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ARTICLE INFO ABSTRACT

Keywords:

CCRS5 is the main co-receptor for HIV-1 cell entry and it plays key roles in HIV-1 mucosal transmission. Natural

HIV-1 anti-CCR5 antibodies were found in HIV-1-exposed seronegative and long-term non-progressor subjects, sug-

Natural anti-CCR5 antibody
Primary macrophage

gesting a role in controlling viral replication in vivo. We assessed the effect of sera containing or not natural anti-
CCR5 antibodies, on membrane CCR5 level and HIV-1 infection in primary macrophages. Sera modulated CCR5

expression with a trend dependent on the donor/serum tested but independent on the presence or absence of
anti-CCR5 antibodies. All sera strongly reduced HIV-1 DNA in all donor’s macrophages and no correlation was
observed between CCR5 and viral DNA levels. These results suggest that CCR5 expression level is not a major
determinant of macrophage infection and that the observed modulation of CCR5 and HIV-1 DNA might depend
on factors other than CCR5-reactive antibodies present in sera and/or intrinsic to the donors on which sera were

tested.

1. Introduction

CC chemokine receptor 5 (CCR5) is a seven-transmembrane, G
protein-coupled receptor (GPCR) that is expressed on T lymphocytes and
myeloid cells. Its structure consists of an extracellular N-terminal
domain, three extracellular loops (ECL1-3), three intracellular loops,
and a cytoplasmic C-terminal tail (Tan et al., 2013). CCR5 functions as
the main co-receptor for human immunodeficiency virus type 1 (HIV-1)
entry in target cells, and it plays a key role in HIV-1 mucosal trans-
mission, which accounts for more than 95 % of new infections world-
wide (Mohamed et al., 2022). The evidence of the crucial role of CCR5 in
HIV-1 pathogenesis came from the discovery of the A32 allele, a 32 base

pair deletion in the CCR5 gene-coding region that gives rise to a
non-functional receptor. In humans, homozygosis results in an almost
complete protection from HIV-1 infection and is indeed associated with
the resistance to infection of some HIV-exposed seronegative (HESN)
subjects (Liu et al., 1996). Conversely, heterozygosis determines a
reduced CCR5 cell surface expression and is associated with a slower
progression toward the disease (Stewart et al., 1997).

Naturally occurring antibodies (Abs) to CCR5 were found in serum as
well as in other biological fluids (i.e., saliva, milk, semen, and cervico-
vaginal secretions) in various groups of individuals. In particular, they
were identified in cervicovaginal secretions and breast milk of HIV-
seropositive and seronegative women, in normal human IgG for

Abbreviations: CCR5, CC chemokine receptor 5; ECL, extracellular loop; GPCR, G protein-coupled receptor; HESN, HIV-exposed seronegative; LTNP, long-term

non-progressor; MDM, monocyte-derived macrophage.
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therapeutic use, in A32 homozygous carriers exposed to CCR5 through
sexual intercourse with CCR5 wild type partners, and in hemophilic
patients repeatedly exposed to alloantigens through continuous blood
transfusions (Venuti et al., 2017). Some of these Abs were isolated by
affinity chromatography on synthetic peptides corresponding to motifs
derived from the HIV-1 binding domains of CCR5 (i.e., N terminus and
ECL2). Our group previously characterized Abs directed to CCR5 ECL1
in several cohorts of HESN people in serologically discordant couples
and in a subset of HIV-1 seropositive individuals showing long-term
infection control in the absence of antiretroviral therapy (long-term
non-progressors, LTNPs), suggesting a role for such Abs in natural HIV-1
resistance and in controlling viral replication in vivo (Lopalco et al.,
2000; Pastori et al., 2006). These Abs do not hamper HIV-1 binding, but
they cause a long-lasting internalization of the co-receptor, resulting in
inhibition of HIV-1 infection in CD4" T lymphocytes, T cell lines, and
U87.CD4.CCRS5 cells and of virus transcytosis through epithelial layers
(Barassi et al., 2004; Bomsel et al., 2007; Lopalco et al., 2000; Pastori
et al., 2006).

Besides T lymphocytes, macrophages represent a primary target and
host of R5- and dual-tropic HIV-1 in vivo (Kruize and Kootstra, 2019,
Wong et al., 2019). The precise role of these cells in the pathogenesis of
HIV-1 infection is yet under debate, however their reduced susceptibility
to some antiretroviral drugs and increased resistance to HIV-1-induced
cytopathic effect suggest they may contribute to the viral reservoir in
the setting of combined antiretroviral therapy (cART) (Hendricks et al.,
2021). Studies in humans and animal models have in fact highlighted
the involvement of macrophages in viral persistence and in the devel-
opment of comorbidities associated with HIV-1 and Simian Immuno-
deficiency Virus infection (Abreu et al., 2019; Abreu et al., 2019a; Abreu
et al., 2019b; Arainga et al., 2017; Avalos et al., 2017; Ganor et al., 2019;
Honeycutt et al., 2016; Honeycutt et al., 2017; Veenhuis et al., 2023).
Compared to CD4" T lymphocytes, macrophages express low CD4 and
CCRS5 levels, and are less efficiently infected by cell-free HIV-1 virions,
whereas direct cell-cell spread is more efficient (Dupont and Sattentau,
2020). These cells constitutively express antiviral restriction factors that
potently reduce HIV-1 replication at post-entry steps of the viral life
cycle and their susceptibility to HIV-1 infection is dependent on the local
microenvironment, which modulates cell differentiation and polariza-
tion (Kruize and Kootstra, 2019, Pagani et al., 2022).

Although some previous studies investigated the effect on macro-
phage infection of natural Abs targeting CCR5 ECL2 and N terminus
(Bouhlal et al., 2005; ; Bouhlal et al., 2001; Eslahpazir et al. 2008), data
on the effect of natural Abs directed to CCR5 ECL1 on these cells are
lacking. Thus, we herein evaluated the effect of monocyte-derived
macrophage (MDM) exposure to sera from HESN, LTNP, chronically
HIV-1 infected (HIV-1+), and HIV-1 seronegative individuals (HIV-1-),
all characterized for the presence or absence of natural Abs to CCR5
ECL1, on CCR5 membrane expression and HIV-1 infection.

2. Materials and methods
2.1. Ethics statement

Serum samples from healthy blood donors were obtained from
Centro Risorse Biologiche, San Raffaele Scientific Institute, Milan.
Samples from HESN and HIV-1+ (including LTNP) subjects were ob-
tained from Infectious Diseases Clinic, San Raffaele Scientific Institute,
Milan. The Institutional review board named “Comitato Etico della
Fondazione San Raffaele del Monte Tabor, Milan, Italy” approved the
investigations (Protocol no 95/DG). All subjects provided a written
informed consent and all methods were performed in accordance with
the relevant Italian guidelines and regulations.

Healthy donor’s buffy coats for monocyte isolation were obtained
from Centro Trasfusionale, Sapienza University of Rome. Ethical
approval was obtained from the Ethic Committee of Istituto Superiore di
Sanita (protocol number 0016142). Since data were analyzed
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anonymously, informed consent was not requested. Healthy donor’s
data were treated by Centro Trasfusionale conforming to the Italian law
on personal data management “Codice in Materia di Protezione dei dati
Personali” (Testo unico D.L. June 30, 2003 n. 196).

2.2. Serum samples

Serum samples were obtained from fourteen people (six HESN, two
LTNP, two HIV-1+, and four HIV-1- subjects) characterized for the
presence/absence of natural anti-CCR5 Abs. Characteristics of the
studied populations were reported previously (Lopalco et al., 2000;
Pastori et al., 2006). Briefly, the HESN subjects were partners of HIV-1+
individuals discordant for HIV serostatus and had a history of penetra-
tive sexual intercourse without condom for at least two years at least
twice per week, with no other known risk factors. The inclusion criteria
for the LTNP cohort were (1) seroconversion at least seven years before,
(2) absence of antiretroviral therapy, (3) CD4 T cell counts of at least
500 cells/pL, and (4) asymptomatic infection and good health condi-
tions. Control HIV-1+ subjects were on cART and had CD4 counts > 500
cells/pL and no previous comorbidities linked to the infection. All pa-
tients were screened for CCR5-A32. Peripheral venous blood was drawn
and serum was separated, heat inactivated, and stored at -80 °C until
use.

2.3. Monocyte isolation and differentiation to MDMs

Monocytes were isolated from the peripheral blood of healthy donors
and cultured for 5 days to allow differentiation to MDMs as previously
reported (Covino et al., 2024). MDMs were screened for the CCR5-A32
mutation by using a previously reported primer set (Nischalke et al.,
2004).

2.4. HIV-1 infection

The CCR5-dependent HIV-1g,, virus was obtained from the NIH
AIDS Research and Reference Pro-gram, Division of AIDS, NIAID, NIH
and was propagated on stimulated healthy donor’s PBMCs, harvested,
and clarified at peak viremia as measured by p24 Ag Elisa Assay
(Fujirebio Inc., Tokyo, Japan); virus was stored at -80C°. The 50 % tissue
culture infectious dose (TCIDsy) was measured in PHA-stimulated
PBMCs at day 7 by HIV p24 antigen quantification using the
Spearman-Karber method (National Institute of Allergy and Infectious
Diseases (U.S.). Division of AIDS. and National Institutes of Health, (U.
S.), 1997). MDMs were treated with different dilutions of sera for 48
hours or with maraviroc (MRV, 10 nM; Sigma-Aldrich) for 1 hour and
then infected with 3,000 TCIDs, per well of the HIV-1p,, virus, corre-
sponding to a MOI = 0.03, as previously reported (Covino et al., 2020).
After 2 h, cells were washed and maintained in complete medium in the
presence or absence of sera.

2.5. Flow cytometry analysis of CCR5 membrane expression

MDMs were detached by using PBS 0.05 % EDTA. Cells were pre-
incubated with Fc blocking reagent (Miltenyi Biotec) for 10 min on ice
and then stained with a PE-conjugated anti-CCR5 monoclonal Ab (Clone
3A9; BD Biosciences, Milan, Italy) or an isotype-matched Ab (BD Bio-
sciences) to determine the background fluorescence. After 30 min on ice,
cells were washed with PBS (Euroclone, Pero, Italy), and acquired with a
FACS Calibur flow cytometer by using Cell Quest and the Cell Quest
software for analysis (BD Biosciences).

2.6. Quantification of HIV-1 DNA by real-time polymerase chain reaction
Total DNA was extracted from frozen MDM samples as we previously

reported (Sabbatucci et al., 2015). DNA concentration was determined
by Real Time PCR quantitative amplification of the RNase P gene using
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TagMan RNase P Detection Reagents Kit (Applied Biosystems, Monza,
Italy) according to manufacturer’s instructions. Total HIV-1 DNA
amount was determined using primers and probe that recognize the
HIV-1 gag and env genes. Primers and probe for the HIV-1 gag gene were
previously reported (Cassol et al., 2009; Sabbatucci et al., 2015),
whereas those for the HIV-1 env gene were designed based on the
HIV-1p, sequence and were as follow: forward primer, 5-TAGG-
CAGGGATACTCACCATTA-3’; reverse primer, 5 -GTCTCTCTCTCCA
CCTTCTTCT-3’; probe, 5-(FAM) TCGTTTCAGACCCACCTCCCAG
(IABKFQ)-3’ (Integrated DNA Technologies, Leuven, Belgium). Standard
curve was generated using the genomic DNA from the 8ES5 cell line, a T
lymphoblastoid cell line that contains a single defective copy of HIV-1
genome per cell. All samples and HIV-1 negative controls were run in
duplicate. HIV-1 gag and env and RNAseP standard curves had slopes
between -3.11 and -3.57 and the coefficient of correlations were >
0.981. The thermal cycling conditions were as follows: holding stage for
enzyme activation 95°C for 30 s and amplification with 40 cycles of 95°C
for 5 s and 60°C for 30 s. Cycling and data acquisition were carried out
using the 7500 Real-Time PCR system (Applied Biosystems).

2.7. Statistical analysis

The non-parametric Spearman test was used to determine correlation
coefficients. SPSS version 28.1 (IBM Corp., Armonk, NY, USA) and Excel
2016 (Microsoft, Redmond, WA, USA) were used for statistical analyses
and graphs drawing.

3. Results

We studied the outcome of macrophage exposure to sera obtained
from three representative HESN (31DDn, 55ASn, and 92CBn) and two
representative LTNP (SA40 and SA27) subjects having anti-CCR5 Abs
(Table 1). Negative controls were sera from three HESN (81NDn, 42CSn,
and 41LAn) and two HIV-1+ cART-treated patients (86AVp and 87CPp)
without anti-CCR5 Abs (Table 1). We also included sera obtained from
four healthy control subjects (HIV-1-; HC1, NIC, FOR, and SER) char-
acterized for the absence of anti-CCR5 Abs. The effect of sera on CCR5
membrane expression and HIV-1 infection was investigated in MDMs
obtained from twelve healthy donors characterized for the absence of
the CCR5-A32 mutation (Fig. S1). Each serum was tested at a 1:10
(55ASn, 92CBn, SA40, 41LAn, 81NDn, 86AVp, and 87CPp) or at a 1:20
(31DDn, SA27, 42CSn, HC1, NIC, FOR, and SER) dilution in two inde-
pendent donor’s MDMs, with the exception of 31DDn that was evaluated
in six different donors and 86AVp and 87CPp that were tested each only
in one donor. At least one serum with anti-CCR5 Ab and at least one
serum without anti-CCR5 Ab were evaluated in parallel in each donor.
After 48 hours of sera exposure, MDMs were infected with HIV-1g,;, and

Table 1
Demographic and clinical characteristics of HESN, LTNP, and HIV-1" subjects.
Anti-CCR5 Cohort Subject Sex Age  HIV-RNA, CD4" count,
Ab copies/mL cells/pL
Positive (n = HESN 31DDn M 44 n.a. 840
5) 55ASn M 34 n.a. 598
92CBn M 39 n.a. 656
LTNP SA40 M 55 <50 525
SA27 F 53 <50 732
Median 44 n.a. 656
Negative (n HESN 81NDn M 50 n.a. 576
=5) 42CSn M 38 n.a. 671
41LAn F 41 n.a. 829
HIV- 86AVp M 44 10,700 573
1" 87CPp M 37 8,500 745
Median 41 n.a. 671
p’ 0.6 n.a. 1.0

@ Calculated by Mann-Whitney U test.
n.a., not applicable.
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the levels of viral DNA were measured at 72-96 hours post-infection by
qPCR. MRV was used as a positive control of CCR5 inhibition, and
determined a reduction of HIV-1 DNA copies in all the donors, with a
range that varied from 70 % to 100 % inhibition (Table S1). CCR5
membrane expression was evaluated by flow cytometry at the time of
HIV-1 infection.

Fig. 1A shows the baseline (in the absence of any treatment) CCR5
levels (blue bars) and viral DNA copies measured by qPCR of gag (orange
dots) or qPCR of env (gray dots). CCR5 was expressed in a low and
variable percentage of MDMs (median value 12.6 %, range 3.8-37.1 %; n
= 12). Correlation analysis highlighted a strong direct correlation be-
tween baseline HIV-1 DNA copies measured by qPCR of gag or gPCR of
env (rs = 0.92, p < 0.001) (Fig. 1B), and a lack of correlation between
these and baseline CCR5 expression (rs = 0.34, p = 0.28 for gag; rs =
0.23, p = 0.47 for env) (Fig. S2).

Upon sera exposure, CCR5 expression was modulated in most donors
with a trend dependent on the donor/serum tested but independent on
the presence (Fig. 2A-B, red bars) or absence (Fig. 2A-B, blue bars) of
anti-CCR5 Ab. Of the sera with anti-CCR5 Ab, 55ASn and 92CBn reduced
CCRS5 expression below 50 % in both donors in which they were tested
(55ASn: don3 and don4; 92CBn: don5 and don6), whereas SA40 and
SA27 reduced CCR5 levels below 50 % only in one of the two donors in
which they were evaluated (SA40: don8; SA27: don9). Furthermore,
31DDn determined a reduction of CCR5 expression in two donors
(don11 and don12) and an increase in one donor (don10), whereas it did
not modulate CCR5 levels in three donors (donl, don2, and don9)
(Fig. 2A and Table S2). Of the sera without anti-CCR5 Abs, HC1
increased CCR5 expression in both donors in which it was tested,
whereas the other sera determined a reduction of at least 50 %, with the
exception of 41LAn in don3 and NIC in donl1 in which there was no
modulation (Fig. 2A and Table S2). A modest effect on CCR5 MFI was
observed with most of the sera tested (Fig. 2B and Table S2). All sera
determined a strong reduction (below 50 %) of viral DNA levels, inde-
pendently on the presence or absence of anti-CCR5 Ab (Fig. 2C). Cor-
relation analysis highlighted a lack of correlation between the
percentage of CCR5 positive cells and viral DNA levels measured in
MDMs exposed to either all the different sera (rs = -0.036, p = 0.85)
(Fig. S3A) or only to those obtained from the subgroup of HIV-1 negative
subjects (rs = -0.336, p = 0.11) (Fig. S3B).

4. Discussion

Here we report a large variation in CCR5 membrane expression and
HIV-1 DNA levels in different donor’s MDMs and a lack of correlation
between these two parameters, suggesting that the levels of infection
observed in MDMs are not strictly related to CCR5 expression level. To
this regard, it is well known that macrophages derived from CCR5-A32
homozygous individuals, which display a complete absence of CCR5 at
the cell membrane, are resistant to R5 HIV-1 infection, whereas those
derived from CCR5-A32 heterozygous donors exhibit a variability in
susceptibility to infection similar to that found in cells obtained from
wild type individuals (Bol et al., 2009). In agreement with our results,
previous studies demonstrated a poor correlation between HIV-1 sus-
ceptibility and CCR5 expression in MDMs, except at very low expression
levels (Bol et al., 2009; Eisert et al., 2001; Naif et al., 1999; Pesenti et al.,
1999). The large variability in the capacity to support HIV-1 replication
by different donor’s MDMs was attributed to differential expression of
host factors that either support or suppress viral replication (Pagani
et al., 2022). Furthermore, it was shown that only a fraction of MDMs,
which varies in size depending on the blood donor, is able to replicate
the virus (Bergamaschi and Pancino, 2010). Thus, it appears that the
host factors that regulate HIV-1 replication in MDMs act at the level of
both single cells and the individual. The host genetic factors that control
MDM permissivity to HIV-1 infection mainly influence pre-reverse
transcription steps (Naif et al., 1999). Nevertheless, other steps of the
HIV-1 life cycle that can be restricted in MDMs were described. Finally,
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Fig. 1. Baseline CCR5 membrane expression and HIV-1 DNA copies in MDMs. (A) MDMs from twelve healthy donors were infected with R5 HIV-1g,;, (3,000
TCIDsp/well). After 72 h (donors 1-6, 9-12) or 96 h (donors 7-8), total DNA was extracted and the amount of total HIV-1 DNA (copies/ 10° cells) was measured by
qPCR of gag (orange dots) or qPCR of env (gray dots). CCR5 membrane expression was assessed at the time of infection by flow cytometry and is shown as percentage
(%) of positive cells (blue bars). (B) Correlation between baseline HIV-1 DNA levels measured by qPCR of gag and HIV-1 DNA levels measured by qPCR of env (n =
12). Statistical analysis was done by using the non-parametric two-tailed Spearman’s test to determine correlation coefficient.

besides the CD4/CCR5 mediated entry of HIV-1 into the cell by mem-
brane fusion, alternative routes of infection were identified in macro-
phages that involves macropinocytosis and virus uptake via the
endocytic route (Carter et al., 2011; Marechal et al., 2001).

Natural anti-CCR5 Abs targeting HIV-1 binding domains of CCR5 (i.
e., N terminus and ECL2) have been previously shown to hamper
infection of MDMs with R5 HIV-1 primary isolates or laboratory-adapted
strains (Bouhlal et al., 2005; Bouhlal et al., 2001; Eslahpazir et al. 2008).
Interestingly, in one of the reports these anti-CCR5 Abs were found to be
more effective at inhibiting the infection of lymphocytes than that of
MDMs (Bouhlal et al., 2001). In keeping with these results, the

monoclonal Ab PRO-140, which binds an epitope spanning ECL2 and
N-terminus, was shown to inhibit MDM infection with different clade A
and B viruses, although the median ICq( value determined in MDM was
six fold higher than the median ICyg value observed for the same isolates
in PBMC cultures (Trkola et al., 2001). In this study we evaluated for the
first time the effect of sera characterized for the presence or absence of
natural anti-CCR5ADbs directed to ECL1 on CCR5 membrane expression
and HIV-1 infection in MDMs. We found that exposure to sera modulated
CCRS5 expression in most donor-derived MDMs, with a trend dependent
on the donor/serum pair but independent on the presence or absence of
anti-CCR5 Abs. As we reported previously, the range of anti-CCR5 Ab
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Fig. 2. Effect of sera on membrane CCR5 expression and HIV-1 DNA copies in MDMs. MDMs were exposed to sera from five subjects with anti-CCR5 Abs [three
HESN (31DDn, 55ASn, and 92CBn) and two LTNP (SA40 and SA27)] (red bars), and nine subjects without anti-CCR5 Ab [three HESN (42CSn, 41LAn, and 81NDn),
two HIV-1+ (86AVp and 87CPp), and four HIV-1- (HC1, NIC, FOR, and SER)] (blue bars). Each serum was evaluated in one (86AVp and 87CPp), two (55ASn, 92CBn,
SA40, SA27, 41LAn, 81NDn, 42CSn, HC1, NIC, FOR, and SER), or six (31DDn) donors. Sera were employed at 1:10 (55ASn, 92CBn, SA40, 41LAn, 81NDn, 86AVp, and
87CPp) or 1:20 (31DDn, SA27, 42CSn, HC1, NIC, FOR, and SER) dilution. (A and B) After 48 hours, membrane CCR5 expression was evaluated by flow cytometry.
CCRS5 expression is shown as either percentage change versus untreated cells (% vs nil) (A) or mean fluorescence intensity (MFI) fold change versus untreated cells
(fold vs nil) (B). (C) After 48 hours, cells were infected with R5 HIV-1g,;, (3,000 TCIDso/well). After 72 h (donors 1-6, 9-12) or 96 h (donors 7-8), total DNA was
extracted and the amount of total HIV-1 DNA (copies/10° cells) was measured by qPCR of env. HIV-1 DNA is shown as percentage versus untreated cells (% vs nil).
Data represent mean value (+SD) of duplicate measure of HIV-1 DNA copies/10° cells. In C, values corresponding to don7/86AVp and don8/87CPp are not visible in
the graph because they were very low (< 0.2).
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concentrations detected in different serum samples was quite narrow
(Pastori et al., 2006), thus it is unlikely that variability in Ab amount
may explain the different activities of the sera with anti-CCR5 Abs.
Conversely, a strong reduction of R5 HIV-1 DNA levels was observed in
all the donor/serum pairs tested. These results are in contrast to those
previously obtained in CD4' T lymphocytes, where only sera with
anti-CCR5 Abs determined CCR5 internalization and inhibition of R5
HIV-1 infection (Lopalco et al., 2000, Pastori et al., 2006). These dif-
ferential effects could be explained at least in part by cell type-specific
sensitivity of the receptor to internalization, which depends on CCR5
conformational heterogeneity. To this regard, it was shown that GPCRs
can adopt various conformational states based on interactions with
signaling ligands, the membrane environment, and specific cellular
proteins (Park, 2012). Previous studies using chemokines, Abs, and
HIV-1 glycoproteins demonstrated that CCR5 can exist in different cell
surface conformational states, each with distinct ligand binding prop-
erties (Colin et al., 2013; Colin et al., 2018; Fox et al., 2015; Scurci et al.,
2021). Several factors have been proposed to explain the existence of
these cell surface subpopulations, such as receptor oligomerization state,
receptor G-protein coupling state, local differences in plasma membrane
lipid composition, and the level of cell surface CCR5 sulfation (Colin
et al., 2013; Colin et al., 2018; Fox et al., 2015; Scurci et al., 2021).
Interestingly, conformationally different CCR5 subpopulations associ-
ated with differential capacity to bind diverse gp120s and to support
viral entry, were suggested as a possible explanation of the poor pro-
tection from HIV-1 infection exerted by chemokines in macrophages
compared to T lymphocytes (Colin et al., 2018; Fox et al., 2015).

In macrophages, both CCR5 expression and HIV-1 infection/repli-
cation are profoundly modulated by the cytokine/chemokine network
(Kedzierska et al., 2003). Thus, cytokines and/or chemokines present in
sera could explain the observed effects on CCR5 expression and viral
DNA levels. The effect of cytokines/chemokines on HIV-1 replication in
macrophages can be inhibitory (e.g., type I IFNs and p-chemokines) as
well as enhancing (e.g., M-CSF and IL-6) or bi-functional (e.g., IFN-y and
TNF-a), depending on the state of the macrophages at the time of
infection and on treatment modalities. The inhibitory factors can restrict
viral replication at both entry and post-entry levels of the viral repli-
cation cycle. Some studies reported an inverse correlation between the
effect on HIV-1 replication and that on CD4 and/or CCR5 expression
(Wang et al., 2002), suggesting that factors other than CCR5 and/or CD4
expression levels are involved in the pathways that regulate viral
replication in MDMs exposed to certain cytokines/chemokines. For
instance, inhibition of HIV-1 replication following macrophage exposure
to some cytokines (e.g., type I IFNs) was associated with induced
expression of cellular antiviral proteins and anti-HIV miRNAs (Cobos
Jimenez et al., 2012).

5. Conclusions

In conclusion, our results suggest that CCR5 membrane expression is
not a major determinant of infection levels in MDMs and that the
observed modulation of CCR5 and HIV-1 DNA may depend on factors
other than CCR5-reactive Abs present in sera and/or intrinsic to the
donors on which sera were tested. Main limitations of our study are the
small number and heterogeneity of sera analyzed, the possible presence
of interfering factors in some serum samples (e.g., anti-HIV Ab or re-
sidual drugs respectively in LTNP or HIV-1+ samples), and the lack of
molecular characterization of sera (due to the low amount of serum
available). Nevertheless, this study adds a small piece of evidence of the
distinct features of HIV-1 infection regulation in macrophages and T
lymphocytes, and further highlights the notion that results obtained
from experiments involving T lymphocytes cannot be extrapolated to
macrophages. Future studies are needed to clarify the nature of the
serum factor/s responsible for the observed modulation of CCR5
expression and HIV-1 DNA levels in MDMs, as well as the role of natural
anti-CCR5 Abs on macrophage HIV-1 infection in vivo.

Virus Research 350 (2024) 199506
CRediT authorship contribution statement

Iole Farina: Writing — review & editing, Investigation, Conceptual-
ization. Mauro Andreotti: Writing — review & editing, Investigation,
Conceptualization. Claudia Pastori: Resources, Investigation. Roberta
Bona: Writing — review & editing, Investigation. Clementina Maria
Galluzzo: Investigation. Roberta Amici: Investigation. Cristina Puri-
ficato: Investigation. Caterina Uberti-Foppa: Resources. Agostino
Riva: Resources. Maria Cristina Gauzzi: Writing — review & editing.
Lucia Lopalco: Writing — review & editing, Resources. Laura Fantuzzi:
Writing — original draft, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank Stefano Bonifazi for support with figure preparation, and
Daniela Diamanti and Fabiola Diamanti for technical assistance.

Funding

This research was funded by the Italian Ministry of Health, Ricerca
Finalizzata RF-2018-12365208 (to L. Fantuzzi).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.virusres.2024.199506.

Data availability
Data will be made available on request.

References

Abreu, C.M., Veenhuis, R.T., Avalos, C.R., Graham, S., Parrilla, D.R., Ferreira, E.A.,
Queen, S.E., Shirk, E.N., Bullock, B.T., Li, M., Metcalf Pate, K.A., Beck, S.E.,
Mangus, L.M., Mankowski, J.L., Mac Gabhann, F., O’Connor, S.L., Gama, L.,
Clements, J.E., 2019a. Myeloid and CD4 T cells comprise the latent reservoir in
antiretroviral therapy-suppressed SIVmac251-infected macaques. mBio 10, e01659.
-19.

Abreu, C.M., Veenhuis, R.T., Avalos, C.R., Graham, S., Queen, S.E., Shirk, E.N.,
Bullock, B.T., Li, M., Metcalf Pate, K.A., Beck, S.E., Mangus, L.M., Mankowski, J.L.,
Clements, J.E., Gama, L., 2019b. Infectious virus persists in CD4(+) T cells and
macrophages in antiretroviral therapy-suppressed simian immunodeficiency virus-
infected macaques. J. Virol 93, e00065. —~19Print 2019 Aug 1.

Abreu, C., Shirk, E.N., Queen, S.E., Beck, S.E., Mangus, L.M., Pate, K.A.M., Mankowski, J.
L., Gama, L., Clements, J.E., 2019. Brain macrophages harbor latent, infectious
simian immunodeficiency virus. AIDS 33 (Suppl 2), S181-5188.

Arainga, M., Edagwa, B., Mosley, R.L., Poluektova, L.Y., Gorantla, S., Gendelman, H.E.,
2017. A mature macrophage is a principal HIV-1 cellular reservoir in humanized
mice after treatment with long acting antiretroviral therapy. Retrovirology 14, 17.

7.

Avalos, C.R., Abreu, C.M., Queen, S.E., Li, M., Price, S., Shirk, E.N., Engle, E.L.,
Forsyth, E., Bullock, B.T., Mac Gabhann, F., Wietgrefe, S.W., Haase, A.T., Zink, M.C.,
Mankowski, J.L., Clements, J.E., Gama, L., 2017. Brain macrophages in simian
immunodeficiency virus-infected, antiretroviral-suppressed macaques: a Functional
latent reservoir. mBio. 8, e01186. —-17.

Barassi, C., Lazzarin A., A., Lopalco, L., 2004. CCR5-specific mucosal IgA in saliva and
genital fluids of HIV-exposed seronegative subjects. Blood 104, 2205-2206.

Bergamaschi, A., Pancino, G., 2010. Host hindrance to HIV-1 replication in monocytes
and macrophages. Retrovirology 7, 31. -31.

Bol, S.M., van Remmerden, Y., Sietzema, J.G., Kootstra, N.A., Schuitemaker, H., van’t
Wout, A.B., 2009. Donor variation in in vitro HIV-1 susceptibility of monocyte-
derived macrophages. Virology 390, 205-211.

Bomsel, M., Pastori, C., Tudor, D., Alberti, C., Garcia, S., Ferrari, D., Lazzarin, A.,
Lopalco, L., 2007. Natural mucosal antibodies reactive with first extracellular loop of
CCRS inhibit HIV-1 transport across human epithelial cells. AIDS 21, 13-22.


https://doi.org/10.1016/j.virusres.2024.199506
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0001
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0001
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0001
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0001
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0001
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0001
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0002
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0002
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0002
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0002
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0002
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0003
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0003
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0003
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0004
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0004
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0004
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0004
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0005
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0005
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0005
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0005
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0005
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0006
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0006
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0007
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0007
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0008
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0008
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0008
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0009
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0009
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0009

I Farina et al.

Bouhlal, H., Hocini, H., Quillent-Grégoire, C., Donkova, V., Rose, S., Amara, A.,
Longhi, R., Haeffner-Cavaillon, N., Beretta, A., Kaveri, S.V., Kazatchkine, M.D.,
2001. Antibodies to C-C chemokine receptor 5 in normal human IgG block infection
of macrophages and lymphocytes with primary R5-tropic strains of HIV-1. J.
Immunol 166, 7606-7611.

Bouhlal, H., Latry, V., Requena, M., Aubry, S., Kaveri, S.V., Kazatchkine, M.D., Belec, L.,
Hocini, H., 2005. Natural antibodies to CCR5 from breast milk block infection of
macrophages and dendritic cells with primary R5-tropic HIV-1. J. Immunol 174,
7202-7209.

Carter, G.C., Bernstone, L., Baskaran, D., James, W., 2011. HIV-1 infects macrophages by
exploiting an endocytic route dependent on dynamin, Racl and Pak1. Virology 409,
234-250.

Cassol, E., Cassetta, L., Rizzi, C., Alfano, M., Poli, G., 2009. M1 and M2a polarization of
human monocyte-derived macrophages inhibits HIV-1 replication by distinct
mechanisms. J. Immunol 182, 6237-6246.

Cobos Jimenez, V., Booiman, T., de Taeye, S.W., van Dort, K.A., Rits, M.A.N.,
Hamann, J., Kootstra, N.A., 2012. Differential expression of HIV-1 interfering factors
in monocyte-derived macrophages stimulated with polarizing cytokines or
interferons. Sci. Rep 2, 763.

Colin, P., Benureau, Y., Staropoli, I., Wang, Y., Gonzalez, N., Alcami, J., Hartley, O.,
Brelot, A., Arenzana-Seisdedos, F., Lagane, B., 2013. HIV-1 exploits CCR5
conformational heterogeneity to escape inhibition by chemokines. Proc. Natl. Acad.
Sci. U.S.A 110, 9475-9480.

Colin, P., Zhou, Z., Staropoli, 1., Garcia-Perez, J., Gasser, R., Armani-Tourret, M.,
Benureau, Y., Gonzalez, N., Jin, J., Connell, B.J., Raymond, S., Delobel, P., 1zopet, J.,
Lortat-Jacob, H., Alcami, J., Arenzana-Seisdedos, F., Brelot, A., Lagane, B., 2018.
CCRS structural plasticity shapes HIV-1 phenotypic properties. PLoS Pathog 14,
e1007432.

Covino, D.A., Farina, 1., Catapano, L., Sozzi, S., Spadaro, F., Cecchetti, S., Purificato, C.,
Gauzzi, M.C., Fantuzzi, L., 2024. Induction of the antiviral factors APOBEC3A and
RSAD2 upon CCL2 neutralization in primary human macrophages involves NF-kB,
JAK/STAT, and gp130 signaling. J. Leukoc. Biol 116, 876-889.

Covino, D.A., Kaczor-Urbanowicz, K.E., Lu, J., Chiantore, M.V., Fiorucci, G., Vescio, M.
F., Catapano, L., Purificato, C., Galluzzo, C.M., Amici, R., Andreotti, M., Gauzzi, M.
C., Pellegrini, M., Fantuzzi, L., 2020. Transcriptome profiling of human monocyte-
derived macrophages Upon CCL2 neutralization reveals an association between
activation of innate immune pathways and restriction of HIV-1. gene expression.
Front. Immunol. 11, 2129.

Dupont, M., Sattentau, Q.J., 2020. Macrophage cell-cell interactions promoting HIV-1
infection. Viruses 12, 492. https://doi.org/10.3390/v12050492.

Eisert, V., Kreutz, M., Becker, K., Konigs, C., Alex, U., Rubsamen-Waigmann, H.,
Andreesen, R., von Briesen, H., 2001. Analysis of cellular factors influencing the
replication of human immunodeficiency virus type I in human macrophages derived
from blood of different healthy donors. Virology 286, 31-44.

Eslahpazir, J., Jenabian, M., Bouhlal, H., Hocini, H., Carbonneil, C., Grésenguet, G.,
Kéou, F.M., LeGoff, J., Saidi, H., Requena, M., Nasreddine, N., de Dieu Longo, J.,
Kaveri, S.V., Bélec, L., 2008. Infection of macrophages and dendritic cells with
primary R5-tropic human immunodeficiency virus type 1 inhibited by natural
polyreactive anti-CCR5 antibodies purified from cervicovaginal secretions. Clin.
Vaccine Immunol 15, 872-884.

Fox, J.M., Kasprowicz, R., Hartley, O., Signoret, N., 2015. CCR5 susceptibility to ligand-
mediated down-modulation differs between human T lymphocytes and myeloid
cells. J. Leukoc. Biol 98, 59-71.

Ganor, Y., Real, F., Sennepin, A., Dutertre, C., Prevedel, L., Xu, L., Tudor, D.,
Charmeteau, B., Couedel-Courteille, A., Marion, S., Zenak, A., Jourdain, J., Zhou, Z.,
Schmitt, A., Capron, C., Eugenin, E.A., Cheynier, R., Revol, M., Cristofari, S.,
Hosmalin, A., Bomsel, M., 2019. HIV-1 reservoirs in urethral macrophages of
patients under suppressive antiretroviral therapy. Nat. Microbiol 4, 633-644.

Hendricks, C.M., Cordeiro, T., Gomes, A.P., Stevenson, M., 2021. The interplay of HIV-1
and macrophages in viral persistence. Front. Microbiol 12, 646447.

Honeycutt, J.B., Thayer, W.O., Baker, C.E., Ribeiro, R.M., Lada, S.M., Cao, Y., Cleary, R.
A., Hudgens, M.G., Richman, D.D., Garcia, J.V., 2017. HIV persistence in tissue
macrophages of humanized myeloid-only mice during antiretroviral therapy. Nat.
Med 23, 638-643.

Honeycutt, J.B., Wahl, A., Baker, C., Spagnuolo, R.A., Foster, J., Zakharova, O.,
Wietgrefe, S., Caro-Vegas, C., Madden, V., Sharpe, G., Haase, A.T., Eron, J.J.,
Garcia, J.V., 2016. Macrophages sustain HIV replication in vivo independently of T
cells. J. Clin. Invest 126, 1353-1366.

Kedzierska, K., Crowe, S.M., Turville, S., Cunningham, A.L., 2003. The influence of
cytokines, chemokines and their receptors on HIV-1 replication in monocytes and
macrophages. Rev.Med.Virol 13, 39-56.

Kruize, Z., Kootstra, N.A., 2019. The role of macrophages in HIV-1 persistence and
pathogenesis. Front. Microbiol. 10, 2828.

Virus Research 350 (2024) 199506

Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk, R., MacDonald, M.E.,
Stuhlmann, H., Koup, R.A., Landau, N.R., 1996. Homozygous defect in HIV-1
coreceptor accounts for resistance of some multiply-exposed individuals to HIV-1
infection. Cell 86, 367-377.

Lopalco, L., Barassi, C., Pastori, C., Longhi, R., Burastero, S.E., Tambussi, G.,

Mazzotta, F., Lazzarin, A., Clerici, M., Siccardi, A.G., 2000. CCR5-reactive antibodies
in seronegative partners of HIV-seropositive individuals down-modulate surface
CCR5 in vivo and neutralize the infectivity of R5 strains of HIV-1 In vitro.

J. Immunol 164, 3426-3433.

Marechal, V., Prevost, M.C., Petit, C., Perret, E., Heard, J.M., Schwartz, O., 2001. Human
immunodeficiency virus type 1 entry into macrophages mediated by
macropinocytosis. J.Virol 75, 11166-11177.

Mohamed, H., Gurrola, T., Berman, R., Collins, M., Sariyer, I.K., Nonnemacher, M.R.,
Wigdahl, B., 2022. Targeting CCR5 as a Component of an HIV-1 Therapeutic
Strategy. Front. Inmunol. 12, 816515.

Naif, H.M., Li, S., Alali, M., Chang, J., Mayne, C., Sullivan, J., Cunningham, A.L., 1999.
Definition of the stage of host cell genetic restriction of replication of human
immunodeficiency virus type 1 in monocytes and monocyte-derived macrophages by
using twins. J.Virol 73, 4866-4881.

National Institute of Allergy and Infectious Diseases (U.S.). Division of AIDS., National
Institutes of Health, (U. S.), 1997. DAIDS Virology manual for HIV laboratories.
National Institute of Allergy and Infectious Diseases, Division of AIDS.

Nischalke, H.D., Nattermann, J., Lichterfeld, M., Woitas, R.P., Rockstroh, J.K.,
Sauerbruch, T., Spengler, U., 2004. Rapid determination of the Delta32 deletion in
the human CC-chemokine receptor 5 (CCR5) gene without DNA extraction by
lightcycler real-time polymerase chain reaction. AIDS Res. Hum. Retroviruses 20,
750-754.

Pagani, I., Demela, P., Ghezzi, S., Vicenzi, E., Pizzato, M., Poli, G., 2022. Host restriction
factors modulating HIV latency and replication in macrophages. Int.J. Mol. Sci 23,
3021. https://doi.org/10.3390/ijms23063021.

Park, P.S., 2012. Ensemble of G protein-coupled receptor active states. Curr.Med.Chem
19, 1146-1154.

Pastori, C., Weiser, B., Barassi, C., Uberti-Foppa, C., Ghezzi, S., Longhi, R., Calori, G.,
Burger, H., Kemal, K., Poli, G., Lazzarin, A., Lopalco, L., 2006. Long-lasting CCR5
internalization by antibodies in a subset of long-term nonprogressors: a possible
protective effect against disease progression. Blood 107, 4825-4833.

Pesenti, E., Pastore, C., Lillo, F., Siccardi, A.G., Vercelli, D., Lopalco, L., 1999. Role of
CD4 and CCRS5 levels in the susceptibility of primary macrophages to infection by
CCR5-dependent HIV type 1 isolates. AIDS Res.Hum.Retroviruses 15, 983-987.

Sabbatucci, M., Covino, D.A., Purificato, C., Mallano, A., Federico, M., Lu, J., Rinaldi, A.
0., Pellegrini, M., Bona, R., Michelini, Z., Cara, A., Vella, S., Gessani, S.,
Andreotti, M., Fantuzzi, L., 2015. Endogenous CCL2 neutralization restricts HIV-1
replication in primary human macrophages by inhibiting viral DNA accumulation.
Retrovirology 12, 4-6.

Scurci, I., Akondi, K.B., Pinheiro, I., Paolini-Bertrand, M., Borgeat, A., Cerini, F.,
Hartley, O., 2021. CCRS5 tyrosine sulfation heterogeneity generates cell surface
receptor subpopulations with different ligand binding properties. Biochim. Biophys.
Acta Gen. Subj 1865, 129753.

Stewart, G.J., Ashton, L.J., Biti, R.A., Ffrench, R.A., Bennetts, B.H., Newcombe, N.R.,
Benson, E.M., Carr, A., Cooper, D.A., Kaldor, J.M., 1997. Increased frequency of
CCR-5 delta 32 heterozygotes among long-term non-progressors with HIV-1
infection. The Australian Long-Term Non-Progressor Study Group. AIDS 11,
1833-1838.

Tan, Q., Zhy, Y., Li, J., Chen, Z., Han, G.W., Kufareva, L, Li, T., Ma, L., Fenalti, G., Li, J.,
Zhang, W., Xie, X., Yang, H., Jiang, H., Cherezov, V., Liu, H., Stevens, R.C., Zhao, Q.,
Wu, B., 2013. Structure of the CCR5 chemokine receptor-HIV entry inhibitor
maraviroc complex. Science. 341, 1387-1390.

Trkola, A., Ketas, T.J., Nagashima, K.A., Zhao, L., Cilliers, T., Morris, L., Moore, J.P.,
Maddon, P.J., Olson, W.C., 2001. Potent, broad-spectrum inhibition of human
immunodeficiency virus type 1 by the CCR5 monoclonal antibody PRO 140. J.Virol
75, 579-588.

Veenhuis, R.T., Abreu, C.M., Costa, P.A.G., Ferreira, E.A., Ratliff, J., Pohlenz, L., Shirk, E.
N., Rubin, L.H., Blankson, J.N., Gama, L., Clements, J.E., 2023. Monocyte-derived
macrophages contain persistent latent HIV reservoirs. Nat.Microbiol 8, 833-844.

Venuti, A., Pastori, C., Lopalco, L., 2017. The role of natural antibodies to CC chemokine
receptor 5 in HIV infection. Front. Immunol. 8, 1358.

Wang, J., Crawford, K., Yuan, M., Wang, H., Gorry, P.R., Gabuzda, D., 2002. Regulation
of CC chemokine receptor 5 and CD4 expression and human immunodeficiency virus
type 1 replication in human macrophages and microglia by T helper type 2
cytokines. J.Infect.Dis 185, 885-897.

Wong, M.E., Jaworowski, A., Hearps, A.C., 2019. The HIV reservoir in monocytes and
macrophages. Front. Immunol 10, 1435.


http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0010
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0010
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0010
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0010
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0010
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0011
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0011
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0011
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0011
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0012
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0012
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0012
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0013
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0013
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0013
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0014
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0014
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0014
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0014
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0015
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0015
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0015
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0015
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0016
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0016
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0016
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0016
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0016
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0017
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0017
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0017
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0017
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018
https://doi.org/10.3390/v12050492
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0020
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0020
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0020
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0020
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0022
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0022
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0022
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0023
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0023
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0023
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0023
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0023
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0024
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0024
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0025
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0025
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0025
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0025
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0026
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0026
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0026
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0026
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0027
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0027
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0027
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0028
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0028
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018a
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018a
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018a
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018a
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0030
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0030
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0030
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0030
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0030
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0031
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0031
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0031
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0032
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0032
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0032
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0033
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0033
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0033
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0033
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0034
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0034
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0034
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0035
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0035
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0035
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0035
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0035
https://doi.org/10.3390/ijms23063021
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0037
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0037
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018b
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018b
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018b
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0018b
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0039
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0039
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0039
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0040
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0040
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0040
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0040
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0040
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0041
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0041
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0041
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0041
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0042
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0042
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0042
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0042
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0042
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0043
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0043
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0043
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0043
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0044
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0044
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0044
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0044
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0045
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0045
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0045
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0046
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0046
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0047
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0047
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0047
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0047
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0048
http://refhub.elsevier.com/S0168-1702(24)00199-0/sbref0048

	Modulation of CCR5 expression and R5 HIV-1 infection in primary macrophages exposed to sera from HESN, LTNP, and chronicall ...
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Serum samples
	2.3 Monocyte isolation and differentiation to MDMs
	2.4 HIV-1 infection
	2.5 Flow cytometry analysis of CCR5 membrane expression
	2.6 Quantification of HIV-1 DNA by real-time polymerase chain reaction
	2.7 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Funding
	Supplementary materials
	datalink14
	References


