMP-1 + excess RANTES, (D) TMP-2 alone and (E)
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TMP-2 was observed in the presence of 20-fold excess RANTES. (F)
The bar graph shows the percentage of rhodamine-positive cells with or
without the treatment of RANTES followed by the addition of peptides.
The data are expressed as mean & SD. The statistical significance of
each treated condition is represented by * and **. Two-tailed unpaired
Student’s #-test values indicate statistical significance (*P < 0.05 and
**P <0.01).

Cytotoxic effects of TMP variants

Toxicity profiles of the TMP-1 and TMP-2 were analysed
at 0.1, 1, 10 and 100 uM concentration in HOS.CCRS5
cells and PBMCs. TMP variants showed dose-dependent
cytotoxic effect on both cells. At 100 uM the variants


https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/mvac052#supplementary-data

1.51
x
S
£ 1.0 4o Control
8 * RANTES
8 m = TMP-2
g 0.5- - o TMP-1
g .

| K ] b aa o [ ]
o | | e u
—h— e
0.0

Control 0.10 1.00 10.00 100.00 RANTES

Concentration of TMP variants(uM)

Fig. 6. Chemotactic response of TMP variants at various
concentration towards HOS.CCRS cells was measured by transwell
migration assay. The chemotactic response of the HOS.CCRS cells in
the presence of TMP-1, TMP-2, RANTES (positive control) and PBS
alone (control) was evaluated. TMP variants at different concentration
(0.1, 0.1, 10, 100 M) and RANTES (10 nM) were added to the lower
wells of the chamber and the HOS.CCRS5 cells in FBS-free DMEM were
added to the upper chamber and was incubated at 37°C for 4 hours. The
filter was then removed and migrated cells were fixed and stained by
crystal violet and counted. Data are presented as the mean number of
cells counted in each field & SD of two independent experiments.
One-way ANOVA followed by Dunnett’s multiple comparison test was
performed and the asterisk (*) represents statistical significance in
comparison with the control (P < 0.05).

1001 ok .

< . " - TVP-1
§ 80- & TVP-2
‘é. RANTES
o 60 I
[
o
£
£ 40
"]
©
€ 20-
o
= 0

RANTES N Q ) N

Qw \‘ \Qv \QQ.

Concentration of TMP variants (uM)

Fig. 7. Internalization of CCRS in PBMCs. Dose-dependent effect on
CCRS5 internalization in PBMCs treated with TMP-2 was observed,
whereas TMP-1 did not show any effect on CCRS internalization. The
results are presented as the mean =+ SD of two independent experiments
on the same buffy coat. One-way ANOVA followed by Dunnett’s
multiple comparison test was performed, and the asterisk (**) represents
statistical significance in comparison with the control (RANTES)

(**P <0.01).

displayed a similar level (40-50%) of toxicity against both
the target cells (Fig. 8a, b).

The cytotoxicity of TMP variants towards human RBCs
was also evaluated. At the highest concentration, the TMP-
1 and TMP-2 showed only 13% and 20% of hemolysis,
respectively (Fig. 8c).

Discussion

The CCRS5 chemokine receptor is involved in immune
and inflammatory responses, as well as in the progres-
sion of various human diseases (7). The recent outbreak
of COVID-19 put the world on hold and made the sit-
uation miserable due to the lack of appropriate thera-
peutic approaches. Subsequent studies have identified the
involvement of several other receptors, including CCRS5 in

CCRb targeting peptide ligands

COVID-19-related disease severity (85). The role of CCRS
in HIV-1 pathogenesis is well studied. Aside from its role in
facilitating HIV-1 entry, CCRS is involved in the formation
of latent reservoirs, as majority of the viruses in the latent
reservoir use CCRS (86). In 2009, a case report showed
that a Berlin patient, who had received the allogenic stem
cells from a homozygous CCRS donor, achieved functional
cure of HIV-1 infection, along with the reduction in the
size of the viral reservoir (87, 88). The comprehensive
analysis of his viral reservoir revealed that the HIV DNA
levels were 7500-fold lower than those in patients receiving
typical antiretroviral therapy (ART) (89). The involvement
of CCRS in the formation of drug resistant latent HIV-
1 reservoir indicates the significance of targeting CCRS5
beyond the perspective of entry inhibition. A rare group of
individuals referred to as long-term nonprogressors, who
have been able to maintain CD4+ T cell count and control
the HIV-1 replication even in the absence of antiretrovi-
ral therapy, represent a model for functional cure (90).
Several studies showed that the host factors and effective
immunologic response plays crucial role in controlling the
infection (91, 92). A recent study has shown that HIV-
specific CD4+ T cells of controllers express low levels
of CCRS, which inhibits the entry of HIV-1 (93). Thus,
the CCRS5 represents a target with multifaceted effects in
the case of HIV-1 pathogenesis and disease progression.
Studies using nonhuman primate as models for SIV infec-
tion showed that circulating CCR5+ memory CD4* T cells
from blood, mesenteric lymph nodes, mucosal surfaces
such as gut, were selectively depleted in rapidly progress-
ing SIV-infected monkeys during the initial phase of infec-
tion (99-101). These findings emphasized the importance
of developing regimens that can achieve maximum viro-
logic suppression during the early phase of infection. The
combination of ART with CCRS inhibitors may serve as
an effective strategy to achieve cure, to prevent disease
progression and to compensate for the shortcomings of
existing therapy. Maraviroc is the only CCRS5 inhibitor
used in the treatment of naive and treatment-experienced
HIV patients. Maraviroc-containing regimen achieved high
rates of viral suppression and immunological responses
in individuals who had failed to respond to previous reg-
imens (94). Recent studies have shown that maraviroc
can reactivate latent HIV in vivo (95). DAPTA is a short
peptide derived from the V2 region of HIV gp120, which
selectively targets CCRS5. Monomeric DAPTA is 1000-fold
more potent than maraviroc in inhibiting HI'V-1 entry. The
combination of ART along with DAPTA brought about an
effective suppression of active HIV replication in the blood
monocytes compared with peptide alone or by ART alone
in individuals with stable plasma viremia (96-98).

The efforts to achieve CCR5 antagonism led to the
development of various CCRS targeting molecular entities,
including chemokine analogues, small CCR5 molecule
inhibitors and anti-CCR5 monoclonal antibodies (7). The
peptide-based CCRS inhibitors gained significant momen-
tum, as peptide-based anti-viral therapeutics require evolu-
tionary mutations or drastic changes in the viral structures
for the virus to develop resistance against peptides (/02).
Unlike small molecule inhibitors, peptides can target pro-
tein—protein interactions more effectively because of their
affinity for large protein surfaces (/03). Chemokine vari-
ants represent the first generation of peptide-based CCRS
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inhibitors. The variants showed greater receptor specificity
and selectivity than endogenous chemokine ligands. Few
among the chemokine variants showed better anti-HIV-1
activity than that of maraviroc, and it has been reported that
5P12-RANTES resists the development of HI'V-1-resistant
strains (/04, 105). Despite this, the clinical development
of synthetic chemokine variants is difficult due to their
high molecular weight, CCRS agonist activity and their
high cost of production. The generation of short peptides
targeting CCRS5 would be highly promising in this regard.

The idea for designing the peptide variants in this
study came after paying close attention to the well-
characterized HIV-1 gpl120:CCRS5 complex (/06). A
series of experiments depicted that certain residues or
regions in the gpl20 are involved in the host receptor
binding and pathogenesis (77, 79, 80, 107, 108). Such an
interaction interface could provide potential opportunity
to develop inhibitors targeting the CCRS receptor. This
wealth of information provided the basis for selecting
the primary sequence of peptide derived from the V3
crown region as the template (TMP-1) to generate the
variants targeting CCRS. The validation of this approach
has been obtained from a study conducted by Sakaida et al.
(109). They showed that the peptides derived from the V3
loop of gp120 of naive CD4-tropic HIV-1 interacted with
its coreceptor CXCR4, independently of other variable
regions or primary receptor CD4 (109). Molecular dynamic
simulation was employed to design the TMP variants, as
it is a widely used approach in studying ligand-receptor
interaction and template-based drug designing (7//0).
The key residues involved in TMP-1:CCRS interaction
were identified, and the binding energy of TMP-1 in
complex with the receptor structure was obtained by
molecular dynamic simulations. The TMP-2, TMP-3
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and TMP-4 were designed based on the intermolecular
interaction scores of individual amino acid residues of
TMP-1 in complex with CCRS receptor.

Several studies have indicated that the N-terminus,
ECL2 and transmembrane helical regions 1, 2, 3 and 7 of
CCRS were critically involved in interacting with several
small molecule CCR5 inhibitors, chemokine ligands and
HIV-1 gpl120 (75, 111-115). Consistent with this, the
computationally derived complete structure of TMPs in
complex with CCRS showed that all the TMPs interacted
with the aforementioned regions in the CCR5 receptor. Our
analysis also showed that certain residues of CCRS5 receptor
such as Tyr14, Tyr15, Glul8, Pro19, Lys26, Leu33, Tyr37,
Trp86, Tyr89, Ala90, Trp94, Leul04, Tyr108, Phel09,
GIn170, Thr177,Cys178, Ser179, Ser180, His 181, Phe182,
Tyr184, Tyr187, Lys191, 1le198, Tyr251, Leu255, Asn258,
Asp276, Met279, GIn280, Glu283 and Met287 were
involved in TMP:CCRS interaction. These residues have
already been experimentally or computationally shown
to interact with several small molecule CCRS inhibitors,
chemokine ligands and HIV-1 gp120 (106, 116—119). Such
common residues in CCRS that are being shared between
a wide range of ligands represent key residues or regions
to be targeted for developing CCRS5 receptor antagonists or
inhibitors.

The peptide variants were chemically synthesized using
solid-phase peptide synthesis and were further labelled
with thodamine B to probe their in vitro binding ability.
Synthetic peptides targeting CCR5 have been generated
and shown to exhibit effective CCR5 blockade (/20). The
CCRS targeting ability of the TMPs was examined in cell
lines expressing varying levels of CCRS5 receptor, as our
goal was to generate variants with high receptor selectivity.
Our in vitro findings demonstrated that the rhodamine



B-labelled TMP-1 and TMP-2 had higher binding abil-
ity as compared with TMP-3 and TMP-4. The promis-
cuous nature of the chemokine system often complicates
the development of CCRS specific ligands. The ability of
the peptides to specifically target CCRS was examined in
PBMCs, which express various other chemokine receptors
(83). The ability of the TMP-1 and TMP-2 to inhibit the
binding of CCR5-specific monoclonal antibody in PBMCs,
which harbour the pool of similar chemokine receptors,
showed their effectiveness in targeting CCRS5. The speci-
ficity of TMP-1 and TMP-2 was further confirmed using
competitive binding experiment in the presence of excess
RANTES.

In normal physiological conditions the binding of
respective ligands to the CCRS5 receptor leads to a rapid
response such as receptor phosphorylation leading to
calcium mobilization, chemotaxis and also the delayed
response such as CCRS internalization (/27). The surface
expression of CCR5 largely influences the ability of CCRS
in mediating disease development. In addition to the
high-affinity receptor occupancy, CCR5 downmodulation
was also suggested as an effective way to disable the
cell surface distribution of CCR5. The PSC-RANTES,
a variant generated from RANTES, which could mediate
long-term internalization of CCRS, was reported to have
potent anti-HIV-1 activity than other RANTES variants
(122). Our, flow cytometry-based analyses showed that
TMP-2-induced CCRS5 receptor internalization, whereas
TMP-1, with concentration ranging from 0.1 to 100 uM,
failed to mediate CCRS internalization. The hallmark of
the chemokine system is its ability to induce chemotaxis
of target cells, and this aspect assumes great significance
while targeting the chemokine system for therapeutic inter-
vention (/23). In this regard we performed chemotactic
migration assay in responsive cells, and the data confirmed
that TMPs were not chemotactic in nature.

In conclusion, the peptides used in this study have
shown promising CCRS5 inhibitory activity, in which the
template TMP-1 showed high affinity towards CCRS
receptor, whereas TMP-2 showed CCRS5 inhibition either
by masking the exposed CCRS5 or by inducing internaliza-
tion of CCRS receptor, without significant G protein-linked
signalling activity. Further studies are needed to validate
the effect of these peptides against those pathogens that
hijack CCRS5 for pathogenesis.

Conclusion

Beyond the perspective of exploiting CCRS as a target for
inhibiting HIV-1 entry, being a highly redundant receptor
having both positive and negative roles in the regulation
of various physiological and pathological processes, CCR5
targeting represents a potential therapeutic strategy to com-
bat several other infectious and non-infectious diseases.
The significance of CCRS targeting gained momentum
again during the time of global COVID-19 pandemic, as
the observation that CCRS antagonism/blockade can be a
potential therapeutic alternative to combat COVID infec-
tion, and the clinical trial of CCRS5 antagonist cenicriviroc
against COVID infection are underway (21, 22, 124). The
study provided a preliminary hint regarding the efficacy of
TMP variants in specifically targeting CCRS.
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