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ABSTRACT: There is an urgent need for the development of new anti-
HIV drugs that can complement existing medicines to be used against
resistant strains. Here, we report the anti-HIV-1 peptide pepRF1, a
human serum-resistant peptide derived from the Dengue virus capsid
protein. In vitro, pepRF1 shows a 50% inhibitory concentration of 1.5
nM with a potential therapeutic window higher than 53 000. This
peptide is specific for CXCR4-tropic strains, preventing viral entry into
target cells by binding to the viral coreceptor CXCR4, acting as an
antagonist of this receptor. pepRF1 is more effective than T20, the only
peptide-based HIV-1 entry inhibitor approved, and excels in inhibiting a
HIV-1 strain resistant to T20. Potentially, pepRF1 can be used alone or
in combination with other anti-HIV drugs. Furthermore, one can also
envisage its use as a novel therapeutic strategy for other CXCR4-related diseases.
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Human immunodeficiency virus (HIV) is responsible for
acquired immunodeficiency syndrome (AIDS), a con-

dition characterized by CD4+ T cell depletion and consequent
susceptibility to opportunistic infections.1 In 2019 there were
38 million people globally living with HIV, with nearly one-half
of this population being treated with a combined antiretroviral
therapy (cART).2 cART, which generally consists of a triple
drug regimen directed toward at least two distinct molecular
targets, is broadly accepted as the most efficient way to control
viremia.3 However, this therapy does not lead to complete
virus elimination, and the potential acquisition and trans-
mission of HIV drug-resistant strains remains a therapeutic
challenge.
The steady development of peptide-based drugs over the

past decade is one of the most promising fields in drug
discovery.4,5 The specificity and high affinity of peptides
toward their molecular targets is one of their main advantages,
together with a low toxicity.6 Several peptides have shown anti-
HIV activity, targeting different steps of the HIV replication
cycle such as fusion with the host cell,7,8 reverse tran-
scription,9,10 integration,11,12 and maturation.13,14 T20 (enfu-
virtide, Fuzeon) is emblematic of fusion inhibitor peptides
used in the clinical management of HIV infection, preventing
the merging of viral and cellular membranes, thus precluding
virus entry.15−17 HIV entry is a multistep process mediated by
the viral envelope glycoprotein complex (Env), which consists

of a trimer of heterodimers, each formed by a gp120 surface
glycoprotein and a gp41 transmembrane protein.18 Binding of
gp120 to CD4 and to one of the chemokine receptors that
serve as HIV coreceptor (CCR5 or CXCR4) triggers
conformational changes, leading to the exposure of a
hydrophobic peptide at the N-terminus of gp41, which inserts
into the cellular membrane.18 Then, two alpha helices (HR1
and HR2) on gp41 fold onto each other, forming a six-helix
bundle for each Env trimer.18 This rearrangement brings
together the viral and cellular membranes, leading to their
fusion.18 T20, the only clinically approved fusion inhibitor, is a
36 amino acid HR2-derived sequence that, by binding to HR1,
prevents the formation of the six-helix bundle.15−17 T20 has
been shown to suppress replication of HIV variants with
multidrug resistance to reverse transcriptase and protease
inhibitors.16,17 However, its administration by high-dosage
injection and its short in vivo half-life result in low efficacy and
have limited its clinical application to “salvage” treatment.19−21
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As with any antiretroviral, the emergence of T20-resistant viral
variants has been observed both in vitro19 and in the
clinic.22−25

Antimicrobial peptides (AMPs) are a group of molecules
known for their broad-spectrum activity against bacteria, fungi,
and viruses. Despite the considerable number of AMPs
described, and the fact that some have been shown to directly
inhibit one or more steps in the HIV replication cycle,26,27 in-
depth studies of their anti-HIV potential are scarce. We have
previously discovered a peptide,28,29 pepR, that is derived from
the Dengue virus capsid protein and displays antibacterial
activity against both Gram-positive and -negative bacteria.30

Here, we investigated the anti-HIV-1 activity of pepR and
showed that the peptide is able to inhibit HIV-1 infection.
Since one of the major limitations in the development of
peptide-based drugs is their vulnerability to proteolytic
degradation,31 we searched for an active, human serum-
resistant fragment of pepR. We discovered a resistant fragment,
hereafter pepRF1, that shows remarkably potent activity
against lab-adapted HIV-1 strains, patient-derived viruses,
and a T20-resistant virus. Mechanistic studies on its anti-HIV-
1 activity additionally show that pepRF1 is a potent CXCR4
antagonist that prevents CXCR4-tropic HIV-1 entry at

nanomolar level, which demonstrate its potential as a drug
lead.

■ RESULTS
pepR Anti-HIV-1 Activity and Serum Stability. The

antiviral activity of pepR against the HIV-1 laboratory-adapted
strain NL4.3 (HIV-1NL4.3) was evaluated using a single-cycle
infectivity assay. As shown in Figure 1a, pepR inhibited
infection of TZM-bl cells with an IC50 of 37 nM.
The susceptibility of pepR to human serum was investigated

by HPLC-MS. pepR underwent relatively fast decay (Figure
1b), with >90% of the initial product consumed after 90 min. A
t1/2 of 3.7 min was determined by fitting of an exponential
function to experimental data. The HPLC profile of the digest
(Figure S1) shows a main peak (Fragment I) reaching
maximum intensity at ∼20 min incubation with serum and
remaining constant henceforth. On the basis of MS data, a
primary structure (LKRWGTIKKSKAINVLR, Table 1 and
Figure S2) could be unequivocally proposed for Fragment I,
which could plausibly result from trypsin-like cleavage of pepR
at Arg17-Gly18. An alternative, more complex pathway would
entail chymotrypsin-like cleavage at Phe19-Arg20 to give
intermediate LKRWGTIKKSKAINVLRGF (one among pos-
sible Fragment V candidates, Table 1), which would then

Figure 1. In vitro evaluation of pepR activity against HIV-1NL4.3 and stability in serum. (a) Inhibition of viral infection was assessed against the
laboratory-adapted strain HIV-1NL4.3 (100 TCID50) in the presence of increasing concentrations of pepR. Viral infectivity was quantified 48 h
postinfection through luciferase reporter-enzyme activity and converted to percentage of viral infection inhibition. (b) Time course of pepR decay
in human serum and of emerging main byproduct, Fragment I. pepR curve was fitted to an exponential decay for half-life (t1/2) estimation.

Table 1. Fragments Resulting from pepR Digestion by Seruma

aPrimary structures for peaks I to VI on Figure S1, proposed on the basis of MS data. MS spectra of the fragments are shown in Figure S2.
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undergo stepwise carboxypeptidase clipping of C-terminal Phe
and Gly.
Aside from Fragment I, the other five peaks (II−VI)

observed by HPLC (Figure S1) are of much lower intensity.
For Fragment III, an unequivocal sequence can be assigned
from MS data, while for Fragments II and IV−VI, two or more
quasi-isobaric sequences can be proposed (Table 1),
suggesting degradation pathways of minor importance
compared to those leading to Fragment I accumulation. It
was obvious at this point that, given its superior serum stability
and predictable reduction in production costs, as a result of
pepR > 50% size reduction, Fragment I (henceforth pepRF1)
should be explored as an alternative antiviral candidate over
pepR. Accordingly, a synthetic replica (in C-terminal
carboxamide version) was also prepared and evaluated
(Table 2).
pepRF1 Anti-HIV Activity and Toxicity. The antiviral

activity of pepRF1 against HIV-1NL4.3 was assessed, and the
IC50 value obtained, 1.5 nM, revealed it as even more potent
than its parent pepR, on the inhibition of infection of TZM-bl
cells (Figure 2a).
In fact, a sequence−activity relationship analysis revealed

that the domain responsible for the antiviral activity of pepR is
located in the N-terminal region that includes pepRF1
sequence. pepR analogues obtained by stepwise residue

deletions at both N- and C-termini (Table 3) were tested
against HIV-1NL4.3. The results, Figure 2b, clearly show that the
sequential deletion of amino acid residues toward the N-
terminal region of the peptide resulted in an increase of the
anti-HIV-1 activity: IC50 = 29 nM for ΔC4-pepR, IC50 = 27
nM for ΔC8-pepR, and IC50 = 6 nM for ΔC12-pepR. These
results are in agreement with the IC50 value of 1.5 nM obtained
for pepRF1, which would correspond to ΔC18-pepR. On the
other hand, the peptides generated by the sequential deletion
of amino acid residues at the N-terminal region (ΔN4-, ΔN8-,
ΔN12-pepR) turned out to be inactive against HIV-1NL4.3.
Importantly, pepRF1 has no cytotoxic effects on TZM-bl

cells (Figure S3a), which shows that the antiviral effect is not
due to toxicity caused by the peptide. Additionally, pepRF1 has
no cytotoxic effects on CD4+ T-lymphocytes and peripheral
blood mononuclear cells (PBMCs) for concentrations up to 80
μM (Figure S3b,c), the highest concentration tested,
corresponding to a potential therapeutic window of >53 000.
To further test the potential toxicity of the peptide, an in vivo
Maximum Tolerated Dose (MTD) assay was performed in
mice. Two doses, 3 and 10 mg/kg were tolerated without
causing any significant body weight changes or mortality. At 30
mg/kg, pepRF1 caused the death of all tested mice within 15
min after intravenous (IV) administration. No significant
abnormality was observed under gross necropsy. An MTD

Table 2. Fragment I (pepRF1), an Abridged Version of pepR

peptide sequence length (residues) molecular mass (Da) net charge

pepR LKRWGTIKKSKAINVLRGFRKEIGRMLNILNRRRR-amide 35 4278.19 +13
pepRF1 LKRWGTIKKSKAINVLR-amide 17 2010.48 +7

Figure 2. In vitro evaluation of peptides’ activity against HIV-1NL4.3 infection of TZM-bl cells. Inhibition of viral infection was assessed against the
laboratory-adapted strain HIV-1NL4.3 (100 TCID50) in the presence of increasing concentrations of pepRF1 (a) and pepR derivatives (b). A
sequence−activity relationship analysis of pepR derivatives was performed, and dose−response curves (b) and corresponding mean IC50 values (c)
were compared to the ones obtained for pepR and pepRF1. In all assays, viral infectivity was quantified 48 h postinfection through luciferase
reporter-enzyme activity and converted to percentage of viral infection inhibition.

Table 3. Designed Peptide Derivatives Obtained by Sequential Truncation of pepR
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dose of 10 mg/kg of pepRF1 through IV injection was thus
established, corresponding to an initial concentration of 43 μM
in an average blood volume in mice of 2.5 mL, before
metabolism and plasma-protein binding effects. Although the
in vitro−in vivo correlation is only approximate, the 43 μM
MTD value is 4 orders of magnitude higher than the
concentration (1.5 nM) needed to inhibit 50% of infection,

which underlines the low toxicity of the peptide. Consistent
with these results, in vivo biodistribution evaluated at four time
points (15 min, 1, 4, and 24 h) after IV administration of the
radiolabeled conjugate pepRF167Ga-NODA-GA to CD1 mice,
shows a fast blood clearance and no accumulation of
radioactivity in any organ, except in the excretory organs,
particularly the kidneys, which is most likely related to renal

Table 4. Biodistribution Study of pepRF167Ga-NODA-GA in CD1 Mice at 15 min, 1, 4, and 24 h Postinjectiona

% ID/g ± SD

tissue/organ 15 min 1 h 4 h 24 h

blood 3.8 ± 1.1 0.44 ± 0.04 0.11 ± 0.05 0.06 ± 0.04
liver 7.4 ± 1.4 6.4 ± 1.3 4.6 ± 0.8 1.6 ± 0.2
intestine 0.66 ± 0.06 0.7 ± 0.2 1.8 ± 0.8 0.04 ± 0.02
spleen 1.4 ± 0.1 0.6 ± 0.1 0.37 ± 0.06 0.12 ± 0.01
heart 1.15 ± 0.07 0.23 ± 0.01 0.10 ± 0.01 0.03 ± 0.00
lung 2.0 ± 0.3 0.37 ± 0.06 0.15 ± 0.03 0.05 ± 0.01
kidney 78.8 ± 10.5 69.4 ± 11.3 57.4 ± 4.3 11.6 ± 4.2
muscle 1.34 ± 0.02 0.20 ± 0.02 0.5 ± 0.1 0.04 ± 0.01
bone 2.6 ± 0.3 1.0 ± 0.1 0.08 ± 0.02 0.13 ± 0.01
stomach 1.1 ± 0.2 0.26 ± 0.05 0.12 ± 0.03 0.03 ± 0.02
pancreas 0.9 ± 0.1 0.20 ± 0.04 0.10 ± 0.01 0.03
brain 0.19 ± 0.07 0.03 ± 0.01 0.01 ± 0.00 0.00
excretion (% ID) 19.1 ± 0.7 45.1 ± 2.9 61.8 ± 1.7 90.0 ± 2.6

aResults are expressed as the average of percentage of injected dose (ID) per gram of tissue (% ID/g tissue; mean ± SD), n = 3.

Figure 3. In vitro evaluation of pepRF1 time-of-addition and efficacy against HIV-1NL4.3 entry into TZM-bl cells. (a) IC50 values were determined
for pepRF1 by treating cells with increasing concentrations of each peptide at −1, 0, +1, +2, +3, or +4 h relatively to the moment of HIV-1NL4.3
addition (100 TCID50). IC50 values represent mean values obtained from three independent experiments. (b) Anti-HIV-1 activity of pepRF1
overtime relative to reference anti-HIV inhibitors. HIV-1NL4.3 (100 TCID50) was incubated with cells for 1 h and unbound virus was subsequently
removed by repeated washing to synchronize infection. Cells were treated with 1 μM of pepRF1 and reference inhibitors (dextran sulfate,
AMD3100, T20, and AZT) at 0, +1, +2, +3, or +4 h relatively to the moment of virus addition. The percentage of infection was taken relatively to
the control (viruses in the absence of inhibitors). (c) The antiviral activity of pepRF1 against HIV-1NL4.3-VSV-G was determined by infecting TZM-
bl cells in the presence of increasing concentrations of the peptide. T20, which targets HIV-1 gp41, was tested against HIV-1NL4.3-VSV-G, as a
control. (d,e) The effect of pepRF1 on the target cell was studied by preincubating cells for 1 h with increasing concentrations of pepRF1 or T20
(control). After incubation, HIV-1NL4.3 (100 TCID50) was added to cells and infection was allowed for proceed for 3 h in the presence of peptides
(d). Alternatively, cells were washed to remove peptides, HIV-1NL4.3 (100 TCID50) was added to cells, and infection was allowed to proceed for 3 h
in the absence of peptides (e). In all assays, viral infectivity was quantified 48 h postinfection through luciferase reporter-enzyme activity and
converted to percentage of viral infection inhibition.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://dx.doi.org/10.1021/acsinfecdis.9b00507
ACS Infect. Dis. 2021, 7, 6−22

9

https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00507?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00507?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00507?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.9b00507?fig=fig3&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.9b00507?ref=pdf


reabsorption of radiopeptide metabolites. Importantly, the
excretion rate is in line with what is described for other
peptides32,33 cleared through renal pathways (Table 4).
Additional work is needed to optimize the pharmacokinetics
and blood distribution of the peptide for translational uses.
pepRF1 Targets an Early Step in HIV-1 Entry. The HIV

replication cycle consist of different stages that occur in a well-
established chronological order.34 Time-of-addition (TOA)
experiments are a commonly used approach to study the mode
of action of HIV inhibitors,35 namely which replication step is
being targeted. First, we determined if pepRF1 targets HIV-1
before, during, or after viral entry into cells. pepRF1 was
incubated with HIV-1NL4.3 before addition to cells (t = −1 h),
added to cells at different time-points during infection (t = 0, 1,
2 h), or added to cells after infection (t = 3, 4 h). The
inhibitory effect of pepRF1 was only observed when the
peptide was added before or during, but not after the virus
infection period, indicating that it acts during viral entry into
cells (Figure 3a). This effect was more pronounced when
pepRF1 was preincubated with virions (t = −1 h) (IC50 = 1.2
nM), or added to the cells together with virions (t = 0 h) (IC50
= 2.5 nM), suggesting that the peptide targets an early event
during viral entry. The results also showed that pepRF1 was
more potent than pepR at inhibiting HIV-1 infection at all the
time-points tested (Figure S4).
To better discriminate which step(s) of HIV-1 replication

are inhibited by pepRF1, we studied its activity against HIV-
1NL4.3 over time relative to reference drugs.35 HIV-1NL4.3
virions were added to cells and incubated for 1 h at 37 °C.
pepRF1 and the well-characterized inhibitors dextran sulfate,

AMD3100, T20, and zidovudine (AZT) were added to cells
together with HIV-1NL4.3 virions (t = 0 h), or at different time-
points during the early phase of the virus replication cycle (t =
1, 2, 3, 4 h). As expected, dextran sulfate, an inhibitor of viral
adsorption to the host cell,35,36 became ineffective if added 1 h
after infection. In this case the calculated time-of-drug-addition
that maintains 50% inhibition (t50) was 0.8 h (t50 = 0.8 h)
(Figure 3b). The bicyclam AMD3100, a CXCR4 antagonist
that prevents HIV-1 attachment to the coreceptor,37−39

became ineffective soon after infection (t50 = 1.4 h for
AMD3100). The viral fusion inhibitor T20 remained effective
up to a slightly later time (t50 = 1.8 h), which is consistent with
its inhibition of the fusion event, occurring after receptor
binding.15−17 Finally, AZT blocked HIV-1 replication even if
added with significant delay (t50 = 3.1 h), which is in
accordance with its intracellular targeting of the reverse
transcription process.35,40 pepRF1 inhibited infection with a
t50 of 1.3 h, similar to AMD3100. This suggests that pepRF1
blocked HIV entry into cells by interfering with a process in
between virus adsorption and fusion, possibly by blocking
attachment of viral glycoproteins to cell receptors.
To test this hypothesis, a viral inhibition assay was

performed using HIV-1 virions pseudotyped with the envelope
glycoprotein G from the vesicular stomatitis virus (VSV-G),
HIV-1NL4.3-VSV-G. This modified virus enters the cells via
endocytosis and later fusion within acidified endosomes,
without the requirement for HIV glycoproteins (gp120 and
gp41) and cell membrane HIV receptor (CD4) and
coreceptors (CCR5 and CXCR4). As shown in Figure 3c,
pepRF1 was not able to inhibit infection of HIV-1NL4.3-VSV-G.

Figure 4. Inhibition by pepRF1 of viruses with different coreceptor usage. A virus-cell fusion assay based on the use of virions containing the β-
lactamase-Vpr chimeric protein was performed using the CXCR4-tropic HIV-1 strains Blam NL4.3 (a) and Blam NL4.3-DIM (T20-resistant) (b),
and the CCR5-tropic HIV-1 strain Blam NLAD8 (c). MT4R5 cells treated with increasing concentrations of pepRF1, pepR or T20 (control) were
exposed to the different HIV-1 strains. Viral fusion and its inhibition was quantified by measuring the percentage of cells in which a fluorescent
substrate of β-lactamase (CCF2) was cleaved, as compared to untreated controls. (d) Dose−response curves, and corresponding mean IC50 values
for inhibition of viral infection of pepRF1 against viruses carrying primary CXCR4-tropic envelopes (clones X4−1 and X4−2) and CCR5-tropic
envelopes (clones R5−1, R5−2 and R5−3) isolated from a patient, and against the reference strains NL4.3 (CXCR4-tropic) and NLAD8 (CCR5-
tropic). Infection inhibition was evaluated by infecting TZM-bl cells in the presence of increasing concentrations of pepRF1. Viral infectivity was
measured 40 h postinfection through β-galactosidase reporter-gene expression and converted to percentage of viral infection inhibition. Data points
represent the average of results obtained from two independent experiments. (e) Inhibition of viruses carrying patient derived dual-tropic Env
complexes (R5X4−1 and R5X4−2) by MVC, pepRF1, and MVC+pepRF1. TZM-bl cells were treated with a single concentration of each molecule
before being exposed to the viruses, and the extent of infection was measured as in (d).
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The same was observed for pepR (Figure S5) and T20. This
clearly shows that viral inhibition by pepRF1 targets the HIV
Env-mediated entry process.
pepRF1 Inhibits HIV-1 Entry by Targeting the Host

Cell. HIV-1 entry is a multistep process that progresses
through viral gp120 binding to CD4 cell receptor, coreceptor
engagement (CCR5 or CXCR4), and fusion with the host cell
membrane.18 Several peptides have been shown to block HIV
infection by interfering with any of these steps in the viral entry
process.7−14,27 The above results showed that pepRF1 blocks
HIV-1 entry into the host cell but the specific molecular target
of this drug remained elusive. To investigate if pepRF1 targets
the virion, the cell, or both, TZM-bl cells were preincubated
with increasing concentrations of the peptide. T20 was used as
a control since it is known to target the viral gp41. After
incubation, HIV-1NL4.3 was added to cells and infection was
allowed to proceed for 3 h in the presence of pepRF1 or T20.
In a different set of experiments, after preincubation with the
peptides, cells were washed to remove the peptides, and HIV-
1NL4.3 was added to cells for 3 h. As shown in Figure 3d, both
pepRF1 and T20 were able to inhibit infection by HIV-1NL4.3
when present at the time that viruses were added to the cells.
However, when the viruses were added after washing the cells
for peptide removal, the ability of T20 to inhibit infection was
completely abrogated (Figure 3e). This was expected because
exposure of T20 target (the HR1 domain in gp41) only takes
place after the virus has interacted with its receptors. On the
other hand, pepRF1 was able to inhibit infection in spite of cell
washing. This shows that during the incubation period with
cells, the peptide was able to establish a durable interaction
with a cellular component.
To further exclude a possible direct action of pepRF1 at the

level of the viral membrane, the impact of pepRF1 on HIV-1
structural integrity was studied and the result showed that the
peptide does not cause viral particle disruption (Figure S6).
pepRF1 Inhibits HIV-1 Cell Entry in a Coreceptor

Specific Manner. The above results show that pepRF1
specifically inhibits HIV entry (Figure 3) by interacting with a
cellular factor (Figure 3d,e). To study the target used by
pepRF1 to block HIV-1 entry, a direct virus-cell fusion assay
was performed based on the incorporation of Vpr-β-lactamase
chimeric proteins (Vpr-Blam) into HIV-1 virions and their
subsequent delivery into the cytoplasm of target cells as a result

of virion fusion. This transfer was then detected by enzymatic
cleavage of the CCF2 dye, a fluorescent substrate of β-
lactamase (Blam), loaded into the target cells. This is the
validated assay to assess the extent and the kinetics of HIV-1
fusion with target cells.41,42 HIV-1 reporter pseudoviruses
bearing the Vpr-β-lactamase chimera (Vpr-Blam) with
CXCR4-tropic envelopes (Blam NL4.3 or Blam NL4.3-
DIM)43 were produced and used to infect MT4R5 cells in
the absence and in the presence of increasing concentrations of
pepRF1. The ability of pepRF1 to inhibit viral fusion was
compared to pepR and T20. The results showed that pepRF1
was the most efficient inhibitor of Blam NL4.3 (IC50 = 4.3
nM) as compared to T20 (IC50 = 48.9 nM) (Figure 4a) and
pepR (IC50 = 32.9 nM) (Figure S7). In addition, pepRF1 was
able to inhibit Blam NL4.3-DIM, resistant to T20, with an IC50
of 2.8 nM (Figure 4b). Interestingly, in contrast to T20,
neither pepRF1 nor pepR were able to inhibit infection by the
CCR5-tropic virus, Blam NLAd8 (Figure 4c and Figure S7),
showing specificity toward CXCR4-tropic viral strains.

pepRF1 Inhibits CXCR4-Tropic HIV-1 Carrying Pa-
tient-Derived Envelope Glycoproteins. We also inves-
tigated the ability of pepRF1 to inhibit infection of five
different HIV-1 molecular clones carrying primary CXCR4 or
CCR5-specific HIV-1 envelope glycoproteins. These strains
carry gp120 and the extracellular part of gp41 issued from
variants present in two patients, as described elsewhere.44 As
shown in Figure 4d, pepRF1 potently inhibited the two
patient-derived CXCR4-tropic viruses, X4−1 and X4−2, in
addition to the CXCR4 reference strain used in the previous
assays (HIV-1NL4.3). In contrast, it was not able to inhibit the
three CCR5-tropic viruses, R5−1, R5−2, and R5−3, and the
CCR5 reference strain (NLAD8). The same was observed for
pepR (Figure S7). These results clearly reinforce the specificity
of pepRF1 toward CXCR4-tropic HIV strains.
In addition to pure CCR5-tropic or CXCR4-tropic viruses,

some variants are able to use both CCR5 and CXCR4 (in
addition to CD4) to enter target cells.45 These dual-tropic (or
R5X4) viral variants may display differential efficacy in the use
of the two coreceptors, and inhibition of both pathways is
necessary to preclude virus infection. We thus tested the
susceptibility of two patient-derived dual-tropic viruses to
inhibition by pepRF1 alone and in combination with the
CCR5 specific inhibitor maraviroc (MVC).46 In parallel, we

Figure 5. Effect of pepRF1 on CXCR4 recognition at cell surface. Primary CD4+ T-lymphocytes were preincubated for 90 min with pepRF1 at 37
°C. The cells were then stained with the mAb 12G5 (a) or 1D9 (b), and analyzed by flow cytometry. T20, AMD3100 and CXCL12 were used as
controls. The results are expressed as percent of cells positive for the surface expression of CXCR4, as compared to untreated controls. (c) mAbs
1D9 and 12G5 have distinct binding sites on CXCR4. As the presence of pepRF1 reduced the recognition of CXCR4 by 12G5 but not 1D9, the
binding site of pepRF1 may either occupy or perturb the conformation of the first and/or second extracellular loops of the coreceptor.
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tested under the same conditions the two reference strains
HIV-1NL4.3 and NLAD8 (Figure 4e). The two viruses carrying
patient-derived dual-tropic Env glycoproteins (R5X4−1 and
R5X4−2) were partially inhibited by the CCR5 inhibitor
MVC, and not significantly inhibited by pepRF1 at the dose
used here; however, the addition of pepRF1 to MVC resulted
in full-inhibition of virus infection, consistent with the
requirement of occupation of both coreceptors for dual-tropic
virus inhibition. As expected, pepRF1 was sufficient to inhibit
HIV-1NL4.3, while at dose used here MVC only partially
inhibited NLAD8, but in this case the addition of pepRF1 had
no additional effect. Similar results were obtained with pepR
(Figure S7).
pepRF1 Prevents Viral Fusion without Inducing

CXCR4 Internalization. On the basis of the above
observations, the most likely target of pepRF1 appeared to
be the coreceptor CXCR4. To unravel the mechanism
underlying peptide action, the effect of pepRF1 on CXCR4
recognition at the surface of the cell membrane was studied by
flow cytometry on primary CD4+ T-lymphocytes. T20,15−17

AMD3100,37−39 and the chemokine CXCL12 (C-X-C motif
ligand 12), the natural ligand of CXCR4, also known as SDF-1
(stromal cell-derived factor 1),47,48 were used as controls. To
determine whether pepRF1 interact directly with CXCR4, we
first used mAb 12G5, which is directed against a bridging
epitope spanning the first and second extracellular loops of
CXCR4.38,49 As shown in Figure 5a, CXCR4 detection at the
surface of the cell was reduced in a dose dependent fashion, to
undetectable levels, in the presence of both pepRF1 and pepR
(Figure S8). The same was observed for AMD3100, in
accordance with previous studies.38,49 As expected, T20 had no
effect on CXCR4 detection. These results suggest that pepRF1
and pepR interact directly with CXCR4, inhibiting CXCR4-
epitope recognition by mAb 12G5, which could ensue by
competitive binding, by changing the conformation of the
coreceptor, or by inducing its internalization.
We next explored if the loss of CXCR4 detection from the

surface of the cell was due to coreceptor internalization rather
than competitive binding or conformational change. A different
antibody, 1D9, that targets the N-terminal domain of
CXCR4,49 was used. The binding of this mAb will not be
perturbed by changes in the conformation of the coreceptor at
the ligand binding site.49,50 In this way, loss of detection of
1D9 from the surface of the cells would be strongly indicative
of CXCR4 internalization. As shown in Figure 5, 1D9 binds
equally well to CXCR4 in the presence and absence of pepRF1
and pepR (Figure S8), showing that the coreceptor is still on
the cell surface, but is occupied/modified by the peptides,
which prevented 12G5 binding. The same was observed for
AMD3100, which does not induce CXCR4 internalization.51

The same experiments were performed using CXCL12, which
upon interaction with the coreceptor induces its internalization
and activates a complex cascade of intracellular signaling
pathways.38,39,47−49,51 At the surface level, pepRF1, pepR,
AMD3100, and CXCL12, reduced the recognition of CXCR4
by 12G5 (Figure 5a). In contrast, only CXCL12 decreased
recognition of CXCR4 by mAb 1D9 (Figure 5b), as described
in previous studies.49

To exclude a possible effect of pepRF1 and pepR on CCR5
recognition on the surface of cells, primary cells were also
labeled with an anti-CCR5 antibody. Results show that the
recognition was unaffected by pepRF1, pepR, AMD3100, and
T20 (Figure S9), in agreement with the infection data showing

an effect only on CXCR4-mediated HIV entry. Overall the
data show that pepRF1 binds to CXCR4 coreceptor, in a
binding site that occupy or perturb the conformation of the
first and/or second extracellular loops, preventing its use by
HIV, but without inducing its internalization (Figure 5c).

pepRF1 Is an Antagonist of CXCR4. The transient
increase in cytosolic Ca2+ concentration is an essential
signaling pathway that is activated upon CXCR4 stimula-
tion.38,39,47−49,51 The binding of the natural ligand, CXCL12,
to CXCR4 elicits a transient increase in intracellular Ca2+

concentration, classifying the ligand as a CXCR4 ago-
nist.38,39,47−49,51 On the other hand, the compound
AMD3100 by itself does not induce intracellular Ca2+ signaling
and when both are present, AMD3100 antagonizes the action
of CXCL12.38,39,47−49,51 For this reason, AMD3100 has been
defined as a pure and specific CXCR4 antagonist.38,39,47−49,51

In this study, we used a cell-based fluorescence assay to
measure intracellular Ca2+ levels and determined the agonist or
antagonist nature of pepRF1 and pepR. CXCL12 and
AMD3100 were used as controls. THP-1 monocytes were
first loaded with the fluorescent Ca2+ indicator Fluo-4 AM and
incubated for 1 h. The agonist or antagonist effect of the
compounds on the intracellular Ca2+ influx was then
determined by adding the compounds to cells (alone or in
combination), followed by immediate detection of variations in
cytosolic Ca2+ levels (Figure 6). Treatment of cells with

CXCL12 alone elicited a transient increase in Ca2+ influx,
which is in accordance with its expected agonist func-
tion.38,39,47−49,51 In contrast, same as with AMD3100,
pepRF1 had no effect on cytosolic Ca2+ levels (Figure 6a).
Surprisingly, pepR showed strong agonistic activity that lasted
for the entire duration of the assay (Figure S10). Like
AMD3100, pepRF1 was able to antagonize CXCL12 action

Figure 6. Impact of pepRF1 on CXCR4-associated Ca2+ intracellular
mobilization. Time-resolved fluorescence emission intensity profiles
of Fluo-4 within THP-1 cells upon treatment with pepRF1 (1.25
μM), AMD3100 (50 μM), and CXCL12 (50 nM), alone (a) or in
combination (b). Fluo-4 basal fluorescence emission intensity was
collected for 30 s prior to addition of individual compounds and
combinations, and followed for an additional 270 s. A mark was added
to the t horizontal axis, at 30 s, for clarity. Data was normalized to the
basal Fluo-4 fluorescence emission intensity values, measured at t = 0
s. (c) pepRF1 was able to antagonize CXCL12 action, showing that it
acts as CXCR4 antagonist by inhibiting the Ca2+ release from the
endoplasmic reticulum.
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(Figure 6b), showing that it acts as CXCR4 antagonist (Figure
6c). Interestingly, when compared to AMD3100, pepRF1 was
more efficient at counteracting the strong agonist activity of
pepR (Figure S10).

■ DISCUSSION

In the present study, we have developed a new potent CXCR4-
targeted inhibitor of HIV-1 entry, pepRF1, derived from the
Dengue virus capsid protein. This highly stable peptide is the
serum-resistant fraction of pepR, a peptide previously
developed by us with antibacterial activity and cell-penetrating
properties.28−30 Remarkably, pepRF1 shows impressive anti-
HIV-1 activity when compared to T20, the only peptide-based
HIV-1 fusion inhibitor approved by FDA for clinical use. In
addition, pepRF1 is able to inhibit a T20-resistant strain, HIV-
1NL4.3-DIM, at a low nanomolar concentration.
Our detailed studies on the mechanism of action reveal that

pepRF1 inhibitory activity is specific for CXCR4-tropic HIV-1
strains, preventing viral entry into target cells by binding to
CXCR4 coreceptor without inducing its internalization. If we
hypothesize that pepRF1 inhibition of the CXCR4-epitope
recognition by mAb 12G5 is due to competitive binding, it is
reasonable to assume that its binding site is located on the first
and/or second extracellular loops of the coreceptor. Addition-
ally, given the peptide cationic nature, an electrostatic
interaction might be involved on its binding to the coreceptor,
as it has been shown to other peptides with affinity for
CXCR4.52,53 Like AMD3100, a small molecule inhibitor that
strongly restricts CXCR4 HIV-1 infection, pepRF1 does not
elicit intracellular Ca2+ influx indicating that the peptide does
not act as a CXCR4 agonist.37−39,47−49,51 Moreover, pepRF1,
as opposed to pepR, potently inhibited the intracellular Ca2+

signaling elicited by the CXCR4 natural ligand CXCL12,
acting as an antagonist. Despite these differences, both
peptides are strong inhibitors of HIV-1 infection.
Inhibition of CXCR4 as a strategy to fight HIV-1 infection is

important, because CXCR4-tropic HIV strains are considered
to be more pathogenic than CCR5-tropic ones. Indeed, their
appearance during an extended time course of infection
correlates with a decline in the CD4+ T-cell count leading to a
more rapid progression to AIDS symptoms.54 Furthermore,
drug resistance is also more often linked to CXCR4-tropic
strains,55 posing an urgent need for the development of
effective drugs that block CXCR4-mediated HIV infection. In
such a scenario, the use of CXCR4 antagonists may be useful
in delaying the onset of disease. On the basis of our results, and
used in combination with CCR5 inhibitors, such as maraviroc
(Selzentry), the only coreceptor-targeted drug in clinical use,
pepRF1 could be a potent complement to improve the options
available for patients predominantly infected with X4 or dual-
tropic HIV-1 strains. Indeed, in more than 50% of HIV-1
infected individuals, CCR5-tropic viruses are usually present as
mixtures together with CXCR4-using viruses.56,57 A combina-
tion of CCR5 and CXCR4 inhibitors would also eliminate the
current need to verify the tropism of the virus population, a
factor that limits the use of maraviroc. Moreover, some reports
have shown that HIV gp120 can trigger signaling and
chemotactic events specifically through CCR5 and CXCR4,
and in a CD4-independent manner.58,59 Such effects induced
by the viral envelope, could also be effectively blocked by
CCR5/CXCR4 antagonists, showing an additional advantage
of pepRF1.

Despite the growing interest in CXCR4 as a druggable
target, the development of CXCR4 inhibitors has been
challenging. In fact, to date no CXCR4 inhibitor has been
approved for clinical use as an anti-HIV-1 agent. AMD3100
(Plerixafor, Mozobil), one of the most potent CXCR4
antagonist described, was initially developed to be used as an
anti-HIV-1 drug37,39 but clinical trials were interrupted due to
undesired effects.60,61 This molecule is now being used to
mobilize hematopoietic stem cells from the bone marrow to
the bloodstream.60−63 Thus, the quest for druggable CXCR4-
targeting compounds for the treatment of HIV-1 infection
continues.
Like AMD3100, the selective antiviral activity of pepRF1

against CXCR4-tropic HIV strains is based on the specific
inhibition of CXCR4-mediated virus entry via direct
interaction with CXCR4, counteracting the effects of
CXCL12, without triggering any response by itself upon
binding to CXCR4.37−39,47−49 In addition, the fact that
pepRF1 is resistant to proteolytic degradation is also indicative
of its potential use at low doses by oral administration.

■ CONCLUDING REMARKS−BEYOND HIV

Taken together, our findings point toward a promising role of
pepRF1 as an anti-HIV-1 lead that could be used in the future,
alone or in combination with other entry inhibitors, in order to
block infection of CXCR4- and dual tropic (CXCR4 and
CCR5)-HIV strains, and achieve measurable declines in overall
plasma viremia delaying the progression of the disease. It is
also worth stressing that pepRF1 could also be used as a novel
therapeutic strategy for CXCR4-related diseases. CXCR4 is a
G-protein-coupled receptor (GPCR) that, upon interaction
with its cognate ligand chemokine CXCL12, activates a
complex cascade of intracellular signaling pathways that
regulate a large number of physiological processes including
HIV-1 infectivity,38,39,47,48 tumorigenesis,64−70 stem cell
migration,71 autoimmune diseases,72 and inflammation.70

CXCR4 expression has been implicated in a variety of other
diseases, such as rheumatoid arthritis,73,74 atherosclerosis,75

neurodegenerative diseases,76 and various types of cancers
where it plays a pivotal role in tumor development and
metastasis.64−70 This has been demonstrated for breast,69

prostate,77 lung,65,78 and colorectal cancer,79 as well as primary
brain tumors such as glioblastoma.80 Hence, the disruption of
the CXCR4-CXCL12 axis by using a CXCR4-antagonist
provides a promising molecular target for future specific
therapies in areas beyond HIV-1 infection.

■ METHODS

pepR and pepR Derivative Synthesis. Peptides were
synthesized in C-terminal carboxamide form on a Liberty Blue
automated microwave peptide synthesizer (CEM Corporation,
Matthews, NC) using Fmoc protocols. They were assembled at
0.05 mmol scale on a H-Rink Amide-ChemMatrix resin of 0.50
mmol/g substitution (PCAS BioMatrix, Montreal, Canada).
Couplings were performed at 90 °C with 5-fold excess of
Fmoc-amino acid/N,N′-diisopropylcarbodiimide (DIC)/
Oxyma (1:2.5:5 molar ratio) in N,N-dimethylformamide
(DMF), and deprotection with piperidine (20% v/v in
DMF), followed by extensive DMF washes. After chain
assembly, peptides were fully deprotected and cleaved from
the resin by acidolysis with trifluoroacetic acid (TFA)/H2O/
3,6-dioxa-1,8-octanedithiol (DODT)/triisopropylsilane (TIS)
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(94:2.5:2.5:1 v/v) for 90 min. Peptides were precipitated by
cold diethyl ether followed by 3 × 5 min centrifugation at 4800
rpm, 4 °C; the pellet was taken up in water and lyophilized.
Crude peptides were inspected by analytical reversed-phase
high-performance liquid chromatography (RP-HPLC) and
liquid chromatography−mass spectrometry (LC-MS), and
purified by preparative RP-HPLC (Figure S11) as described
below. Fractions with the expected mass and with HPLC
purity >95% were pooled and lyophilized.
RP-HPLC and LC-MS Analysis of pepR and Deriva-

tives. Analytical RP-HPLC was performed on a LC-20AD
instrument (Shimadzu, Kyoto, Japan) equipped with a Luna
C18 column (4.6 mm × 50 mm, 3 μm; Phenomenex,
Torrance, CA) using linear gradients of solvent B (0.036% v/v
TFA in acetonitrile (ACN)) into A (0.045% v/v TFA in H2O)
over 15 min, with 1 mL/min flow rate and UV detection at 220
nm. Preparative RP-HPLC separations were performed on a
LC-8A instrument (Shimadzu) fitted with a Luna C18 column
(21.2 mm × 250 mm, 10 μm; Phenomenex), using linear
gradients of solvent D (0.1% v/v TFA in ACN) into C (0.1%
v/v TFA in H2O) over 30 min, at a 25 mL/min flow rate. Mass
spectrometry analysis was performed on an LC-MS 2010EV
instrument (Shimadzu) fitted with an XBridge C18 column
(4.6 mm × 150 mm, 3.5 μm, Waters, Cerdanyola del Valles̀,
Spain), eluting with linear gradients of F (0.08% v/v formic
acid in ACN) into E (0.1% v/v formic acid in H2O) over 15
min at a 1 mL/min flow rate.
pepR Stability Assay. To evaluate pepR stability in vitro,

100 μL aliquots containing 25% (v/v) prewarmed human
serum (Sigma) and 250 μM pepR were incubated at 37 °C
with gentle agitation. At different time points (0, 1, 5, 10, 20,
30, 60, and 90 min), the incubation was stopped by 20 μL
trichloroacetic acid (15% v/v in H2O). Samples were cooled in
ice for 15 min, centrifuged at 13000 rpm for 10 min and the
supernatant was collected and analyzed by analytical RP-HPLC
and LC-MS as described above. Peak area was estimated by
integration of chromatograms and percentage of remaining
peptide at each time point was calculated relative to that at t0.
Kinetic data were fitted to an exponential decay model to
determine the half-life (t1/2).
Synthesis of the Peptide Conjugate pepRF1-NODA-

GA. The peptide conjugate pepRF1-NODA-GA was prepared
on resin by coupling of 4-(4,7-bis(2-(tert-butoxy)-2-oxoethyl)-
1,4,7-triazacyclononan-1-yl)-5-(tert-butoxy)-5-oxopentanoic
acid (NODA-GA(tBu)3) to the N-terminus of a fully side
chain-protected pepRF1 sequence. Briefly, the chelating agent
NODA-GA(tBu)3 (2.0 equiv per amine on resin) was
preincubated for 30 min with 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU; 2.0
equiv per carboxylate group). This solution was added to the
peptidyl resin (ca. 50 mg) previously suspended in
dimethylformamide (DMF) and N,N-diisopropylethylamine
(DIPEA; 10.0 equiv per amine group). After stirring for 2 h at
room temperature, the solution was removed by filtration and
the resin was washed with DMF (3×) and CH2Cl2 (3×).
Removal of the side chain-protecting groups as well as cleavage
from the resin was performed with 95% TFA, 2.5% TIS, 2.5%
H2O for 2 h at room temperature. The cleavage solution was
collected by filtration, concentrated, and the peptide conjugate
precipitated with ice-cold diethyl ether, washed several times
with the same solvent and dried under a nitrogen flow before
lyophilization. The lyophilized product was dissolved in 0.1%
(v/v) TFA in water and purified by semi preparative RP-

HPLC (Gradient A) to yield the desired conjugate,
characterized by ESI-MS and lyophilized. Purity by analytical
RP-HPLC (Gradient A, 220 nm): >98%; retention time = 13.5
min. ESI−MS (+): calcd m/z for [M]+ 2367.4, found 1184.5
[M + 2H]2+, 790.1 [M + 3H]3+, 592.8 [M + 3H]3+.

Radiolabeling of pepRF1-NODA-GA with 67Ga3+.
67GaCl3 was prepared from

67Ga-citrate (Mallinckrodt Medical,
Netherlands) following a described procedure.81 The pH of a
67GaCl3 fraction (500 μL) eluted from the SEP-PAK cartridge
was adjusted to pH 5 by adding 0.4 M sodium acetate solution
(750 μL). Part of this solution (207 μL, 55.5 MBq) was added
to the peptide conjugate (23 μL, 0.5 mM) and the mixture was
incubated for 30 min at room temperature. The radiochemical
purity (>95%) of the radiopeptide pepRF167Ga-NODA-GA
was checked by RP-HPLC (Gradient B); retention time = 13.9
min.

pepRF1-NODA-GA and pepRF1-(67Ga-NODA-GA). An-
alytical RP-HPLC of the peptide conjugate and radiolabeled
peptide was performed on a PerkinElmer LC pump 200
equipment coupled to a Shimadzu SPD 10AV UV/vis detector
and to a Berthold-LB 509 radiometric detector. Purification of
pepRF1-NODA-GAwas accomplished by preparative RP-
HPLC on a Waters 2535, quaternary gradient module, with
a Waters 2998 photodiode array detector. Analytical control
and semipreparative purifications were performed on Supelco
Discovery Bio Wide Pore C18 Column (250 mm × 4.6 mm, 5
μm) and Supelco Discovery Bio Wide Pore C18 (250 mm ×
10 mm, 10 μm) columns with a flow rate of 1.0 mL/min
(analytical) or 2.0 mL/min (semipreparative), respectively. UV
detection: λ = 220 nm; Eluents: (A) 0.1% TFA in H2O; (B)
0.1% TFA in CH3CN.
Applied binary HPLC gradients: Gradient A (analytical and

semipreparative of peptide conjugate): 0−25 min, 10−50% B;
25−27 min, 100% B; 27−28 min, 100−0% B; 28−30 min, 10%
B. Gradient B (67Ga-labeled peptide conjugate): 0.0−25.0 min,
5%−100% B; 25−29.0 min, 100% B; 29.0−30.0 min; 100−5%.

Cell Culture. Human embryonic kidney 293T (HEK293T)
and HeLa-derived TZM-bl cell lines, were purchased from the
American Tissue Cell Culture Collection (ATCC) (Manassas,
VA, USA). Cells were cultured in complete medium composed
of Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) and 100 U/mL penicillin/streptomycin (Pen-Strep).
THP-1 cells were obtained through the NIH AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID,
NIH (Bethesda, MD, USA).82 Cells were cultured in complete
medium composed of Roswell Park Memorial Institute
medium (RPMI-1640) supplemented with 10% (v/v) FBS
and 100 U/mL Pen-Strep. MT4R5 cells83 were grown in
complete RPMI-1640 medium supplemented with 10% (v/v)
heat-inactivated FBS and 100 U/mL Pen-Strep.
Flow cytometry assays were performed using primary CD4+

T-lymphocytes isolated from PBMCs of a donor. Cell viability
studies were performed using cryopreserved primary human
CD4+ T-lymphocytes and PBMCs purchased from Lonza
(Basel, Switzerland). Primary CD4+ T-lymphocytes and
PBMCs were activated with 1 μg/mL of phytohemagglutinin
(PHA) and were grown in complete RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated FBS, 100 U/
mL Pen-Strep, and IL-2 (100 IU/mL).
DMEM, RPMI-1640, FBS, and Pen-Strep were purchased

from Gibco (Thermo-Fisher, Waltham, MA, USA). All cell
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cultures were maintained at 37 °C in a humidified atmosphere
with 5% CO2.
Virus Production. The full-length molecular clone

pNL4.3, the env-defective molecular clone pNL4.3Δenv,84
and the pHEF-VSVG85 vector were obtained through the NIH
AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH. Infectious HIV-1NL4.3 viruses and env-
defective HIV-1NL4.3 viruses pseudotyped with VSVG (HIV-
1NL4.3-VSV-G) were produced by transfecting HEK293T cells
with pNL4.3 and pNL4.3Δenv clones, respectively, through
the calcium phosphate coprecipitation method.86,87 Briefly, a
total of 3.5 μg/well of plasmid DNA was used to transfect
HEK293T cells (5 × 105 cells/well) in tissue culture-treated 6-
well microplates from TPP (Trasadingen, Switzerland).
Calcium-phosphate-DNA transfection mixtures were prepared
by diluting plasmid DNA in 1 mM Tris-HCl, 0.1 mM EDTA,
250 mM CaCl2, pH 7.6. The DNA mixture was then added to
an equal volume of 50 mM HEPES (Merck, Darmstadt,
Ge rmany ) , 280 mM NaCl (Mer ck ) , 1 . 5 mM
Na2HPO4(Merck), pH 7.05, under gentle agitation. Trans-
fection mixtures were allowed to incubate at room temper-
ature, for 20 min, before addition to cells. After 18 h,
transfection mixtures were replaced with fresh complete
medium. Viral supernatants were collected 48 h post-
transfection, centrifuged at 315g for 5 min to remove cell
debris, and stored at −80 °C until used.
Viral supernatants were titered by the Reed-Muench

method88 in a single-cycle viral infectivity assay on TZM-bl
cells. TZM-bl cells contain a HIV long terminal repeat (LTR)-
driven β-galactosidase and luciferase reporter cassettes that are
activated by HIV-1 Tat expression. Briefly, TZM-bl cells were
seeded at 2 × 104 cells/well in tissue culture-treated 96-well
flat-bottomed polystyrene microplates (Corning, NY, USA),
and incubated for 24 h. Cells were then incubated with 2-fold
serial dilutions of viral supernatants for 3 h, after which the
supernatant was replaced with fresh complete medium. After
45 h, infection of TZM-bl cells was quantified through
luciferase reporter-gene expression levels89,90 using the Luc-
Screen luciferase chemiluminescence detection system (Ther-
mo-Fisher), according to manufacturer instructions. Lumines-
cence intensity, L, was measured in an Infinite M200
microplate reader from Tecan (Man̈nedorf, Switzerland).
Cells were considered infected if the respective luminescence
intensity was 5-fold higher than the intensity of control cells
(in the absence of viruses). Titration was performed with at
least four replicates to allow accurate estimation of HIV-1NL4.3
and HIV-1NL4.3-VSV-G 50% tissue culture infectious dose
(TCID50) of viral supernatants.
To measure the inhibition potency on patient-derived

viruses, we used several previously described full-length HIV-
1 molecular clones carrying envelope sequences with different
coreceptor tropism isolated from two patients plasma (patients
T5 and T28).44 Isolates X4−1 and X4−2 (from patient T28)
are CXCR4-tropic, while isolates R5−1, R5−2, and R5−3
(from patient T5) are CCR5-tropic. Isolates R5X4−1 and
R5X4−2 (from patient T5) are dual-tropic. Viral particles were
produced by transfecting subconfluent HEK293T cells in T75
with 20 μg of each plasmid. DNA was diluted in 588 μL of
H2O with 195 μL of CaCl2, and added to an equal volume of
HEPES (Sigma-Aldrich, France) under agitation. Transfection
mixtures were incubated at room temperature for 30 min,
before addition to cells. After 16 h, transfection mixtures were
replaced with fresh complete medium. Viral supernatants were

collected 40 h post-transfection, centrifuged at 600g for 5 min
to remove cell debris, filtered with 0.45 μm filter and stored at
−80 °C until used. Viral supernatants were titered in a viral
infection assay on TZM-bl cells. Twenty-four h before
infection, 1 × 104TZM-bl cells/well were seeded in tissue
culture-treated 96-well flat-bottom microplates. Cells were
then incubated with several dilutions of viral supernatants.
After 48 h, infection of TZM-bl cells was quantified using a
chemiluminescent β-galactosidase reporter-gene expression
assay (Roche, France), according to manufacturer instructions.
L was measured in a Varioskan Flash device (Thermo Fisher
Scientific).
The efficiency of viral entry into target cells was evaluated by

the β-lactamase-Vpr assay.41 Virus stocks for this assay were
produced by transfection of subconfluent HEK293T cells in
T75 flasks by Jet Pei (Polyplus Inc. Illkrich, France) following
the manufacturer instructions. Twelve μg of pNL4.3 or
pNLAd891 or pNL4.3DIM92 and 4 μg of a plasmid coding
the Vpr gene fused to the β-lactamase gene (a kind gift from
Michael D. Miller) were cotransfected. Medium was changed
16 h later, and the virus-containing supernatant was collected
40 h post-transfection, filtered with 0.45 μm filter and overlaid
on a 20% (w/v) sucrose cushion in a Beckman SW32 tube,
after which particles were pelleted by centrifugation (98 000g,
4 °C) for 90 min. Viral pellets were resuspended in RPMI
medium to obtain a 10-fold concentration as compared with
the initial culture supernatant, separated into several aliquots,
and frozen at −80 °C.

Viral Inhibition Assays. The anti-HIV activity of the
peptides was evaluated through single-cycle viral infectivity
assays using TZM-bl reporter cells, as previously described.90,93

TZM-bl cells were seeded at 2 × 104 cells/well in tissue
culture-treated 96-well flat-bottomed polystyrene microplates
(Corning) and incubated for 24 h at 37 °C with 5% CO2. Cells
were then incubated for 3 h with 100 TCID50/well of HIV-
1NL4.3 or HIV-1NL4.3-VSV-G in the presence of 2-fold serial
dilutions of pepR, covering the 0.004−5 μM range, and 4-fold
serial dilutions of pepRF1 and pepR-derivatives, covering the
0.000005−5 μM range.
For time-of-addition experiments, serial dilutions of pepR

(0.004−5 μM) and pepRF1 (0.000005−5 μM) were instead
added to cells at −1, 0, +1, +2, +3, or +4 h relatively to the
moment of infection with HIV-1NL4.3. After a 3 h incubation
period, cells were washed with PBS and fresh complete
medium was added. To compare the antiviral activity of
pepRF1 with known HIV-1 inhibitors, cells were incubated
with HIV-1NL4.3 alone or in combination to 1 μM of pepRF1,
dextran sulfate, AMD3100 (>97% purity), T20 (>99% purity),
and AZT (>90% purity). Dextran sulfate and AMD3100 were
purchased from Sigma-Aldrich (St. Louis, MO, USA); T20 and
AZT were obtained through the NIH AIDS Reagent Program).
After 1 h, cells were washed with PBS to remove all unbound
viruses and synchronize the infection, as described elsewhere.35

1 μM of pepRF1, dextran sulfate, AMD3100, T20, and AZT
were then added to cells at +1, +2, +3, +4 h, relatively to the
moment of the virus addition to cells. The concentration used
corresponds to at least 100-fold the IC50 of each inhibitor, as
established in a TZM-bl single-cycle infectivity assay (data not
shown). Untreated cells were used as a control. Infection of
TZM-bl cells was quantified 45 h later through luciferase
reporter-gene expression levels as described above. L measure-
ments were performed in an Infinite M200 microplate reader,
converted to the fraction of inhibited viruses, fa, and analyzed
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through a nonlinear regression with the classical dose−
response relationship (median-effects model based on mass
action):94
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where L0 is the luminescence intensity in the absence of the
inhibitor, IC50 is the concentration that inhibits 50% of viral
infection, m is a slope parameter equivalent to the Hill slope,
and [I] is the inhibitor concentration. At least three
independent experiments were performed for each assay.
Susceptibility to pepR and pepRF1 of Viruses

Carrying Patient-Derived Envelope Glycoproteins.
Twenty-four hours before infection, 1 × 104 TZM-bl cells/
well were seeded in tissue culture-treated 96-well flat-bottom
microplates. TZM-bl cells were treated prior to infection with
4-fold serial dilutions of pepR and pepRF1, covering the
0.0012−1.25 μM range. Cells were then incubated with the
supernatant of cells transfected with the molecular clones
expressing patient-derived envelope glycoproteins (R5−1, R5−
2, R5−3, X4−1, and X4−2) or the laboratory strains NL4.3
(CXCR4-tropic) or NLAd8 (CCR5-tropic). After 40 h,
infection of TZM-bl cells was quantified through β-
galactosidase reporter-gene assay (Roche), according to
manufacturer’s instructions. L was measured in a Varioskan
Flash instrument (Thermo Fisher Scientific). Inhibition of
dual-tropic viruses R5X4−1 and R5X4−2 was measured using
a single concentration of MVC (5 nM), or of the indicated
peptide (312 nM), or a combination of MVC and peptide (5
nM and 312 nM, respectively).
Cell Viability Studies. The cytotoxic effect of pepR and

pepRF1 on TZM-bl cells, CD4+ T-lymphocytes, and PBMCs
was studied using a resazurin reduction fluorometric assay
(alamarBlue cell viability reagent, Invitrogen, Thermo-Fisher).
Resazurin, the active compound in alamarBlue, is a blue dye
that can be reduced to a pink fluorescent intermediate,
resorufin, as a result of cell metabolic activity.
TZM-bl cells (2 × 104 cells/well) were seeded in tissue

culture-treated 96-well black flat-bottomed polystyrene plates
(Corning) and incubated for 24 h at 37 °C with 5% CO2. Cells
were then incubated for 3 h with 4-fold serial dilutions of pepR
and pepRF1 covering the 0.3−80 μM range. After incubation,
cells were washed with PBS, alamarBlue was added at a final
concentration of 10% (v/v) and incubated for 3 h. In a
complementary assay performed at the same time, after
washing the cells with PBS, fresh complete DMEM medium
was added and after 45 h, alamarBlue (10% v/v) was added to
cells and incubated for 3 h. CD4+ T-lymphocytes (1 × 105

cells/well) and PBMCs (1 × 105 cells/well), activated with 1
μg/mL PHA and 50 IU/mL IL-2, were seeded in tissue
culture-treated 96-well black flat-bottomed polystyrene plates
and incubated for 45 h with increasing concentrations of pepR
and pepRF1 covering the 0.3−80 μM range. After incubation,
alamarBlue was added to the cells and at a final concentration
of 10% (v/v) and incubated for 12 h. In all assays untreated
cells were used as a control.
After the incubation of cells with alamarBlue, resorufin

production was monitored by measuring the fluorescent
emission intensity (excitation 560 nm, emission 590 nm) in

an Infinite M200 microplate reader. The percentage of
metabolic active cells was expressed as the percentage of
resazurin reduction relative to the reduction measured for the
untreated sample after correcting the data with background
fluorescence emission intensity from resazurin in cell-free
medium, according to the following expression:

=
−

−
×

I I

I I
%of metabolic active cells 100%

background

control background

(3)

where I corresponds to the resorufin fluorescence emission
intensity in the presence of peptide, Icontrol to the fluorescence
emission intensity in the absence of peptides, and Ibackground to
the background fluorescence emission from the nonreduced
alamarBlue reagent. At least three independent experiments
were performed for each assay.

In Vivo Tolerability Study. Analysis of the maximum
tolerated dose (MTD) of pepRF1 in Institute of Cancer
Research (ICR) mice was performed by Eurofins Pharmacol-
ogy Discovery Services Taiwan, Ltd. Male and female ICR
mice weighing 25 ± 5 g were provided by BioLasco Taiwan
(under Charles River Laboratories License). Animals were
acclimated for 3 days prior to use and were confirmed to be in
good health. The animals were housed in animal cages
(Allentown, USA) with a space allocation of 30 × 19 × 13 cm.
All animals were maintained in a controlled temperature (20−
24 °C) and humidity (30−70%) environment with 12-h light/
dark cycles. Free access to standard lab diet [MFG (Oriental
Yeast Co., Ltd., Japan)] and autoclaved tap water were granted.
All aspects of the work including housing, experimentation,
and animal disposal were performed in general accordance
with the Guide for the Care and Use of Laboratory Animals95

in an AAALAC (Association for Assessment and Accreditation
of Laboratory Animal Care)-accredited laboratory animal
facility following protocol regulations reviewed and approved
by the IACUC (Institutional Animal Care and Use
Committee) at Pharmacology Discovery Services Taiwan, Ltd.
Animals were divided in four groups of two male and two

female ICR mice, each. pepRF1 was dissolved in 0.9% (m/v)
NaCl (saline; Sin-Tong, Taiwan) at 0.6, 2, and 6 mg/mL. Each
group of animals was injected intravenously with 0.6, 2, and 6
mg/mL of pepRF1 or saline, respectively. A dosing volume at 5
mL/kg was applied to each group. Animals received an initial
dose of 3 mg/kg. If the animals survived for 24 h, the dose for
the next cohort was increased. If one or more animals died, the
dose for the next cohort was decreased. The dosing scheme
was as follows: 3 mg/kg, if no death, 10 mg/kg, if no death, 30
mg/kg; 3 mg/kg if no death, 10 mg/kg, if death, 5 mg/kg; 3
mg/kg if death, 1 mg/kg, if death, 0.3 mg/kg; 3 mg/kg if death,
1 mg/kg, if no death, 1.7 mg/kg. The testing stopped when all
animals survived at the upper bound, or when three dose levels
had been tested, or when the upper or lower bound had been
reached. At each dose level, animals were observed for the
presence of acute toxic symptoms (mortality, convulsions,
tremors, muscle relaxation, sedation, etc.) and autonomic
effects (diarrhea, salivation, lacrimation, vasodilation, piloer-
ection, etc.) during the first 15 min, and again at 30 min. Body
weights were recorded predose and at 72 h after treatment
using a 0−1000 g electronic scale (Tanita Corporation, Japan).
The animals were observed and mortality noted daily after
compound administration until 72 h. Gross necropsy was
performed on all animals without tissue collection.
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Biodistribution Studies. All animal experiments were
performed in compliance with national and European
regulations for animal treatment. The biodistribution of the
radiolabeled peptide conjugate pepRF1-(67Ga-NODA-GA)
was evaluated in groups of 3 female CD-1 mice (randomly
bred, Charles River) weighting approximately 25−28 g each.
Animals were injected intravenously with 100 μL (3.3−7.5
MBq/90−202 μCi) of the preparation via the tail vein. The
animals were housed in a temperature- and humidity-
controlled room with a 12 h light/12 h dark schedule and
maintained on normal diet ad libitum. Mice were sacrificed by
cervical dislocation at different time points (15 min, 1, 4, and
24 h) postinjection (p.i.). The injected radioactive dose and
the radioactivity remaining in the animal after sacrifice were
measured in a dose calibrator (Capintec). The difference
between the radioactivity in the injected and sacrificed animal
was assumed to be due to total excretion from whole animal
body. Blood samples were taken by cardiac puncture at
sacrifice. Tissue samples of the main organs were then
dissected, weighted and counted in a gamma counter
(Berthold). Biodistribution results were expressed as percent-
age of the injected activity per gram tissue (% I.A./g).
Viral Particle Integrity Studies. The effect of the

peptides on the integrity of the viral particles was first
evaluated using a Western blot-based assay. 100 TCID50 of
HIV-1NL4.3 were incubated with 5 μM of pepR or pepRF1, for
1 h at 37 °C. Untreated HIV-1NL4.3 virions (in the absence of
peptides), which will remain intact and be able to cross a 20%
(w/v) sucrose cushion, were used as positive control for viral
integrity. HIV-1NL4.3 virions treated with 0.5% (v/v) Triton X-
100 for 1 h, were used as negative controls for viral integrity
(positive controls for viral disruption). Samples were then
centrifuged through a 20% (w/v) sucrose cushion for 2 h at
40 000 rpm and 4 °C. The viral pellet was resuspended and
lysed directly in Laemmli buffer composed of sodium dodecyl
sulfate (SDS, 4% w/v), 125 mM Tris−HCl (pH 6.8), 2-
mercaptoethanol (10% v/v), glycerol (20% v/v), and
bromophenol blue (0.02% w/v). Viral proteins were denatured
by boiling for 10 min at 95 °C. Proteins were then separated by
12% (w/v) SDS-PAGE (National Diagnostics, Atlanta, GA,
USA), transferred to nylon membranes (Hybond, Amersham
Biosciences, GE Healthcare Life Sciences, Chicago, IL, USA),
and reacted with anti-HIV p24 mAb (NIH AIDS Reagent
Program, Division of AIDS, NIAID).96,97 Membranes were
then incubated with goat antimouse IgG (H+L)-HRP
conjugate (Bio-Rad, Milan, Italy) and visualized by enhanced
chemiluminescence (ECL) (Amersham Biosciences, GE
Healthcare, BM, UK) using the Chemidoc XRS+ System
(Bio-Rad, Hercules, CA, USA).
A complementary assay was also performed to investigate

the integrity of viral particles using the QuickTiterLentivirus
Titer Kit from Cell Biolabs (San Diego, CA, USA), which is an
enzyme immunoassay developed for the specific detection and
quantification of HIV-1 capsid (CA) protein (p24) associated
with intact viral particles only. This can be achieved through
the use of viral bind lentivirus reagents (ViraBind, patented
technology) that form complexes with the intact virions while
free p24 remain in the supernatant. Briefly, HIV-1NL4.3 virions
(100 TCID50) were incubated with 5 μM of pepR or pepRF1
for 1 h at 37 °C. After incubation, a virus pulldown (using the
ViraBind lentivirus reagents in the QuickTiterLentivirus Titer
Kit) was performed to recover intact viral particles from viral
supernatants. Virions were disrupted using sample diluent

(QuickTiterLentivirus Titer Kit) and then added to an anti-
p24 antibody-coated plate, and incubated for 4 h at 37 °C.
Detection of viral-associated p24 protein was performed using
FITC-conjugated anti-p24 mAb followed by HRP-conjugated
anti-FITC mAb (QuickTiterLentivirus Titer Kit) following
manufacturer instructions. Quantification of HIV-1NL4.3p24
protein was determined by adding HRP-substrate solution to
each sample followed by measuring absorbance at 450 nm.
Untreated HIV-1NL4.3 virions (in the absence of peptides) were
used as positive control for viral integrity. HIV-1NL4.3 virions
treated with 70% (v/v) ethanol or 0.5% (v/v) Triton X-100 for
1 h, were used as negative controls for viral integrity (positive
controls for viral disruption). At least three independent
experiments were performed for each assay.

β-Lactamase Viral Fusion Assay. To measure the
efficiency of virus entry into target cells, and the impact of
peptides on this process, we used a previously described Vpr-
BlaM assay.41 In this assay, the β-lactamase enzyme fused to
the viral protein Vpr is incorporated into virions and delivered
into the cytosol of target cells, where β-lactamase activity can
be quantified by the cleavage of a fluorescent substrate
(CCF2). To this end, 2.0 × 105MT4R5 cells treated with a 4-
fold serial dilution of pepR, pepRF1 and T20 covering the
0.0003−1.25 μM concentration range were exposed to the
virus preparation of Blam NL4.3, Blam NLAD8 or Blam
NL4.3-DIM for 4 h at 37 °C, using a virus concentration that
leads to on approximately 30% of positive cells in the absence
of treatment.
Cells were then washed and loaded with the CCF2 substrate

(CCF2-AM loading kit, Invitrogen) in the presence of 1.8 mM
probenecid (Sigma-Aldrich). Cells were incubated overnight at
15 °C with CO2 independent medium (Invitrogen), washed
with PBS containing 1% (w/v) BSA and 0.05% (w/v) saponin
(Sigma-Aldrich) and fixed with paraformaldehyde (PFA). The
cleaved CCF2 fluorescence emission intensity was measured
by flow cytometry with excitation at 405 nm and emissions at
448 nm (cleaved CCF2-AM) and 525 nm (uncleaved CCF2-
AM), on a FacsCanto II system with FACSDiva software (BD
Bioscience). FlowJo, version 10 (Tree Star), was used to
analyze and quantify the data.

Expression of HIV Coreceptors. The level of expression
of CXCR4 on the cell surface was studied by flow cytometry
using two different anti-CXCR4 mAbs, targeting two distinct
epitopes: 12G5 (PE mouse antihuman CD184 clone 12G5
(RUO), BD Biosciences) and 1D9 (PE rat antihuman CD184
clone 1D9 (RUO), BD Biosciences). Activated primary CD4+

T-lymphocytes were incubated for 90 min at 37 °C with a 4-
fold serial dilution of pepR, pepRF1 and T20 covering the
0.0012−1.25 μM range, or a 4-fold serial dilution of the
CXCR4-antagonist AMD3100 covering the 0.049−50 μM
range, or a 4-fold serial dilution of CXCL12 covering the
0.098−100 nM range. Then, each sample was split into two
aliquots and the cells were separately stained with the two
mAbs in the presence of PBS-BSA 1% (w/v) 45 min at room
temperature in the dark.
The expression of CCR5 on the cell surface was studied

using human CCR5 fluorescein mAb (clone 45502) (R&D
Systems). Activated primary CD4+ T lymphocytes were
incubated 10 min at room temperature with three dilutions
(1250, 78, 5 nM) of pepR, pepRF1, T20 and AMD3100. Then,
the cells were stained with the mAb in the presence of PBS-
BSA 1% (w/v) 45 min at 4 °C in the dark. Fluorescence
emission intensity was measured by flow cytometry on a
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FacsCanto II system with FACSDiva software (BD Bio-
science). FlowJo, version 10 (Tree Star), was used to analyze
and quantify the data.
Intracellular Ca2+ Mobilization Assay. CXCR4-medi-

ated intracellular Ca2+ mobilization was assessed using a Fluo-
4-based fluorescence assay.98 Fluo-4 is a fluorescently labeled
probe that exhibits an increase in fluorescence emission
intensity upon binding to Ca2+.99 Fluo-4 AM ester (Invitrogen,
Thermo-Fisher) was dissolved in pure DMSO (Merck) to a
final concentration of 4 mM. Fluo-4 stock solutions were
diluted to final working concentrations in Hank’s Balanced Salt
Solution (HBSS, Gibco, Thermo-Fisher). DMSO content was
kept below 0.25% (v/v) to prevent cell death.
THP-1 monocytes were cultured in complete RPMI

medium. Cells were washed with HBSS, resuspended in
HBSS with 5 μM Fluo-4, at a density of 2.5 × 106 cells/mL,
and incubated for 1 h at 37 °C, to allow Fluo-4 probe
internalization into the cytosol. To remove the extracellular
probe, cells were washed and resuspended in fresh HBSS and
allowed to stabilize for 10 min at 37 °C, before starting
fluorescence measurements.
Variations in cytosolic Ca2+ levels were followed by time-

resolved Fluo-4 fluorescence emission intensity measurements.
Measurements were carried out in a FLS920 spectrofluor-
ometer (Edinburgh Instruments, Livingston, UK) at 37 °C.
The excitation and emission wavelengths were 491 and 519
nm, respectively. Excitation and emission slits were 3 and 8
nm, respectively. Fluorescence emission intensity of labeled
cells (1.25 × 106 cells/mL) was collected for 30 s, before
addition of CXCL12 (Sigma, 50 nM), pepR (1.25 μM),
pepRF1 (1.25 μM), or AMD3100 (50 μM), individually or in
combination, after which the signal was collected for an
additional 270 s. Data was corrected for dilution and
background noise. CXCL12 and inhibitors solutions were
prepared in HBSS. At least three independent experiments
were performed for each assay.
Statistical Analysis. Statistical analysis was performed

using GraphPad Prism version 7.0 for Macintosh (GraphPad
Software, San Diego, California USA, www.graphpad.com).
Data are presented as mean ± standard deviation of three
independent experiments performed, unless indicated other-
wise.
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(81) Scasnaŕ, V., and van Lier, J. E. (1993) The Use of SEP-PAK SI
Cartridges for the Preparation of Gallium Chloride from the Citrate
Solution. Eur. J. Nucl. Med. 20, 273.
(82) Wu, L., Martin, T. D., Carrington, M., and KewalRamani, V. N.
(2004) Raji B Cells, Misidentified as THP-1 Cells, Stimulate DC-
SIGN-Mediated HIV Transmission. Virology 318 (1), 17−23.
(83) Amara, A., Vidy, A., Boulla, G., Mollier, K., Garcia-Perez, J.,
Alcamí, J., Blanpain, C., Parmentier, M., Virelizier, J.-L., Charneau, P.,
and Arenzana-Seisdedos, F. (2003) G Protein-Dependent CCR5
Signaling Is Not Required for Efficient Infection of Primary T
Lymphocytes and Macrophages by R5 Human Immunodeficiency
Virus Type 1 Isolates. J. Virol. 77 (4), 2550−2558.
(84) Zhang, H., Zhou, Y., Alcock, C., Kiefer, T., Monie, D., Siliciano,
J., Li, Q., Pham, P., Cofrancesco, J., Persaud, D., and Siliciano, R. F.
(2004) Novel Single-Cell-Level Phenotypic Assay for Residual Drug
Susceptibility and Reduced Replication Capacity of Drug-Resistant
Human Immunodeficiency Virus Type 1. J. Virol. 78 (4), 1718−1729.
(85) Chang, L. J., Urlacher, V., Iwakuma, T., Cui, Y., and Zucali, J.
(1999) Efficacy and Safety Analyses of a Recombinant Human
Immunodeficiency Virus Type 1 Derived Vector System. Gene Ther. 6
(5), 715−728.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://dx.doi.org/10.1021/acsinfecdis.9b00507
ACS Infect. Dis. 2021, 7, 6−22

21

https://dx.doi.org/10.1086/504693
https://dx.doi.org/10.1093/infdis/jis376
https://dx.doi.org/10.1093/infdis/jis376
https://dx.doi.org/10.1093/infdis/jis376
https://dx.doi.org/10.1093/infdis/jis376
https://dx.doi.org/10.1182/blood.V93.8.2454.408k35_2454_2462
https://dx.doi.org/10.1182/blood.V93.8.2454.408k35_2454_2462
https://dx.doi.org/10.1182/blood.V93.8.2454.408k35_2454_2462
https://dx.doi.org/10.1182/blood.V93.8.2454.408k35_2454_2462
https://dx.doi.org/10.4049/jimmunol.173.12.7150
https://dx.doi.org/10.4049/jimmunol.173.12.7150
https://dx.doi.org/10.1097/01.qai.0000137371.80695.ef
https://dx.doi.org/10.1097/01.qai.0000137371.80695.ef
https://dx.doi.org/10.1097/01.qai.0000137371.80695.ef
https://dx.doi.org/10.1016/j.coviro.2012.12.002
https://dx.doi.org/10.1016/j.coviro.2012.12.002
https://dx.doi.org/10.1111/j.1365-2141.2006.06181.x
https://dx.doi.org/10.1111/j.1365-2141.2006.06181.x
https://dx.doi.org/10.1111/j.1365-2141.2006.06181.x
https://dx.doi.org/10.1111/j.1365-2141.2006.06181.x
https://dx.doi.org/10.1016/j.exphem.2008.03.016
https://dx.doi.org/10.1016/j.exphem.2008.03.016
https://dx.doi.org/10.4049/jimmunol.167.8.4747
https://dx.doi.org/10.4049/jimmunol.167.8.4747
https://dx.doi.org/10.4049/jimmunol.167.8.4747
https://dx.doi.org/10.4049/jimmunol.167.8.4747
https://dx.doi.org/10.1210/jc.2002-021381
https://dx.doi.org/10.1210/jc.2002-021381
https://dx.doi.org/10.1096/fj.03-0935fje
https://dx.doi.org/10.1096/fj.03-0935fje
https://dx.doi.org/10.1038/sj.bjc.6603251
https://dx.doi.org/10.1038/sj.bjc.6603251
https://dx.doi.org/10.2147/DDDT.S84932
https://dx.doi.org/10.2147/DDDT.S84932
https://dx.doi.org/10.1007/s12149-018-1290-8
https://dx.doi.org/10.1007/s12149-018-1290-8
https://dx.doi.org/10.1007/978-1-61779-145-1_19
https://dx.doi.org/10.1007/978-1-61779-145-1_19
https://dx.doi.org/10.1016/j.vaccine.2013.05.095
https://dx.doi.org/10.1016/j.vaccine.2013.05.095
https://dx.doi.org/10.7150/thno.5376
https://dx.doi.org/10.1038/srep29338
https://dx.doi.org/10.1038/srep29338
https://dx.doi.org/10.1038/srep29338
https://dx.doi.org/10.1146/annurev.immunol.021908.132620
https://dx.doi.org/10.1146/annurev.immunol.021908.132620
https://dx.doi.org/10.1038/s41398-017-0049-7
https://dx.doi.org/10.1038/s41398-017-0049-7
https://dx.doi.org/10.1038/s41398-017-0049-7
https://dx.doi.org/10.1038/s41398-017-0049-7
https://dx.doi.org/10.1186/s12943-016-0552-0
https://dx.doi.org/10.1186/s12943-016-0552-0
https://dx.doi.org/10.1038/sj.onc.1207097
https://dx.doi.org/10.1038/sj.onc.1207097
https://dx.doi.org/10.1038/sj.onc.1207097
https://dx.doi.org/10.1200/JCO.2005.07.078
https://dx.doi.org/10.1200/JCO.2005.07.078
https://dx.doi.org/10.1016/j.canlet.2008.09.034
https://dx.doi.org/10.1016/j.canlet.2008.09.034
https://dx.doi.org/10.1007/BF00170012
https://dx.doi.org/10.1007/BF00170012
https://dx.doi.org/10.1007/BF00170012
https://dx.doi.org/10.1016/j.virol.2003.09.028
https://dx.doi.org/10.1016/j.virol.2003.09.028
https://dx.doi.org/10.1128/JVI.77.4.2550-2558.2003
https://dx.doi.org/10.1128/JVI.77.4.2550-2558.2003
https://dx.doi.org/10.1128/JVI.77.4.2550-2558.2003
https://dx.doi.org/10.1128/JVI.77.4.2550-2558.2003
https://dx.doi.org/10.1128/JVI.78.4.1718-1729.2004
https://dx.doi.org/10.1128/JVI.78.4.1718-1729.2004
https://dx.doi.org/10.1128/JVI.78.4.1718-1729.2004
https://dx.doi.org/10.1038/sj.gt.3300895
https://dx.doi.org/10.1038/sj.gt.3300895
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.9b00507?ref=pdf


(86) Rato, S., Maia, S., Brito, P. M., Resende, L., Pereira, C. F.,
Moita, C., Freitas, R. P., Moniz-Pereira, J., Hacohen, N., Moita, L. F.,
and Goncalves, J. (2010) Novel HIV-1 Knockdown Targets Identified
by an Enriched Kinases/Phosphatases ShRNA Library Using a Long-
Term Iterative Screen in Jurkat T-Cells. PLoS One 5 (2), e9276.
(87) Kwon, M., and Firestein, B. L. (2013) DNA Transfection:
Calcium Phosphate Method. Methods Mol. Biol. 1018, 107−110.
(88) Reed, L. J., and Muench, H. (1938) A Simple Method of
Estimating Fifty per Cent Endpoints. Am. J. Epidemiol. 27 (3), 493−
497.
(89) Wood, K. V. (1990) Luc Genes: Introduction of Colour into
Bioluminescence Assays. J. Biolumin. Chemilumin. 5 (2), 107−114.
(90) Montefiori, D. C. (2009) Measuring HIV Neutralization in a
Luciferase Reporter Gene Assay. Methods Mol. Biol. 485, 395−405.
(91) Freed, E. O., Englund, G., and Martin, M. A. (1995) Role of the
Basic Domain of Human Immunodeficiency Virus Type 1 Matrix in
Macrophage Infection. J. Virol. 69 (6), 3949−3954.
(92) Lu, J., Sista, P., Giguel, F., Greenberg, M., and Kuritzkes, D. R.
(2004) Relative Replicative Fitness of Human Immunodeficiency
Virus Type 1 Mutants Resistant to Enfuvirtide (T-20). J. Virol. 78 (9),
4628−4637.
(93) Borrego, P., Calado, R., Marcelino, J. M., Bartolo, I., Rocha, C.,
Cavaco-Silva, P., Doroana, M., Antunes, F., Maltez, F., Caixas, U.,
Barroso, H., and Taveira, N. (2012) Baseline Susceptibility of Primary
HIV-2 to Entry Inhibitors. Antiviral Ther. 17 (3), 565−570.
(94) Chou, T. C. (1976) Derivation and Properties of Michaelis-
Menten Type and Hill Type Equations for Reference Ligands. J.
Theor. Biol. 59 (2), 253−276.
(95) National Research Council of the National Academies (2011)
Guide for the Care and Use of Laboratory Animals, 8th ed., National
Academies Press, Washington, DC.
(96) Toohey, K., Wehrly, K., Nishio, J., Perryman, S., and Chesebro,
B. (1995) Human Immunodeficiency Virus Envelope V1 and V2
Regions Influence Replication Efficiency in Macrophages by Affecting
Virus Spread. Virology 213 (1), 70−79.
(97) Wehrly, K., and Chesebro, B. (1997) P24 Antigen Capture
Assay for Quantification of Human Immunodeficiency Virus Using
Readily Available Inexpensive Reagents. Methods 12 (4), 288−293.
(98) Princen, K., Hatse, S., Vermeire, K., De Clercq, E., and Schols,
D. (2003) Evaluation of SDF-1/CXCR4-Induced Ca2+ Signaling by
Fluorometric Imaging Plate Reader (FLIPR) and Flow Cytometry.
Cytometry 51A (1), 35−45.
(99) Gee, K. R., Brown, K. A., Chen, W. N. U., Bishop-Stewart, J.,
Gray, D., and Johnson, I. (2000) Chemical and Physiological
Characterization of Fluo-4 Ca2+-Indicator Dyes. Cell Calcium 27
(2), 97−106.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://dx.doi.org/10.1021/acsinfecdis.9b00507
ACS Infect. Dis. 2021, 7, 6−22

22

https://dx.doi.org/10.1371/journal.pone.0009276
https://dx.doi.org/10.1371/journal.pone.0009276
https://dx.doi.org/10.1371/journal.pone.0009276
https://dx.doi.org/10.1007/978-1-62703-444-9_10
https://dx.doi.org/10.1007/978-1-62703-444-9_10
https://dx.doi.org/10.1093/oxfordjournals.aje.a118408
https://dx.doi.org/10.1093/oxfordjournals.aje.a118408
https://dx.doi.org/10.1002/bio.1170050206
https://dx.doi.org/10.1002/bio.1170050206
https://dx.doi.org/10.1007/978-1-59745-170-3_26
https://dx.doi.org/10.1007/978-1-59745-170-3_26
https://dx.doi.org/10.1128/JVI.69.6.3949-3954.1995
https://dx.doi.org/10.1128/JVI.69.6.3949-3954.1995
https://dx.doi.org/10.1128/JVI.69.6.3949-3954.1995
https://dx.doi.org/10.1128/JVI.78.9.4628-4637.2004
https://dx.doi.org/10.1128/JVI.78.9.4628-4637.2004
https://dx.doi.org/10.3851/IMP1996
https://dx.doi.org/10.3851/IMP1996
https://dx.doi.org/10.1016/0022-5193(76)90169-7
https://dx.doi.org/10.1016/0022-5193(76)90169-7
https://dx.doi.org/10.1006/viro.1995.1547
https://dx.doi.org/10.1006/viro.1995.1547
https://dx.doi.org/10.1006/viro.1995.1547
https://dx.doi.org/10.1006/meth.1997.0481
https://dx.doi.org/10.1006/meth.1997.0481
https://dx.doi.org/10.1006/meth.1997.0481
https://dx.doi.org/10.1002/cyto.a.10008
https://dx.doi.org/10.1002/cyto.a.10008
https://dx.doi.org/10.1054/ceca.1999.0095
https://dx.doi.org/10.1054/ceca.1999.0095
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.9b00507?ref=pdf

