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Abstract: Background and objectives: To enter the target cell, HIV-1 binds not only CD4 but also a co-
receptor β-chemokine receptor 5 (CCR5) or α chemokine receptor 4 (CXCR4). Limited information 
is available on the impact of co-receptor usage on HIV-1 replication in monocyte-derived macro-
phages (MDM) and on the homeostasis of this important cellular reservoir. Materials and Methods: 
Replication (measured by p24 production) of the CCR5-tropic 81A strain increased up to 10 days 
post-infection and then reached a plateau. Conversely, the replication of the CXCR4-tropic NL4.3 
strain (after an initial increase up to day 7) underwent a drastic decrease becoming almost undetect-
able after 10 days post-infection. The ability of CCR5-tropic and CXCR4-tropic strains to induce cell 
death in MDM was then evaluated. While for CCR5-tropic 81A the rate of apoptosis in MDM was 
comparable to uninfected MDM, the infection of CXCR4-tropic NL4.3 in MDM was associated with 
a rate of 14.3% of apoptotic cells at day 6 reaching a peak of 43.5% at day 10 post-infection. Results: 
This suggests that the decrease in CXCR4-tropic strain replication in MDM can be due to their ability 
to induce cell death in MDM. The increase in apoptosis was paralleled with a 2-fold increase in the 
phosphorylated form of p38 compared to WT. Furthermore, microarray analysis showed modula-
tion of proapoptotic and cancer-related genes induced by CXCR4-tropic strains starting from 24 h 
after infection, whereas CCR5 viruses modulated the expression of genes not correlated with apop-
totic-pathways. Conclusions: In conclusion, CXCR4-tropic strains can induce a remarkable depletion 
of MDM. Conversely, MDM can represent an important cellular reservoir for CCR5-tropic strains 
supporting the role of CCR5-usage in HIV-1 pathogenesis and as a pharmacological target to con-
tribute to an HIV-1 cure. 

Keywords: α chemokine receptor 4; β-chemokine receptor 5; human immunodeficiency virus; mon-
ocyte-derived macrophages 
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1. Introduction 

Combined antiretroviral therapy (cART) does not eradicate HIV-1 [1,2] due to the early estab-
lishment of a long-lived viral reservoir [3–6]. This reservoir can include cells of macrophage lineage 
where, in contrast to CD4+ lymphocytes, HIV is relatively non cytopathic and can replicate exten-
sively in intracellular compartments in a long-lasting manner [7–10]. HIV-1 infected monocyte-de-
rived macrophages (MDM) are fully capable of producing infectious viral particles when cART is 
discontinued [11–16] and may play a key role in regulating the disease progression [17]. 

Over the following decades, after the discovery of CD4 as the main virus receptor [18,19], further 
studies have demonstrated that the chemokines coreceptors CCR5 and CXCR4 play crucial duties in 
supporting infection of HIV-1 in target cells. 

Binding of chemokine receptors CCR5 or CXCR4 is widely thought to be the cause that stimu-
lates the membrane fusion during HIV-replicative life cycle [19,20]. Infection with HIV-1 is generally 
initiated by macrophages, slowly replicating, non-syncytium-inducing (NSI) variants [20,21] that uti-
lize CCR5 as a coreceptor [22–24]. In 50% of instances, disease evolution is correlated with the devel-
opment of syncytium-inducing (SI) variants which at least use CXCR4 [25–28]. 

The tropism of HIV-1 for specific and relevant cell populations in diverse compartments is de-
termined by the coreceptor utilized by HIV-1 Env for the entrance of the viral particles [28]. For in-
fection of MDM cultures, HIV viruses preferentially utilize CCR5 as a coreceptor [22–26], whereas 
viruses in T-cells use CXCR4 [27]. Dual-tropic viruses can utilize both coreceptors (CCR5/CXCR4) 
[29,30]. Thus, the coreceptor particularity of primary HIV-1 isolates is commonly utilized to charac-
terize cellular tropism [31]. 

Previous studies have shown that CCR5 is present on a wide variety of cells that can be infected 
by HIV-viruses, including T cells, monocytes and macrophages. A lot of research has shown the ex-
istence of CCR5-tropic viruses, which were proficient in replication of primary CD4+ T cells but 
which could not effectively infect MDM [32–38]. Also, some CCR5-tropic primary HIV-1 strains uti-
lize CXCR4 for input into MDM [32,38]. Hence, the viral determinants that regulate HIV-1 tropism 
for macrophages are considerably more complicated than the coreceptor specificity of the virus. HIV-
1 viruses use CCR5 for their infection, although their primary targets are T cells not macrophages. It 
is widely agreed that these CCR5 and CXCR4 viruses can replicate in both macrophages as well as in 
T cells. However, their replication effectiveness changes in different cell classes which depend upon 
the cellular environment [37,38]. Moreover, viral progeny from macrophages and T cells may have 
divergent groups of host protein integrated in their viral particle [39]. 

HIV-mediated patterns of replication in latently infected cells (virus reservoir) have not been 
completely understood. HIV infections lead to increased expression of specific proteins like B-cell 
lymphoma 2 (BCL-2), B-cell lymphoma-extra large (BCL-XL), cellular FLICE (FADD-like IL-1β-con-
verting enzyme)-inhibitory protein (cFLIP), Induced myeloid leukemia cell differentiation protein 
(Mcl-1) [40–42] or downregulation of proteins Bcl-2-associated X protein (BAX), Bcl-2-associated 
death promoter protein (BAD proteins), Fas-associated protein with death domain (FADD) [42–44]. 
These factors contribute to regulate the transcription of genes correlated with host defense, cellular 
anti-oxidant molecules like glutathione and thioredoxin, signal transduction, survival, and the cell 
cycle, including the cyclin-dependent kinase inhibitor 1A (CDKN1A/p21) gene whose maximum ex-
tent of mRNA and protein expression parallels active HIV-1 replication in latent cells. 

This work aims at defining: (i) the role of CCR5-tropic and CXCR4- tropic strains in MDM; (ii) 
assessment of different patterns of replication in this cell type by evaluating the extent of DNA deg-
radation, viral production, p38 MAPK activation and survival gene modulation in CXCR4 and the 
CCR5 infected MDM. 

2. Materials and Methods 

2.1. Virus 

HIV-1 pNL4-3p10-17 and p81Ap10-17 molecular constructs were obtained from B. Chesebro, 
(National Institute of Allergy and Infectious Diseases, Hamilton, Montana 59840, USA) and contain 
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the whole HIV-1 genome [45]. The HIV-1 p81A p10-17 clone was generated by replacing the pNL4-
3p10-17 a 659 bp long sequence of env. This nucleotide sequence belongs to the R5-tropic HIV-1 Ba-
L and includes the V1, V2, V3 variable domains, whereas NL4-3 is a CXCR4-tropic strain, 81A repli-
cates in cells of the MDM lineage. These plasmids were transfected in 293T through the FuGENE 
6TM (Roche), a lipidic, not liposomial reagent. 

HIV-1 clinical isolates #17 (X4), #6 (R5) and #10 (R5/X4) were obtained from patients enrolled 
from the Katholieke Universiteit Leuven (Rega institute, Leuven, Belgium) and expanded in periph-
eral blood mononuclear cells (PBMC). 

The laboratory-adapted HIV-1 X4 strain IIIB was expanded in H9 cells and obtained from su-
pernatants at day 8 post infection. The laboratory-adapted HIV-1 adapted R5-tropic strain Ba-L was 
expanded in MDM [46,47]. 

All the strains were purified from supernatants of the respective cultures after centrifugation at 
20,000 rpm for 2 h, filtered through 0.45 µm filter, DNase I treated, and concentrated with a Centricon 
Plus-20 membrane with a 100,000 molecular weight cut-off (Millipore Corporation, Bedford, Mass.) 
to remove contaminating cytokines and growth factors which might interfere with signal transduc-
tion analysis. Concentrated virus was stored in aliquots at −70 °C until use. Stock virus titers were 
determined with a colorimetric reverse transcriptase activity assay (Roche Molecular Biochemicals, 
Indianapolis, USA). 

2.2. Drugs 

The prototype bicyclam CXCR4 inhibitor and agonist stromal derived factor (SDF-1alpha) 
AMD3100, (1-1*-[1,4-phenylenebis(methylene)]-bis(1,4,8,11-tetraazacyclotetradecane) octahydro-
chloride dihydrate]) synthesized at Johnson Matthey [48–50], and the CCR5 inhibitor, N,N-dimethyl-
N-[4-[[[2-(4-methylphenyl)-6,7-dihydro-5H-benzocyclohepten-8-yl] carbonil]amino]benzyl] tetrahy-
dro-2H-pyran-4-aminium chloride (TAK779), a nonpeptide compound with a small molecular 
weight (Mr 531.13), (Takeda Chemical Industries, Ltd., Osaka, Japan) [51,52], were suspended and 
aliquoted in Phosphate-buffered saline (PBS) solution, and used to 5 µM and 2 and 10 µg/mL, respec-
tively. 

2.3. Cells 

Human primary MDM were generated and purified as previously described [53–56]. MDM were 
derived from PBMCs of healthy donors. Briefly, PBMCs were separated by Ficoll-Hypaque gradient 
centrifugation and seeded in T25 flasks at a number of 50.106 cells in 7 mL Roswell Park Memorial 
Institute (RPMI) medium 1640 supplemented with 20% heat inactivated, mycoplasma- and endo-
toxin-free fetal bovine serum (FBS), L-glutamine (1 mM), penicillin (100 U/mL), and streptomycin 
(100 µg/mL), without exogenous cytokines or growth factors, at 37 °C in a humidified atmosphere 
enriched with 5% CO2. After five days of culture, non-adherent cells were eliminated with caution 
by consecutive gentle washings with warmed RPMI 1640, leaving a monolayer of adherent cells 
which were finally incubated in complete medium [57–59]. 

The MDM obtained showed a purity exceeding 98% as tested by cytofluorimetric analysis. Ex-
pression of CXCR4 and CCR5 in all our MDM cultures was assayed by flow cytometric analysis 
(FCM) (FACScanTM, Becton Dickinson System, San José, CA) by means of CD184 (CXCR4/fusin) R-
phycoerythrin (R-PE)-conjugated mouse anti-human monoclonal antibody and CD195 (CCR5) R-
phycoerythrin (R-PE)-conjugated mouse anti-human monoclonal antibody both purchased from BD 
Pharmingen (Becton Dickinson biosciences, USA). Measurements were performed in at least 3 inde-
pendent experiments. In each experiment, MDM derived from a single healthy donor. 

2.4. Drug Treatment, Infection and Virus Detection 

Six days after Ficoll-Hypaque, non-adherent cells were removed, and monocytes were further 
allowed to differentiate in MDM for four days. Their purity exceeded 98%. For exposure to inhibitor 
AMD3100 and TAK779, at least twenty-four hours before CXCR4 and CCR5 strain infection, MDM 
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culture medium was removed and replaced with fresh media 20% serum. 45–60 min before infection; 
where needed, the drug was added to the cell supernatants at appropriate concentrations (0.4–2 
µg/mL for TAK779, and 5 µM for AMD3100) and then MDM were reincubated at 37 °C in a humidi-
fied atmosphere enriched with 5% CO2. 

Virus challenge was performed for at least 4 h to almost a week by exposing MDM to 3000 up 
to 7500 pg/mL of p24 (corresponding to, respectively, 400 and 1000 tissue cultures infectious doses 
50% per ml (TCID50/mL) of the Laboratory-adapted strain HIV-1 Ba-L) of the all strains described 
above, followed by extensive washing to remove excess virus. 

Virus production was assessed by the HIV-1 p24 gag antigen concentration in culture superna-
tants using a p24 gag antigen detection kit according to the instructions of the manufacturer (Abbott 
labs, Pomezia, Italy). 

2.5. Western Blotting of Cell Cultures 

Cells were challenged with IIIB, NL4-3, Ba-L and 81A strains of HIV (whole visions) in warmed 
media 20% serum at indicated times at 37 °C in a humidified atmosphere enriched with 5% CO2, 
incubated for the times indicated and then lysed and subjected to immunoblot analysis. Lysis was 
performed in ice-cold buffer Radio-Immunoprecipitation Assay (RIPA) (50 mM tris hydroxymethyl 
aminomethane ((Tris)-HCl), pH 7.4; 250 mM NaCl; 50 mM NaF, EDTA 5 mM; 0,15% Triton X-100) 
containing a protease and phosphatase inhibitor cocktails (1 mM phenylmethylsulfonyl fluoride; 10 
µg/mL pepstatin; 10 µg/mL leupeptin and 1 mm sodium vanadate) and incubated for different times 
at 4 °C. Cell lysates were then clarified by centrifugation at 13,000 rpm for 10 min at 4 °C. 

Protein concentrations were determined by a spectrophotometric assay (Pierce). Immunoblot 
analysis was performed on cell lysates containing 30 µg protein mixed with Laemmli buffer and 
boiled for 5 min. Samples were subjected to 10% Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The membranes were blocked 
overnight with 5% Bovine serum Albumine (BSA) in TBS-tween. 

A 1:1000 dilution of the lysates was used for the detection of activated MAPK/p38 a polyclonal 
antibody specific for Phospho-p38 (Thr202/Tyr204), and for total p38 (Cell Signaling Technology, 
Beverly, MA). (Jackson ImmunoResearch Laboratories). Then, membranes were treated with the cor-
responding horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000 dilution) (Jackson 
ImmunoResearch Laboratories). The immunoreactive bands were visualized using enhanced chemi-
luminescence Western blotting system (Immun-Star HRP Chemiluminescent Kit, Hercules, Ca, USA) 
according to the manufacturer’s instructions (Biorad, Hercules, CA, USA). 

Blots were stripped (2% SDS, 62.5 mM Tris, 100 mM mercaptoethanol) for 30 min at 56 °C and washed 
in PBS containing 0.05% Tween 20, before blocking and reprobing with primary antibody. For the quantifica-
tion of the phosphorylated and total proteins, the bands on the films were first scanned by the Epson software 
program and then the images were processed through the Scion Image analysis program (Houston, TX, USA) 
for the IBM PC based on the popular NIH Image on the Macintosh platform. 

2.6. RNA Isolation and Microarray Analysis 

In different experiments, 81A and NL4-3 infected MDM were incubated in parallel at a dose of 
2000 pg/mL of viral p24 from 6 to 24 h of infection, then exposed to 4M guanidinium and total RNA 
was isolated by the guanidinium-phenol procedure. The isolation of polyA mRNA from each total 
RNA preparation was obtained by OLIGOTEX mRNA Purification System (Qiagen, Hilden,  
Germany). cDNA probes for microarray experiments were prepared from 0.5 µg of cellular mRNA 
by CyScribe post-Labelling Kit (Amersham Biosciences). The CyDye labelled cDNA was purificated 
by QIAquik PCR purification Kit (Qiagen). For dual colour hybridization we combined Cy3 and Cy5 
labelled cDNAs in one tube. The solution protected from light was dried by using a rotary evaporator 
and adding tRNA (40 γ), Calf Thymus DNA (40 γ) and Cot-1 DNA (1 γ). The dry solution was dis-
solved in nuclease free water, denatured at 95 °C for 5 min and cooled in ice. Hybridization buffer 
4X (supplied in the CyScribe Post-labelling Kit) was added with ½ volume of 100% formammide. 
Hybridization was performed in an humid hybridization chamber (5X SSC) at 42 °C for 14–18 h, 
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following washing with saline-sodium citrate (SSC) and SDS (w/v) pre-warmed to 37° C. Fluorescent-
array images were collected for both Cy3 and Cy5 by using a ScanArray Express, Microarray Analysis 
System Version 2.0 (Perkin-Elmer) and image intensity data were extracted and analysed by using 
QuantArray Pachard Biochips Software. In particular, QuantArray Software provides automated 
analysis of color microarray images (automatic scanning and quantitation to measure fluorescence 
signal at each spot on the array) before exporting data to bioinformatics software packages. Triplicate 
array positions are used for each gene to avoid signal noise. The human Cancer Chip version 4.0 
(Takara) slides were used for microarray analysis and all spots were known. In order to evaluate the 
inhibition or enhancement of genes expression in terms of mRNA production, a comparison of Cy3 
and Cy5 signals intensity was applied. 

2.7. Flow Cytometry Measurement of Apoptotic Cells 

At established time points of infection (see results), MDM were washed and detached from the 
25 flasks with gentle scraping as previously described [60]. MDM were precipitated by centrifugation 
at 1500 rpm for 5 min at 4 °C. All MDM in the culture, both adherent and non-adherent, were con-
sidered in the final count for apoptosis analysis by Flow Cytometry measurement (FCM). Superna-
tants were removed, then aliquoted, and stored at –80 °C for p24 titration. After washing, MDM were 
kept in 3 mL of cold PBS, 0.02% EDTA in 10 min at 4 °C, then gently scraped and transferred to the 
respective tubes and precipitated by centrifugation at 1500 rpm for 5 min at 4 °C. Supernatants were 
removed and the pellet resuspended in 0.5 mL of Trypan-blue solution for cell count and viability 
check. Cells were washed with 2 mL PBS cold and centrifuged as described above. 

The supernatants were completely removed and 2 mL of 70% ice ethanol was added to perme-
abilize for 40 min at 4 °C. After washing, cells were centrifuged (1600 rpm/5 min/4 °C), again washed 
and centrifuged as described above and gently resuspended in 1.0 mL hysotonic Propidium Iodide 
(PI) solution (Sigma) 50 µg/mL, in PBS and RNase 50 µg/mL) in polipropylen tubes. After rotating 
for 15 min at room temperature, the tubes were placed at 4 °C for 2 h in the dark. Cells were washed 
with 2 mL PBS cold, centrifuged at 1500 rpm for 5 min at 4 °C, resuspended in 0.4 mL cold PBS and 
kept in the dark at 4 °C for not more than 20 min before PI fluorescent measurement. The DNA spe-
cific fluorocrome Propidium Iodide (PI) recognized apoptotic cells as a distinct hyploploid cell pop-
ulation with a reduced staining below the G0/G1 population of normal diploid cells as results of cell 
shrinkage, nuclear condensation, internucleosomal DNA fragmentation [61]. The PI fluorescence was 
measured by Flow Cytometry in FL2-H (FACScanTM, Becton Dickinson System, San Josè, CA, USA) 
and registered on a logarithmic scale. All the tests were performed in duplicate. 

2.8. Statistics 

Differences were considered statistically significant at p ≤ 0.05 by means of a Chi Square test of 
independence based on a 2 × 2 contingency table. Statistical analyses were carried out with SigmaStat 
3.0 (Jandel Scientific, San Rafael, CA, USA). 

3. Results 

3.1. Different Replicative Kinetics of CXCR4- and CCR5-Dependent HIV Strains in MDM 

The first step of this study was to evaluate the efficiency of CCR5-, CXR4- tropic HIV-1 strains 
to replicate in MDM by measuring p24 production (Figure 1). In particular, p24 production was sim-
ilar up to day 7 post infection for both CCR5- and CXR4-tropic strains. After 7 days post infection, 
p24 production of the CCR5-tropic 81A virus underwent a sharp increase up to day 10 and then 
tended to remain stable up to day 14. Conversely, p24 production of the CXCR4-tropic NL4.3 sharply 
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decreased, becoming almost undetectable starting from day 10 (Figure 1). As a control, pre-treatment 
with AMD3100 completely abrogated the replication of the CXCR4- tropic NL4.3 in MDM. 

Figure 1. Kinetics of the HIV-1 replication profile in human primary monocyte-derived macrophages 
(MDM) infected by CXCR4-tropic NL4.3 and or CCR5-tropic 81.A virus. The figure reports p24 pro-
duction starting from day 7 post-infection. MDM from a healthy donor were infected with a standard 
dose of p24 gag (3000 pg/mL) of NL4.3 or 81.A. p24 production was measured daily in culture super-
natants by a commercially available ELISA (Abbott labs, Pomezia, Italy). Pre-treatment with 
AMD3100 was performed 1 h before incubation with NL4.3. All tests were performed in triplicate. 

3.2. Effect of CXCR4-Tropic NL4.3 and/or CCRR5-Tropic 81.A Dependent HIV Infection Upon DNA Frag-
mentation 

The second step of this study was to investigate the impact of CCR5-tropic 81.A and CXCR4-
tropic NL4.3 on inducing apoptosis in MDM by cytofluorometry. In MDM infected with the CXCR4-
tropic NL4.3, the percentage of cells in apoptosis progressively increased from day 4 up to day 10 
post infection (43.5%) (time point at which the p24 production of the CXCR4-tropic NL4.3 becomes 
undetectable) and tended to remain stable at around 40% 13 days post infection (Figure 2). As a con-
trol, pre-treatment with AMD3100 abrogated the capability of CXCR4-tropic NL4.3 to induce MDM 
apoptosis (Figure 2). Conversely, very low levels of apoptosis were observed in MDM infected with 
the CCR5-tropic 81A. Overall findings suggest that the decrease in the replication of the CXCR4-
tropic NL4.3 in MDM may be linked to the capability of the viral strain to induce apoptosis of MDM. 
The capability of CXCR4-tropic strains to favor MDM apoptosis was confirmed in the presence of 
another laboratory adapted CXCR4-tropic IIIB and in the presence of different CXCR4-tropic clinical 
isolates. Interestingly, the CCR5/CXCR4-tropic clinical isolate #6 conserved the capability to induce 
MDM apoptosis despite dual tropism (Figure 3). 
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Figure 2. Effects of CXCR4 and CCR5 usage on DNA fragmentation (measure of apoptosis) in MDM. 
MDM from a healthy donor were infected with 81A (CCR5-tropic strain) or NL4-3 (CXCR4-tropic 
strain). Percentage of cells undergoing DNA fragmentation was checked: (A) 4 days after infection 
(B) 6 days after infection; (C) 10 days after infection; (D) 13 days after infection. Pretreatment with 
AMD3100 was performed 1 h before incubation with NL4-3. For HIV infection in MDM, a standard 
dose of p24 gag (3000 pg/mL) was used. The PI fluorescence was measured by Flow Cytometry in 
FL2-H (FACScan, Becton Dickinson System, San josè, CA) and registered on a logarithmic scale. The 
figure is representative of three independent experiments. Differences in NL4-3-infected macro-
phages are statistically significant (P < 0.001, Chi Square test) compared to mock-, 81A-infected and 
AMD3100- treated macrophages. 

 
Figure 3. Measure of DNA fragmentation in Human Primary Macrophages infected by X4-tropic vi-
rus. The PI fluorescence was measured by Flow Cytometry in FL2-H and registered on a logarithmic 
scale. All the tests were performed in duplicate. (i) NL4-3 and 81A are, respectively, a CXCR4- (X4) 
and CCR5 (R5)-tropic HIV strains. DNA fragmentation was analyzed to the 10th day of infection (ii) 
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IIIB and Ba-L are laboratory-adapted HIV strains using, respectively, X4 and R5 strains. DNA frag-
mentation was analyzed to the 7th day of infection. (iii) #17 and #6 are, respectively, a CXCR4- and 
CCR5-tropic HIV-1 clinical isolates and DNA fragmentation was analyzed to the 12th day of infection. 
For the infection, a standard dose of p24 gag (3000 pg/mL) correspondent to 400 TCID50/mL dose of 
Ba-L was used. * Differences in X4 strain infected macrophages are statistically significative (P < 0.001, 
Chi Squared test) compared to mock infected and R5 strain infected macrophages (see material and 
methods). 

3.3. Impact of CXCR4-Tropic (CXCR4) and CCR5-Tropic (CCR5) Strains in p38 Activation in MDM 

To further corroborate the capability of CXCR4-tropic strains to favor MDM apoptosis, the de-
tection of the phosphorylated form of the mitogen-activated protein p38/MAPK (phospho- p38) was 
evaluated. After exposing NL4.3 for 30 min (Figure 4 Lane 9), a 2-fold increase in the detection of the 
phospho- p38 MAPK was observed compared to MDM exposed to p81A. Thus, NL4-3 induced the 
activation of the p38/MAPK since early phases of MDM infection (while no effect was observed for 
81A) [62]. Similarly, an increase in the detection of the phosphorylated form of p38 was also observed 
after exposing the CXCR4-tropic IIIB to MDM for 30 min (Figure 5A). Conversely, the detection of 
the phosphorylated form of p38 was reduced when AMD3100 was used (Figure 5B). 

Figure 4. Detection of p38 and phospho p38 by Western Blotting in cell lysates. MDM were infected 
with 7500 pg/mL of NL4.3 or 81.A. Blots are representative of three experiments using MDM from 
different donors after exposing NL4.3 and 81.A in MDM for 5, 10 and 30 min. 

 
Figure 5. Detection of p38 and phospho p38 by Western Blotting. MDM were infected with 7500 
pg/mL of the CXCR4-tropic IIIB and the CCR5-tropic 81.A. (A) Cell lysates were subjected to im-
munoblot analysis with antibodies specific for the total or phosphorylated forms of p38 MAPK (phos-
pho-p38 MAPK [T180/Y182] antibody). (B) MDM from HIV-1 negative donor were pretreated for 30 
min with (+) or without (−) AMD3100 (5µg/mL) before incubation with IIIB. Blots are representative 
of three experiments using MDM from different donors. 
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3.4. Modulation of Expression of Genes Correlated with Apoptotic Pathways, in a Time-Dependent Manner, 
by CXCR4-Tropic Strains 

As a final step of this study, we analyzed variation in the transcriptome profile observed in 
MDM infected by CCR5-tropic or CXCR4-tropic strains. We found that NL4-3, but not 81A, up-reg-
ulated many genes in human MDM, including TNF2, Fas (TNFRSF6)-associated via death domain 
[63], caspase-7, Cytocrome C, KGF [64] and GSPT1/eRF3 [65] but down-regulates survival and cancer 
genes. These findings indicate that CXCR4-mediated the entry in MDM can up regulate apoptosis-
related genes and simultaneously down modulate survival-related genes as Defender against cell 
death 1(DAD-1) and Cullin 2 (hCUL2), involved in MDM survival after HIV-1 infection. Interestingly, 
we also observed enhancement in gene activation of pro-inflammatory Matrix metalloproteinase 9 
(MMP9 gelatinase B, 92kD gelatinase, 92kD type IV collagenase) by the CXCR4-tropic NL4.3 but not 
by CCR5-tropic p81.A (Figure 6 and Table S1). 

 
Figure 6. Photographs of arrays representing transcriptional changes in macrophages infected by 81A 
and NL4-3 strains. In array (A) the Cy3 spots indicated by numbered squares represent the apoptosis-
related genes activated by NL4-3 whereas in subarray (B) the Cy5 spots indicated by numbered 
squares represent the survival-related genes activated by 81A. The square numbers relative to the 
genes are also indicated in Table S1. 

4. Discussion 

This study shows that CCR5-tropic and CXCR4-tropic strains exhibit different kinetics of repli-
cation in MDM and highlights the capability of CXCR4-tropic strains to promote the apoptosis of this 
important HIV-1 reservoir. HIV-1 reservoirs represent so far the major obstacle for achieving HIV 
cure. 

Our findings are in line with a previous study showing that differences between CCR5-tropic 
strains and CXCR4 strains in productive infection of MDM occurred during the early stages of HIV-
1 life cycle and in particles at levels of reverse transcription and nuclear translocation of viral genomes 
[32]. Though our study did not consider the phase22s of HIV life cycle, we investigated a relationship 
between different levels in viral production and MDM homeostasis according to co-receptor usage. 

We evaluated different kinetics of replication in MDM of CXCR4-tropic and CCR5-tropic mo-
lecular clones, respectively, NL4-3 and 81A, differing only in env variable domains. After a starting 
boost, the replication of CXCR4-tropic clones in MDM subsequently diminished reaching a status of 
abortive infection, while the replication of CCR5-tropic clones tended to increase, reaching a plateau 
after 10 days of infection. 

It is important to stress that NL4-3 did not affect HIV-1 productive infection up to the seventh 
day in MDM, suggesting that the clearance of the CXCR4 strain may not be due to a failure in the 
entry or in other preintegrational phases (Figure 1), but may be the result of the killing of the host 
cells during the onset of infection. 
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These results underline the tendency towards an in vitro disappearance of the most aggressive 
CXCR4- tropic virus in the course of the HIV-1 infection and the survival of CCR5- tropic strain in-
fected MDM reservoirs as key determinant of HIV-1 persistence in this cellular reservoir. 

This evidence provided us the clue to analyze how coreceptor usage may differently modulate 
MDM homeostasis and particularly apoptosis. 

In particular, the MAPK p38 plays a pivotal role in the transmission of signals from cell surface 
receptors to the nucleus. It is activated by diverse extracellular stimuli that regulate important cellular 
processes including response to stress factors in many cell types [66]. Our results show a transient 
but marked induction of the phosphorylated form of the p38 MAPK at 30′ after exposure to CXCR4-
tropic, but not CCR5-tropic HIV strains in MDM. The role of activation of MAPKs p38 in pro-
grammed death of MDM and T-cells due to CXCR4-tropic strain infection still remains controversial: 
whereas a role in HIV pathogenicity is already demonstrated [50,67], some studies report no associ-
ation in Caspase-dependent apoptosis [68] moreover, the p38 activation pathway, in cell reservoirs 
such as MDM, was attributed to β chemokine secretion rather than apoptosis [49,69]. In this last case, 
this disagreement with our results in HIV mediated signalling may be attributed to a different exper-
imental approach as we used the whole pure viruses and not the recombinant gp120 and did not 
consider any serum starvation for exposure of MDM to the different strains, in order to avoid them 
excessive stress and permit the primary cells to reproduce under more natural physiological condi-
tions. 

The role of p38 has been elucidated in the setting of infection of T cells by CXCR4-tropic strains 
[70,71]. In particular, the role of replication of HIV-1 in human T lymphocytes requires the activation 
of host cellular proteins [72]. Previous studies have identified p38 mitogen-activated protein kinase 
(MAPK) as a kinase necessary for HIV-1 replication in T cells [73–76]. Among them, Cohen et al. 1997 
have shown that HIV-1 CXCR4 strain infection of both primary human T lymphocytes and T cell 
lines immediately stimulates the cellular p38 MAPK pathway, which remains activated throughout 
the experimental conditions. Inclusion of an antisense oligonucleotides to p38 MAPK expressly in-
hibited viral replication [70,77–79]. Blockade of p38 MAPK by addition of CNI-1493 also inhibited 
HIV-1 viral replication of primary T lymphocytes in a dose- and time-dependent manner. Stimulation 
of p38 MAPK activation did not occur with the addition of heat-inactivated virus, suggesting that 
viral internalization, and not just membrane binding, is necessary for p38 MAPK activation [80,81]. 
The results of this work show that activation of the p38 MAPK cascade is critical and essential for 
HIV-1 replication in T cells [81,82]. 

In consideration of key determinants of HIV persistence in MDM reservoirs, post translation 
changes of cell and nuclear targets is one of the upstream events due to viral exposure, culminating 
in absence of cytolitic effects. Macrophages provide an ideal environment for the formation of viral 
reservoirs since they live long and are widely distributed throughout the body [83]. 

As microarray analysis showed, 10 genes related to the apoptosis pathway were up-regulated 
in NL4-3 infected MDM compared to 81A infected ones and genes related to the apoptosis pathway, 
such as Defender against cell death 1(DAD-1) [84] and Cullin 2 (hCUL2), were up-regulated in 81A 
infected compared to NL4-3 infected MDM. 

Our studies demonstrate the up-regulation of genes included the polypeptide chain-releasing 
factor GSPT1/eRF3 protein, which in the processed form has been shown to promote caspase activa-
tion, IAP (inhibitors of apoptosis) ubiquitination and apoptosis [53], Caspase 7 (CASP 7), an apopto-
sis-related [69] and Cytochrome C whose release has been shown in HIV dependent apoptosis [50]. 
The activation of such genes related to apoptosis in NL4-3 infected MDM can then have downstream 
effects being responsible for the progressive decrease of p24 production of the CXCR4-using NL4.3. 

Our results would not seem in line with in vivo evidence of the emergence of the more aggres-
sive sincytium-inducing (SI) CXCR4- tropic strains in the terminal phases of HIV-1 disease associated 
with rapid decline of CD4+ and CD8+ T cells [28,85] but this phenomenon almost represents an effect 
of the breakdown of the immune system and the onset of AIDS [86]. We speculate that CXCR4- tropic 
strains play a minor role in disease progression because dying CXCR4 virus infected reservoirs, can-
not provide virus nor continue to directly contribute to the depletion of immune cell system. Indeed, 
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CCR5-using strains are associated with a lower percentage of cell death, suggesting the capability of 
these strains to promote cell survival as supported also by transcriptome analysis. 

On the other hand, there are many reasons to consider a role of CCR5 viruses and their host cells 
as target for therapeutic strategies: (i) the protective role of the 32-nucleotides (Δ32) deletion in CCR5 
gene in homozygous condition against HIV-1 infection and the more benign pattern of disease pro-
gression associated with the deletion in one of the two alleles [87,88] (ii) a logarithmic correlation 
between CCR5 expression and viremia in patients with disease progression [89–91] (iii) the im-
portance of CCR5-tropic isolates for dissemination outside peripheral blood in compartments con-
sidered as “sanctuaries” like the Central Nervous System where macrophages represent more than 
90% of the HIV-1 infected cells [92–95] the capacity of R5 isolates harbored in macrophagic reservoirs 
to provoke the immune anergy through host-related factors (bystander effect) and the emergence of 
more virulent SI variants and the subsequent AIDS progression (iv) increase of viremia in later stages 
of HIV disease caused by macrophages during opportunistic infections [96,97] (v) increase of both 
CCR5 expression on CD4+ T cells and the frequency of memory CD4 T-cells (the target cells of CCR5 
virus variants) over the course of infection [97,98]. 

5. Conclusions 

To summarize, CCR5 strains induce chronic and productive infection in MDM whereas CXCR4-
tropic strains induce abortive infection. Moreover, the abrogation of HIV-1-dependent killing due to 
the specific CXCR4 inhibitor AMD3100 indicates the obligatory role of CXCR4. Phosphorylation of 
p38 (MAP Kinase family), reported to be activated after exposure to many forms of cellular stress, is 
enhanced by the CXCR4-tropic strain NL4-3 and IIIB and not by CCR5-tropic strain 81A and BaL; 
also, this induction is modulated by CXCR4. CXCR4-tropic strains activate inflammatory genes in 
MDM whereas CCR5-tropic HIV-1 strains do not induce a death program in MDM. 

Taken together, our results correlate with in vitro and in vivo evidence about an uncoupling 
between viral replication and cytopathocity [88] and confirm what we observed previously [9,98] in 
later phases of infection: MDM homeostasis is up-regulated where infection is sustained by CCR5-
tropic strains. All the CXCR4-tropic strains we used, in contrast, induce MDM apoptosis and lead to 
consequent clearance of HIV replication. Further studies are necessary to investigate if gp120 inter-
action with CXCR4 in MDM can also induce the activation of pro-inflammatory pathways. 

Our findings provide important implications for HIV-1 pathogenesis and design of pharmaco-
logical targets aimed at achieving HIV-1 cure. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Different 
changes in genes in R5 virus versus X4 virus-infected incubated MDM. 

Acknowledgments: Authors would like to thank D. Schols for providing both antiviral compounds and clinical 
isolates. This work was supported by PRIN (Progetti di Rilevante Interesse Nazionale) Grant 2015W729WH_007 
and 2017M8R7N9_004 from the MIUR, Italy and by GAIN (Agencia Gallega de Innovación) Grant IN606B-
2016/012 from the Consellería de Cultura, Educación e Ordenación Universitaria e a Consellería de Economía, 
Emprego e Industria (Xunta de Galicia), Spain. 

Author Contributions: S.A. and C.F.P. conceived of and designed the experiments. A.R., M.P., M.C.B. and R.S. 
performed the experiments. A.B., A.R., V.S. and S.A. analyzed the data. M.C.B., M.V.M and F.C.S. contributed 
reagents, materials, and analysis tools. A.B., A.R., V.S. and S.A. wrote the paper. 

Conflicts of Interest: The authors declare no conflict of interest. 

Reference 

1. Richman, D.D.; Margolis, D.M.; Delaney, M.; Greene, W.C.; Hazuda, D.; Pomerantz, R.J. The challenge of 
finding a cure for HIV infection. Science 2009, 323, 1304–1307. 

2. International AIDS Society Scientific Working Group on HIV Cure; Deeks, S.G.; Autran, B.; Berkhout, B.; 
Benkirane, M.; Cairns, S.; Chomont, N.; Chun, T.W.; Churchill, M.; Di Mascio, M.; et al. Towards an HIV 
cure: A global scientific strategy. Nat. Rev. Immunol. 2012, 12, 607–614. 



Medicina 2019, 55, 297 12 of 16 

3. Ramratnam, B.; Mittler, J.E.; Zhang, L.; Boden, D.; Hurley, A.; Fang, F.; Macken, C.A.; Perelson, A.S.; Mar-
kowitz, M.; Ho, D.D. The decay of the latent reservoir of replication-competent HIV-1 is inversely corre-
lated with the extent of residual viral replication during prolonged anti-retroviral therapy. Nat. Med. 2000, 
6, 82–85. 

4. Borrajo, A.; Ranazzi, A.; Pollicita, M.; Bruno, R.; Modesti, A.; Alteri, C.; Perno, C.F.; Svicher, V.; Aquaro, S. 
Effects of Amprenavir on HIV-1 Maturation, Production and Infectivity Following Drug Withdrawal in 
Chronically-Infected Monocytes/Macrophages. Viruses 2017, 9, 277. 

5. Crowe, S.M.; Sonza, S. HIV-1 can be recovered from a variety of cells including peripheral blood monocytes 
of patients receiving highly active antiretroviral therapy: A further obstacle to eradication. J. Leukoc. Biol. 
2000, 68, 345–350. 

6. Kulpa, D.A.; Chomont, N. HIV persistence in the setting of antiretroviral therapy: When, where and how 
does HIV hide? J. Virus Erad. 2015, 1, 59–66. 

7. Perno, C.F.; Yarchoan, R.; Cooney, D.A.; Hartman, N.R.; Webb, D.S.; Hao, Z.; Mitsuya, H.; Johns, D.G.; 
Broder, S. Replication of human immunodeficiency virus in monocytes. Granulocyte/macrophage colony-
stimulating factor (GM-CSF) potentiates viral production yet enhances the antiviral effect mediated by 3′-
azido-2′3′-dideoxythymidine (AZT) and other dideoxynucleoside congeners of thymidine. J. Exp. Med. 
1989, 169, 933–951. 

8. Whal, S.M.; Greenwell-Wild, T.; Peng, G.; Ma, G.; Orenstein, J.M.; Vasquez, N. Viral and host cofactors 
facilitate HIV-1 replication in macrophages. J. Leukoc. 2003, 74, 726–735. 

9. Aquaro, S.; Bagnarelli, P.; Guenci, T.; De Luca, A.; Clementi, M.; Balestra, E.; Caliò, R.; Perno, C.F. Long-
term survival and virus production in Human Primary Macrophages infected by Human Immunodefi-
ciency Virus. J. Med. Virol. 2002, 68, 479–488. 

10. Collman, R.G.; Perno, C.F.; Crowe, S.M.; Stevenson, M.; Montaner, L.J. HIV and cells of macrophage/den-
dritic lineage and other non-T cell reservoirs: New answers yield new questions. J. Leukoc. Biol. 2003, 74, 
631–634. 

11. Deng, K.; Siliciano, R.F. HIV: Early treatment may not be early enough. Nature 2014, 512, 35–36. 
12. Van Lint, C.; Bouchat, S.; Marcello, A. HIV-1 transcription and latency: An update. Retrovirology 2013, 10, 

67. 
13. Hong, F.F.; Mellors, J.W. Changes in HIV reservoirs during long-term antiretroviral therapy. Curr. Opin. 

HIV AIDS 2015, 10, 43–48. 
14. Siliciano, R.F. Opening Fronts in HIV Vaccine Development: Targeting reservoirs to clear and cure. Nat. 

Med. 2014, 20, 480–481. 
15. Abbas, W.; Tariq, M.; Iqbal, M.; Kumar, A.; Herbein, G. Eradication of HIV-1 from the Macrophage Reser-

voir: An Uncertain Goal. Viruses 2015, 7, 1578–1598. 
16. Lv, Z.; Chu, Y.; Wang, Y. HIV protease inhibitors: A review of molecular selectivity and toxicity. HIV AIDS 

2015, 7, 95–104. 
17. Merino, K.M.; Allers, C.; Didier, E.S.; Kuroda, M.J. Role of Monocyte/Macrophages during HIV/SIV Infec-

tion in Adult and Pediatric Acquired Immune Deficiency Syndrome. Front. Immunol. 2017, 8, 1693. 
18. Vanham, G.; Penne, L.; Allemeersch, H.; Kestens, L.; Willems, B.; van der Groen, G.; Jeang, K.T.; Toossi, Z.; 

Rich, E. Modeling HIV transfer between dendritic cells and T cells: Importance of HIV phenotype, dendritic 
cell-T cell contact and T-cell activation. AIDS 2000, 14, 2299–2311. 

19. Klatzmann, D.; Champagne, E.; Chamaret, S.; Gruest, J.; Guetard, D.; Hercend, T.; Gluckman, J.C.; Monta-
gnier, L. T-Lymphocyte T4 molecule behaves as receptor for human retrovirus LA.V. Nature 1984, 312, 767–
768. 

20. Durham, N.D.; Chen, B.K. Measuring T Cell-to-T Cell HIV-1 Transfer, Viral Fusion, and Infection Using 
Flow Cytometry. Methods Mol. Biol. 2016, 1354, 21–38. 

21. Quitadamo, B.; Peters, P.J.; Repik, A.; O’Connell, O.; Mou, Z.; Koch, M.; Somasundaran, M.; Brody, R.; 
Luzuriaga, K.; Wallace, A.; et al. HIV-1 R5 Macrophage-Tropic Envelope Glycoprotein Trimers Bind CD4 
with High Affinity, while the CD4 Binding Site on Non-macrophage-tropic, T-Tropic R5 Envelopes Is Oc-
cluded. J. Virol. 2018, 92, e00841-17. 

22. Petrov, V.; Funderburg, N.; Weinberg, A.; Sieg, S. Human β defensin-3 induces chemokines from mono-
cytes and macrophages: Diminished activity in cells from HIV-infected persons. Immunology 2013, 140, 413–
420. 



Medicina 2019, 55, 297 13 of 16 

23. Wang, H.W.; Zhu, B.; Hou, L.J.; Lu, G.J.; Jiao, L.Y.; Shen, B.S. An infectious molecular clone in early infec-
tion with HIV-1 subtype CRF01_AE strains: Construction and biological properties. Mol. Biol. Rep. 2015, 42, 
329–336. 

24. Bolduc, J.F.; Ouellet, M.; Hany, L.; Tremblay, M.J. Toll-Like Receptor 2 Ligation Enhances HIV-1 Replica-
tion in Activated CCR6+ CD4+ T Cells by Increasing Virus Entry and Establishing a More Permissive En-
vironment to Infection. J. Virol. 2017, 91, e01402-16. 

25. Willey, S.; Peters, P.J.; Sullivan, W.M.; Dorr, P.; Perros, M.; Clapham, P.R. Inhibition of CCR5-mediated 
infection by diverse R5 and R5X4 HIV and SIV isolates using novel small molecule inhibitors of CCR5: 
Effects of viral diversity, target cell and receptor density. Antivir. Res. 2005, 68, 96–108. 

26. Nixon, D.F. R5 human immunodeficiency virus type 1 (HIV-1) replicates more efficiently in primary CD4+ 
T-cell cultures than X4 HIV-1. J. Virol. 2004, 78, 9164–9173. 

27. Feng, Y.; Broder, C.C.; Kennedy, P.E.; Berger, E.A. Pillars article: HIV-1 entry cofactor: Functional cDNA 
cloning of a seven-transmembrane, G protein-coupled receptor. J. Immunol. 2011, 186, 6076–6081. 

28. Kwa, D.; Vingerhoed, J.; Boeser-Nunnink, B.; Broersen, S.; Schuitemaker, H. Cytopathic Effects of Non-
Syncytium-Inducing and Syncytium-Inducing Human Immunodeficiency Virus Type 1 Variants on Differ-
ent CD4+-T-Cell Subsets Are Determined Only by Coreceptor Expression. J. Virol. 2001, 75, 10455–459. 

29. Upadhyay, C.; Feyznezhad, R.; Yang, W.; Zhang, H.; Zolla-Pazner, S.; Hioe, C.E. Alterations of HIV-1 en-
velope phenotype and antibody-mediated neutralization by signal peptide mutations. PLoS Pathog. 2018, 
14, e1006812. 

30. Yi, Y.; Singh, A.; Isaacs, S.N.; Collman, R.G. A CCR5/CXCR4-independent coreceptor pathway on human 
macrophages supports efficient SIV env-mediated fusion but not infection: Implications for alternative 
pathways of viral entry. Virology 2001, 284, 142–151. 

31. Gorry, P.R.; Ancuta, P. Coreceptors and HIV-1 pathogenesis. Curr. HIV AIDS Rep. 2011, 8, 45–53.  
32. Gorry, P.R.; Bristol, G.; Zack, J.A.; Ritola, K.; Swanstrom, R.; Birch, C.J.; Bell, J.E.; Bannert, N.; Crawford, K.; 

Wang, H.; et al. Macrophage tropism of human immunodeficiency virus type 1 isolates from brain and 
lymphoid tissues predicts neurotropism independent of coreceptor specificity. J. Virol. 2001, 75, 10073–
10089. 

33. Gray, L.; Sterjovski, J.; Churchill, M.; Ellery, P.; Nasr, N.; Lewin, S.R.; Crowe, S.M.; Wesselingh, S.L.; Cun-
ningham, A.L.; Gorry, P.R. Uncoupling coreceptor usage of human immunodeficiency virus type 1 (HIV-
1) from macrophage tropism reveals biological properties of CCR5-restricted HIV-1 isolates from patients 
with acquired immunodeficiency syndrome. Virology 2005, 337, 384–398. 

34. Isaacman-Beck, J.; Hermann, E.A.; Yi, Y.; Ratcliffe, S.J.; Mulenga, J.; Allen, S.; Hunter, E.; Derdeyn, C.A.; 
Collman, R.G. Heterosexual transmission of human immunodeficiency virus type 1 subtype C: Macro-
phage tropism, alternative coreceptor use, and the molecular anatomy of CCR5 utilization. J. Virol. 2009, 
83, 8208–8220. 

35. Peters, P.J.; Bhattacharya, J.; Hibbitts, S.; Dittmar, M.T.; Simmons, G.; Bell, J.; Simmonds, P.; Clapham, P.R. 
Biological analysis of human immunodeficiency virus type 1 R5 envelopes amplified from brain and lymph 
node tissues of AIDS patients with neuropathology reveals two distinct tropism phenotypes and identifies 
envelopes in the brain that confer an enhanced tropism and fusigenicity for macrophages. J. Virol. 2004, 78, 
6915–6926. 

36. Peters, P.J.; Duenas-Decamp, M.J.; Sullivan, W.M.; Brown, R.; Ankghuambom, C.; Luzuriaga, K.; Robinson, 
J.; Burton, D.R.; Bell, J.; Simmonds, P.; et al. Variation in HIV-1 R5 macrophage-tropism correlates with 
sensitivity to reagents that block envelope: CD4 interactions but not with sensitivity to other entry inhibi-
tors. Retrovirology 2008, 5, 5. 

37. Peters, P.J.; Sullivan, W.M.; Duenas-Decamp, M.J.; Bhattacharya, J.; Ankghuambom, C.; Brown, R.; Luzur-
iaga, K.; Bell, J.; Simmonds, P.; Ball, J.; et al. Non-macrophage-tropic human immunodeficiency virus type 
1 R5 envelopes predominate in blood, lymph nodes, and semen: Implications for transmission and patho-
genesis. J. Virol. 2006, 80, 6324–6332. 

38. Cashin, K.; Roche, M.; Sterjovski, J.; Ellett, A.; Gray, L.R.; Cunningham, A.L.; Ramsland, P.A.; Churchill, 
M.J.; Gorry, P.R. Alternative Coreceptor Requirements for Efficient CCR5- and CXCR4-Mediated HIV-1 
Entry into Macrophages. J. Virol. 2011, 85, 10699–10709. 

39. Kumar, A.; Herbein, G. The macrophage: A therapeutic target in HIV-1 infection. Mol. Cell. Ther. 2014, 2, 
10. 



Medicina 2019, 55, 297 14 of 16 

40. Berro, R.; de la Fuente, C.; Klase, Z.; Kehn, K.; Parvin, L.; Pumfery, A.; Agbottah, E.; Vertes, A.; Nekhai, S.; 
Kashanchi, F. Identifying the membrane proteome of HIV-1 latently infected cells. J. Biol. Chem. 2007, 282, 
8207–8218. 

41. Tan, J.; Wang, X.; Devadas, K.; Zhao, J.; Zhang, P.; Hewlett, I. Some mechanisms of FLIP expression in 
inhibition of HIV-1 replication in Jurkat cells, CD4+T cells and PBMCs. J. Cell. Physiol. 2013, 228, 2305–2313. 

42. Timilsina, U.; Gaur, R. Modulation of apoptosis and viral latency—An axis to be well understood for suc-
cessful cure of human immunodeficiency virus. J. Gen. Virol. 2016, 97, 813–824. 

43. Badley, A.D.; Sainski, A.; Wightman, F.; Lewin, S.R. Altering cell death pathways as an approach to cure 
HIV infection. Cell Death Dis. 2013, 4, e718. 

44. Wang, X.; Ragupathy, V.; Zhao, J.; Hewlett, I. Molecules from apoptotic pathways modulate HIV-1 repli-
cation in Jurkat cells. Biochem. Biophys. Res. Commun. 2011, 414, 20–24. 

45. Jones, A.T.; Chamcha, V.; Kesavardhana, S.; Shen, X.; Beaumont, D.; Das, R.; Wyatt, L.S.; LaBranche, C.C.; 
Stanfield-Oakley, S.; Ferrari, G.; et al. A trimeric HIV-1 envelope gp120 immunogen induces potent and 
broad anti-V1V2 loop antibodies against HIV-1 in rabbits and rhesus macaques. J. Virol. 2017, 92, e01796-
17. 

46. Gartner, S.; Markovits, P.; Markovitz, D.M.; Kaplan, M.H.; Gallo, R.C.; Popovic, M. The role of Mononu-
clear phagocytes in HTLV-III/LAV infection. Science 1986, 233, 215–219. 

47. Cenci, A.; Perno, C.F.; Menzo, S.; Clementi, M.; Erba, F.; Tavazzi, B.; Di Pierro, D.; Aquaro, S.; Calio, R. 
Selected nucleotide sequence of the pol gene of the monocytotropic strain HIV type 1 BaL. AIDS Res. Hum. 
Retrovir. 1997, 13, 629–632. 

48. Knight, J.C.; Hallett, A.J.; Brancale, A.; Paisey, S.J.; Clarkson, R.W.; Edwards, P.G. Evaluation of a fluores-
cent derivative of AMD3100 and its interaction with the CXCR4 chemokine receptor. ChemBioChem 2011, 
12, 2692–2698. 

49. Foster, T.L.; Pickering, S.; Neil, S.J.D. Inhibiting the Ins and Outs of HIV Replication: Cell-Intrinsic An-
tiretroviral Restrictions at the Plasma Membrane. Front. Immunol. 2018, 8, 1853. 

50. Saiman, Y.; Jiao, J.; Fiel, M.I.; Friedman, S.L.; Aloman, C.; Bansal, M.B. Inhibition of the CXCL12/CXCR4 
chemokine axis with AMD3100, a CXCR4 small molecule inhibitor, worsens murine hepatic injury. Hepatol. 
Res. 2015, 45, 794–803. 

51. Shiraishi, M.; Aramaki, Y.; Seto, M.; Imoto, H.; Nishikawa, Y.; Kanzaki, N.; Okamoto, M.; Sawada, H.; 
Nishimura, O.; Baba, M.; et al. Discovery of novel, potent, and selective small-molecule CCR5 antagonists 
as anti-HIV-1 agents: Synthesis and biological evaluation of anilide derivatives with a quaternary ammo-
nium moiety. J. Med. Chem. 2000, 43, 2049–2063. 

52. Paterlini, M.G. Structure modeling of the chemokine receptor CCR5: Implications for ligand binding and 
selectivity. Biophys. J. 2002, 83, 3012–3031. 

53. Regoes, R.R.; Bonhoeffer, S. The HIV coreceptor switch: A population dynamical perspective. Trends Mi-
crobiol. 2005, 13, 269–277. 

54. Bakri, Y.; Mannioui, A.; Ylisastigui, L.; Sanchez, F.; Gluckman, J.C.; Benjouad, A. CD40-activated macro-
phages become highly susceptible to X4 strains of human immunodeficiency virus type 1. AIDS Res. Hum. 
Retrovir. 2002, 18, 103–113. 

55. Nagata, S.; Imai, J.; Makino, G.; Tomita, M.; Kanai, A. Evolutionary Analysis of HIV-1 Pol Proteins Reveals 
Representative Residues for Viral Subtype Differentiation. Front. Microbiol. 2017, 8, 2151. 

56. Council, O.D.; Joseph, S.B. Evolution of Host Target Cell Specificity During HIV-1 Infection. Curr. HIV Res. 
2017, 16, 13–20. 

57. Naif, H.M. Pathogenesis of HIV Infection. Infect. Dis. Rep. 2013, 5 (Suppl. 1), e6. 
58. Naif, H.M.; Cunningham, A.L.; Alali, M.; Li, S.; Nasr, N.; Buhler, M.M.; Schols, D.; de Clercq, E.; Stewart, 

G. A human immunodeficiency virus type 1 isolate from an infected person homozygous for CCR5Delta32 
exhibits dual tropism by infecting macrophages and MT2 cells via CXCR4. J. Virol. 2002, 76, 3114–3124. 

59. Princen, K.; Hatse, S.; Vermeire, K.; Aquaro, S.; De Clercq, E.; Gerlach, L.O.; Rosenkilde, M.; Schwartz, T.W.; 
Skerlj, R.; Bridger, G.; et al. Inhibition of human immunodeficiency virus replication by a dual 
CCR5/CXCR4 antagonist. J. Virol. 2004, 78, 12996–13006. 

60. Bagnarelli, P.; Valenza, A.; Menzo, S.; Sampaollesi, R.; Varaldo, P.E.; Butini, L.; Montoni, M.; Perno, C.F.; 
Aquaro, S.; Mathez, D.; et al. Dynamics and modulation of Human Immunodeficency virus type I tran-
scripts in vitro and in vivo. J. Virol. 1996, 70, 7603–7613. 



Medicina 2019, 55, 297 15 of 16 

61. Baxter, A.E.; Niessl, J.; Morou, A.; Kaufmann, D.E. RNA flow cytometric FISH for investigations into HIV 
immunology, vaccination and cure strategies. AIDS Res. Ther. 2017, 14, 40. 

62. Perfettini, J.L.; Castedo, M.; Nardacci, R.; Ciccosanti, F.; Boya, P.; Roumier, T.; Larochette, N.; Piacentini, 
M.; Kroemer, G. Essential role of p53 phosphorylation by p38 MAPK in apoptosis induction by the HIV-1 
envelope. J. Exp. Med. 2005, 201, 279–289. 

63. Trinklein, N.D.; Chen, W.C.; Kingston, R.E.; Myers, R.M. Transcriptional regulation and binding of heat 
shock factor 1 and heat shock factor 2 to 32 human heat shock genes during thermal stress and differentia-
tion. Cell Stress Chaperones 2004, 9, 21–28. 

64. Fehrenbach, H.; Kasper, M.; Koslowski, R.; Pan, T.; Schuh, D.; Muller, M.; Mason, R.J. Alveolar epithelial 
type II cell apoptosis in vivo during resolution of keratinocyte growth factor-induced hyperplasia in the 
rat. Histochem. Cell Biol. 2000, 114, 49–61. 

65. Hegde, R.; Srinivasula, S.M.; Datta, P.; Madesh, M.; Wassell, R.; Zhang, Z.; Cheong, N.; Nejmeh, J.; Fer-
nandes-Alnemri, T.; Hoshino, S.; et al. The polypeptide chain-releasing factor GSPT1/eRF3 is proteolyti-
cally processed into an IAP-binding protein. J. Biol. Chem. 2003, 278, 38699–38706. 

66. Herbein, G.; Gras, G.; Khan, K.A.; Abbas, W. Macrophage signaling in HIV-1 infection. Retrovirology 2010, 
7, 34. 

67. Kumar, A.; Abbas, W.; Herbein, G. TNF and TNF receptor superfamily members in HIV infection: New 
cellular targets for therapy? Mediat. Inflamm. 2013, 2013, 484378. 

68. Ahr, B.; Robert-Hebmann, V.; Devaux, C.; Biard-Piechaczyk, M. Apoptosis of uninfected cells induced by 
HIV envelope glycoproteins. Retrovirology 2004, 1, 12. 

69. Espert, L.; Denizot, M.; Grimaldi, M.; Robert-Hebmann, V.; Gay, B.; Varbanov, M.; Codogno, P.; Biard-
Piechaczyk, M. Autophagy is involved in T cell death after binding of HIV-1 envelope proteins to CXCR4. 
J. Clin. Investig. 2006, 116, 2161–2172. 

70. Cohen, P.S.; Schmidtmayerova, H.; Dennis, J.; Dubrovsky, L.; Sherry, B.; Wang, H.; Bukrinsky, M.; Tracey, 
K.J. The critical role of p38 MAP kinase in T cell HIV-1 replication. Mol. Med. 1997, 3, 339–346. 

71. Kralova, J.; Dvorak, M.; Koc, M.; Kral, V. p38 MAPK plays an essential role in apoptosis induced by pho-
toactivation of a novel ethylene glycol porphyrin derivative. Oncogene 2008, 27, 3010–3020. 

72. Bai, L.; Zhu, X.; Ma, T.; Wang, J.; Wang, F.; Zhang, S. The p38 MAPK NF-κB pathway, not the ERK pathway, 
is involved in exogenous HIV-1 Tat-induced apoptotic cell death in retinal pigment epithelial cells. Int. J. 
Biochem. Cell Biol. 2013, 45, 1794–1801.  

73. Petrovas, C.; Mueller, Y.M.; Katsikis, P.D. Apoptosis of HIV-specific CD8+ T cells:an HIV evasion strategy. 
Cell Death Differ. 2005, 12 (Suppl. 1), 859–870. 

74. Blanco, J.; Barretina, J.; Henson, G.; Bridger, G.; De Clercq, E.; Clotet, B.; Este, J.A. The CXCR4 antagonist 
AMD3100 efficiently inhibits cell-surface-expressed human immunodeficiency virus type 1 envelope-in-
duced apoptosis. Antimicrob. Agents Chemother. 2000, 44, 51–56. 

75. Checkley, M.A.; Luttge, B.G.; Freed, E.O. HIV-1 envelope glycoprotein biosynthesis, trafficking, and incor-
poration. J. Mol. Biol. 2011, 410, 582–608. 

76. Gougeon, M.L.; Chiodi, F. Impact of gamma-chain cytokines on T cell homeostasis in HIV-1 infection: Ther-
apeutic implications. J. Intern. Med. 2010, 267, 502–514. 

77. Wang, J.; Crawford, K.; Yuan, M.; Wang, H.; Gorry, P.R.; Gabuzda, D. 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. 2002, 185, 885–897. 

78. Kim, H.Y.; Hwang, J.Y.; Oh, Y.S.; Kim, S.W.; Lee, H.J.; Yun, H.J.; Kim, S.; Yang, Y.J.; Jo, D.Y. Differential 
effects of CXCR4 antagonists on the survival and proliferation of myeloid leukemia cells in vitro. Korean J. 
Hematol. 2011, 46, 244–252.  

78. Singhal, P.C.; Bhaskaran, M.; Patel, J.; Patel, K.; Kasinath, B.S.; Duraisamy, S.; Franki, N.; Reddy, K.; Kapasi, 
A.A. Role of p38 mitogen-activated protein kinase phosphorylation and Fas-Fas ligand interaction in mor-
phine-induced macrophage apoptosis. J. Immunol. 2002, 168, 4025–4033. 

79. Muthumani, K.; Wadsworth, S.A.; Dayes, N.S.; Hwang, D.S.; Choo, A.Y.; Abeysinghe, H.R.; Siekierka, J.J.; 
Weiner, D.B. Suppression of HIV-1 viral replication and cellular pathogenesis by a novel p38/JNK kinase 
inhibitor. AIDS 2004, 18, 739–748. 

80. Biard-Piechaczyk, M.; Robert-Hebmann, V.; Richard, V.; Roland, J.; Hipskind, R.A.; Devaux, C. Caspase-
dependent apoptosis of cells expressing the chemokine receptor CXCR4 is induced by cell membrane-as-
sociated human immunodeficiency virus type 1 envelope glycoprotein (gp120). Virology 2000, 268, 329–344. 



Medicina 2019, 55, 297 16 of 16 

81. Hong, N.A.; Flannery, M.; Hsieh, S.N.; Cado, D.; Pedersen, R.; Winoto, A. Mice lacking Dad1, the defender 
against apoptotic death-1, express abnormal N-linked glycoproteins and undergo increased embryonic 
apoptosis. Dev. Biol. 2000, 220, 76–84. 

82. Kariya, R.; Taura, M.; Suzu, S.; Kai, H.; Katano, H.; Okada, S. HIV protease inhibitor Lopinavir induces 
apoptosis of primary effusion lymphoma cells via suppression of NF-κB pathway. Cancer Lett. 2014, 342, 
52–59. 

83. Garrido, C.; Kroemer, G. Life’s smile, death’s grin: Vital functions of apoptosis-executing proteins. Curr. 
Opin. Cell Biol. 2004, 16, 639–646. 

84. Lin, N.; Gonzalez, O.A.; Registre, L.; Becerril, C.; Etemad, B.; Lu, H.; Wu, X.; Lockman, S.; Essex, M.; Moyo, 
S.; et al. Humoral Immune Pressure Selects for HIV-1 CXC-chemokine Receptor 4-using Variants. EBioMed-
icine 2016, 8, 237–247. 

85. Svicher, V.; Marchetti, G.; Ammassari, A.; Ceccherini-Silberstein, F.; Sarmati, L. Impact Study Group. Nov-
elties in Evaluation and Monitoring of Human Immunodeficiency Virus-1 Infection: Is Standard Virologi-
cal Suppression Enoughfor Measuring Antiretroviral Treatment Success? AIDS Rev. 2017, 19, 119–133. 

86. Singh, H.; Samani, D.; Ghate, M.V.; Gangakhedkar, R.R. Impact of cellular restriction gene (TRIM5α, BST-
2) polymorphisms on the acquisition of HIV-1 and disease progression. J. Gene Med. 2018, 20, e3004. 

87. Poropatich, K.; Sullivan, D.J., Jr. Human immunodeficiency virus type 1 long-term non-progressors: The 
viral, genetic and immunological basis for disease non-progression. J. Gen. Virol. 2011, 92 Pt 2, 247–268. 

88. Reynes, J.; Portales, P.; Segondy, M.; Baillat, V.; Andre, P.; Avinens, O.; Picot, M.C.; Clot, J.; Eliaou, J.F.; 
Corbeau, P. CD4 T cell surface CCR5 density as a host factor in HIV-1 disease progression. AIDS 2001, 15, 
1627–1634. 

89. Reynes, J.; Portales, P.; Segondy, M.; Baillat, V.; Andre, P.; Reant, B.; Avinens, O.; Couderc, G.; Benkirane, 
M.; Clot, J.; et al. CD4+ T cell surface CCR5 density as a determining factor of virus load in persons infected 
with human immunodeficiency virus type 1. J. Infect. Dis. 2000, 181, 927–932. 

90. Kaul, M.; Garden, G.A.; Lipton, S.A. Pathways to neuronal injury and apoptosis in HIV-associated demen-
tia. Nature 2001, 410, 988–994. 

91. Gonzalez-Perez, M.P.; Peters, P.J.; O’Connell, O.; Silva, N.; Harbison, C.; Cummings-Macri, S.; Kaliyape-
rumal, S.; Luzuriaga, K.; Clapham, P.R. Identification of Emerging Macrophage-Tropic HIV-1 R5 Variants 
in Brain Tissue of AIDS Patients without Severe Neurological Complications. J. Virol. 2017, 91, e00755-17. 

92. Lee, C.; Liu, Q.H.; Tomkowicz, B.; Yi, Y.; Freedman, B.D.; Collman, R.G. Macrophage activation through 
CCR5- and CXCR4-mediated gp120-elicited signaling pathways. J. Leukoc. Biol. 2003, 74, 676–682. 

93. Ashokkumar, M.; Nesakumar, M.; Cheedarla, N.; Vidyavijayan, K.K.; Babu, H.; Tripathy, S.P.; Hanna, L.E. 
Molecular Characteristics of the Envelope of Vertically Transmitted HIV-1 Strains from Infants with HIV 
Infection. AIDS Res. Hum. Retrovir. 2017, 33, 796–806. 

94. 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.; et al. Brain Macrophages in Simian Immunodeficiency Virus-Infected, Antiretroviral-
Suppressed Macaques: A Functional Latent Reservoir. MBio 2017, 8, e01186-17. 

95. Sebastian, N.T.; Zaikos, T.D.; Terry, V.; Taschuk, F.; McNamara, L.A.; Onafuwa-Nuga, A.; Yucha, R.; Signer, 
R.A.J.; Riddell, J., IV; Bixby, D.; Markowitz, N.; et al. CD4 is expressed on a heterogeneous subset of hem-
atopoietic progenitors, which persistently harbor CXCR4 and CCR5-tropic HIV proviral genomes in vivo. 
PLoS Pathog. 2017, 13, e1006509. 

96. Sandhu, A.; Ahmad, S.; Kaur, P.; Bhatnagar, A.; Dhawan, V.; Dhir, V. Methotrexate preferentially affects 
Tc1 and Tc17 subset of CD8 T lymphocytes. Clin. Rheumatol. 2019, 38, 37–44, doi:10.1007/s10067-018-4011-
8. 

97. Keppler, O.T.; Welte, F.J.; Ngo, T.A.; Chin, P.S.; Patton, K.S.; Tsou, C.L.; Abbey, N.W.; Sharkey, M.E.; Grant, 
R.M.; You, Y.; et al. Progress toward a human CD4/CCR5 transgenic rat model for de novo infection by 
human immunodeficiency virus type 1. J. Exp. Med. 2002, 195, 719–736. 

98. Garaci, E.; Caroleo, M.C.; Aloe, L.; Aquaro, S.; Piacentini, M.; Costa, N.; Amendola, A.; Micera, A.; Calio, 
R.; Perno, C.F.; Levi-Montalcini, R. Nerve growth factor is an autocrine factor essential for the survival of 
macrophages infected with HIV. Proc. Natl. Acad. Sci. USA 1999, 96, 14013–14018. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 
access article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


