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ABSTRACT

HIV-1 acquires an impressive number of foreign components during its formation. Despite all previous efforts spent studying
the nature and functionality of virus-anchored host molecules, the exact mechanism(s) through which such constituents are ac-
quired by HIV-1 is still unknown. However, in the case of ICAM-1, one of the most extensively studied transmembrane proteins
found associated with mature virions, the Pr55Gag precursor polyprotein appears to be a potential interaction partner. We inves-
tigated and characterized at the molecular level the process of ICAM-1 incorporation using initially a Pr55Gag-based virus-like
particle (VLP) model. Substitution of various domains of Pr55Gag, such as the nucleocapsid, SP2, or p6, had no effect on the ac-
quisition of ICAM-1. We found that the structural matrix protein (MA) is mandatory for ICAM-1 incorporation within VLPs,
and we confirmed this novel observation with the replication-competent HIV-1 molecular clone NL4.3. Additional studies sug-
gest that the C-terminal two-thirds of MA, and especially 13 amino acids positioned inside the fifth �-helix, are important.
Moreover, based on three-dimensional (3D) modeling of protein-protein interactions (i.e., protein-protein docking) and further
validation by a virus capture assay, we found that a series of acidic residues in the MA domain interact with basic amino acids
located in the ICAM-1 cytoplasmic tail. Our findings provide new insight into the molecular mechanism governing the acquisi-
tion of ICAM-1, a host molecule known to enhance HIV-1 infectivity in a significant manner. Altogether, these observations of-
fer a new avenue for the development of antiviral therapeutics that are directed at a target of host origin.

IMPORTANCE

Intercellular adhesion molecule 1 (ICAM-1) is a cell surface host component known to be efficiently inserted within emerging
HIV-1 particles. It has been demonstrated that host-derived ICAM-1 molecules act as a strong attachment factor and increase
HIV-1 infectivity substantially. Despite previous efforts spent studying virus-associated host molecules, the precise mecha-
nism(s) through which such constituents are inserted within emerging HIV-1 particles still remains obscure. Previous data sug-
gest that the Pr55Gag precursor polyprotein appears as a potential interaction partner with ICAM-1. In the present study, we
demonstrate that the HIV-1 matrix domain plays a key role in the ICAM-1 incorporation process. Some observations were con-
firmed with whole-virus preparations amplified in primary human cells, thereby providing physiological significance to our
data.

Nascent HIV-1 particles incorporate a large spectrum of pro-
teins of host origin during assembly and budding processes

(1–3). Such host-derived molecules have been found either lo-
cated inside viral particles or embedded in the virus envelope
(ENV), depending on their natural location in target cells (2). For
example, different cytoplasmic constituents are acquired by
HIV-1, such as actin, actin-binding proteins, and EF-1� (3, 4).
Several other intracellular host proteins have also been detected
within virions, such as Tsg101, Staufen, INI1, and cyclophilin A,
with each of them participating in distinct steps of the viral life
cycle (1, 3). HIV-1 also incorporates various transmembrane pro-
teins that are found anchored in the viral ENV, of which ICAM-1
is probably the most extensively studied (5). Despite numerous
studies aimed at the identification of virus-anchored host mole-
cules, the exact mechanism(s) through which such cellular con-
stituents are acquired by emerging HIV-1 particles remains ob-
scure.

ICAM-1 is a heavily glycosylated transmembrane protein that
contains five distinct extracellular domains, a transmembrane re-
gion, and a short cytoplasmic tail of 28 amino acids. The intracel-
lular region interacts with cytoskeletal proteins such as �-actinin,

ezrin, and actin (6, 7). Moreover, it has been demonstrated that
the cytoplasmic tail of ICAM-1 associates with phosphatidylino-
sitol 4,5-biphosphate [PI(4,5)P2] through a basic region resem-
bling the PI(4,5)P2-binding site. This results in an electrostatic
interaction, which facilitates the association between ICAM-1 and
the actin-binding protein ezrin (7). The major biological role of
ICAM-1 is to mediate cell-to-cell adhesion via interactions with
cell surface �2 integrins such as LFA-1 and Mac-1. This type of
association is essential for leukocyte transmigration and immuno-
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logical synapse formation, two phenomena associated with in-
flammation and the establishment of the immune response.
ICAM-1 is continuously expressed on endothelial cells and leuko-
cytes, particularly on CD4� T cells and macrophages, the two
major target cell types of HIV-1.

The efficient incorporation of ICAM-1 within HIV-1 has been
demonstrated with different laboratory and clinical isolates of
HIV-1 that were produced in established cell lines, primary hu-
man cells (i.e., peripheral blood mononuclear cells [PBMCs]),
and human lymphoid tissue cultured ex vivo (8–11). Interestingly,
it has been firmly established that the insertion of host-derived
ICAM-1 within the virus ENV leads to increases in both HIV-1
attachment and entry within CD4� T cells (12, 13). It has been
reported that interactions between virus-associated host ICAM-1
and cell surface LFA-1 allow such virions to attach more firmly
and fuse more rapidly with target cells than isogenic viruses lack-
ing the adhesion molecule (8–10, 12). The higher permissiveness
of both memory and activated CD4� T cells to productive infec-
tion with ICAM-1-bearing virions is attributable mostly to surface
expression of an activated form of LFA-1 (14). Given that virus-
associated host ICAM-1 significantly augments virus infectivity
(e.g., up to 100-fold), we were interested in studying the structural
determinants responsible for ICAM-1 incorporation because this
information could serve to develop new classes of compounds that
can abolish the insertion of host-derived ICAM-1 in emerging
HIV-1 particles.

Pr55Gag is the structural viral constituent acting as the main
actor in HIV-1 particle formation as it drives assembly through
protein-protein, protein-RNA, and protein-lipid interactions, or-
chestrating the incorporation of each of the major virus-encoded
components into the assembled particle (15–18). Pr55Gag is trans-
lated from unspliced viral mRNA on free ribosomes in the cyto-
plasm and encodes the internal structural components of the vi-
rion, i.e., matrix (MA), capsid (CA), and nucleocapsid (NC),
along with the C-terminal p6 domain and two spacer peptides,
SP1 and SP2 (19). In the absence of any other viral proteins,
Pr55Gag can self-assemble into virus-like particles (VLPs) by or-
dered multimerization of monomers and/or oligomers to produce
a spherical shell (20), which forms the structural framework of the
immature virus particle (18, 21).

Several regions of the Pr55Gag polyprotein have been re-
ported to be crucial for particle formation. Notably, previous
genetic and structural analyses demonstrated that regions re-
sponsible for membrane binding are located at the N-terminal
region of MA, which encompasses a cluster of basic residues
and a myristyl group interacting with acidic phospholipids of
the membrane PI(4,5)P2 (22, 23). However, several studies
have shown that MA can be largely deleted or even entirely
replaced by a heterologous myristyl anchor without compro-
mising the formation of extracellular viruses (24–26). This sug-
gests that the role of MA in assembly is not as important as its
role in Pr55Gag trafficking and in the incorporation of virus-
encoded ENV glycoproteins (27, 28).

In the current study, we first show that Pr55Gag is sufficient by
itself to lead to the insertion of host-derived ICAM-1 molecules in
a VLP model devoid of any other HIV-1 constituents. Data from a
virus capture assay indicate that functional VLP mutants carrying
substitutions of either NC, SP2, or p6 can still acquire host
ICAM-1. Experiments with additional mutants, using VLPs (i.e.,
MA�44-132) as well as a molecular clone of HIV-1 (i.e.,

NL4.3�44-132), suggest that a two-thirds portion of MA is re-
sponsible for ICAM-1 incorporation. Using a protein structure
modeling approach to engineer additional mutants, we further
demonstrate that the insertion of host-derived ICAM-1 molecules
in emerging virions requires interactions between certain acidic
amino acids in the HIV-1 MA domain and basic residues within
the ICAM-1 cytoplasmic tail.

MATERIALS AND METHODS
Ethics statement. Human PBMCs were obtained from anonymous and
paid healthy volunteer donors who were specifically solicited for the pro-
vision of these samples. Healthy subjects signed an informed consent form
approved by the Institutional Review Board (IRB) of the Centre Hospita-
lier Universitaire de Québec. The current research project was also ap-
proved by our IRB.

Cell culture and transfection. The human embryonic kidney cell line
293T was used to produce our virus preparations (i.e., VLPs and NL4.3-
derived virus). This cell line was maintained in Dulbecco’s modified Eagle
medium (DMEM) (Invitrogen, Burlington, Ontario, Canada) supple-
mented with 10% heat-inactivated fetal bovine serum (Invitrogen, Burl-
ington, Ontario, Canada) at 37°C under a 5% CO2 atmosphere. A cell line
stably expressing ICAM-1 was obtained by cotransfecting 293T cells with
a pCDNA-3.1(�) expression vector containing the entire human
ICAM-1 cDNA and pCMV-Hygro at a 10:1 ratio. Such stably transfected
293T cells were maintained under selective pressure with hygromycin B
(400 mg/ml; Calbiochem) for 3 weeks and were next isolated by fluores-
cence-activated cell sorter analysis with the use of a phycoerythrin (PE)-
labeled anti-ICAM-1 monoclonal antibody (BD Biosciences, Mississauga,
Canada) (11). For calcium phosphate transfection, 40 to 50% confluent
293T cells in T75 flasks (BD, Oakville, Canada) were transfected as de-
scribed previously (9, 29). Briefly, 15 �g of the different plasmids were
used to transfect 293T cells. At 6 h posttransfection, the medium was
discarded, cells were washed two times with phosphate-buffered saline
(PBS), and 10 ml of fresh medium was added. Immature HIV-1 particles
were produced by treating the virus producer cell lines with indinavir (20
�M) during transfection experiments (30). PBMCs from healthy donors
were isolated by Ficoll-Hypaque density gradient centrifugation and cul-
tured in the presence of the mitogenic agent phytohemagglutinin P
(PHA-P; Sigma, St. Louis, MO, USA) (3 �g/ml) and recombinant human
interleukin-2 (30 units/ml) for 3 days at 37°C under a 5% CO2 atmo-
sphere prior to virus infection. Acute HIV-1 infection was pursued for 5
days before performance of a virus immunocapture test (see below for
more details).

Molecular constructs. The VLP constructs P6449LD, NCP6378LZLD,
and MA�44-132 were described previously (31). Additional HIV-1 mu-
tants were derived from the fully infectious pNL4.3 molecular clone. Ma-
trix regions were first PCR amplified from the proviral DNAs. Specifically,
we amplified a region of Gag extending from the BssHII to the SphI
unique restriction sites, which includes the MA coding region. The PCR
products were TA cloned into the pGEM-T Easy vector (Promega, Mad-
ison, WI, USA), and the BssHII-SphI Gag fragments were subsequently
excised by restriction enzyme digestion (32). The Gag mutant cassettes
were then subcloned into the pNL4.3 proviral backbone with the desired
deletion or alanine substitution. Full-length human ICAM-1 cDNA was
inserted in the pCDNA3.1(�) expression vector (Invitrogen, Burlington,
Canada). ICAM-1 mutants were PCR amplified with Phusion high-fidel-
ity polymerase (ThermoFisher Scientific, Ottawa, Ontario, Canada) by
using 5=-phosphorylated primers. The PCR products were cloned back
into the empty pCDNA3.1(�) backbone with the desired deletion or
alanine substitution. Primers used for mutagenesis are summarized in
Table 1.

Preparation of virus stocks. VLPs and NL4.3-derived virus (both
wild-type [WT] and mutated forms) that bear host-derived ICAM-1 were
produced by calcium phosphate transfection in 293T cells stably express-
ing ICAM-1, while isogenic virus preparations lacking ICAM-1 were pre-

Jalaguier et al.

324 jvi.asm.org January 2015 Volume 89 Number 1Journal of Virology

http://jvi.asm.org


pared in the parent 293T cell line (which is ICAM-1 negative). At 48 h
posttransfection, cell-free supernatants were collected and centrifuged at
4°C for 5 min at 1,000 � g and filtered through 0.22-�m-pore-size cellu-
lose acetate membranes (ThermoFisher Scientific, Ottawa, Canada) to
remove cells debris. The cell-free supernatants were then ultracentrifuged
through a 2-ml cushion of 20% sucrose in TSE (10 mM Tris hydrochlo-
ride [pH 7.5], 100 mM NaCl, and 1 mM EDTA) at 4°C for 45 min at
40,000 rpm (Beckman Ti70 rotor) (2 ml of cushion for 10 ml of superna-
tants) (26, 31). The pellets were finally resuspended in PBS. The different
Pr55Gag-derived VLP preparations were normalized by Western blot
quantification using anti-p24 monoclonal antibody 183-H12-5C (see Fig.
2 and 3), whereas NL4.3-derived VLP stocks (see Fig. 4 and 6 to 10) were
normalized by using a sensitive in-house sandwich enzyme-linked immu-
nosorbent assay (ELISA) that can detect both p24 and the Pr55Gag precur-
sor, as previously described (8). Finally, samples were aliquoted before
storage at �80°C.

Immunocapture. The presence of host-derived ICAM-1 within
VLPs and NL4.3-derived virus (both WT and mutated forms) was
monitored by capturing viruses with immunomagnetic beads using a
previously reported procedure, with slight modifications (30). In brief,
streptavidin-coated magnetic beads (7.5 � 105 beads) (Dynabeads
M280; Invitrogen, Burlington, Canada) were washed once with PBS
supplemented with 5% bovine serum albumin (BSA) (binding me-
dium) using a vertical magnetic plate. Next, beads were incubated with
a biotinylated anti-ICAM-1 antibody (clone R6.5; IgG2a) for 1 h at
room temperature and then washed three times with PBS before use.
The immunomagnetic beads were next incubated for 16 h at 4°C with
the virus preparations (2 and 40 ng of p24 for virus stocks prepared in
293T cells and PBMCs, respectively) under gentle agitation. The beads
were washed four times with 1 volume of binding medium and were
finally resuspended in a final volume of 250 �l of PBS. Finally, the
amount of immunocaptured VLPs was determined by SDS-PAGE and
Western blot experiments against the Pr55Gag precursor, while the
amount of immunocaptured NL4.3-derived virus was determined by
measuring the viral p24 protein by an ELISA. Beads coated with bio-
tinylated isotype-matched irrelevant antibodies were used as negative
controls.

Flow cytometry analysis. For staining, cells were washed twice with
PBS and centrifuged at 300 � g for 5 min at 4°C. Pelleted cells were incubated
for 30 min on ice with a saturated concentration of the PE-coupled ICAM-1
antibody, as recommended by the manufacturer (BD Biosciences, Missis-
sauga, Canada). Finally, cells were washed twice in PBS and resuspended in
500 �l of PBS containing 1% paraformaldehyde prior to flow cytometry anal-
ysis (FACSCanto II; BD Biosciences, Mississauga, Canada).

Western blots analyses. After SDS-PAGE migration, proteins were
transferred onto Immobilon-P membranes (0.45 �m) (ThermoFisher
Scientific, Ottawa, Ontario, Canada) by standard blotting techniques.
Proteins were revealed with an anti-p24 antibody (clone 183-H12-5C).
Primary antibodies were detected with a horseradish peroxidase-conju-
gated secondary antibody (Jackson ImmunoResearch Lab, Inc.). HIV-1
Gag proteins immunodetected on membranes were quantitated with Im-
age J (1997 to 2012; W. S. Rasband, U.S. National Institutes of Health,
Bethesda, MD, USA [http://imagej.nih.gov/ij/]). Graphics were normal-
ized with Gag WT proteins and expressed as a percentage of the WT or as
the total Gag density.

3D modeling and protein-peptide docking. The three-dimensional
(3D) model of the cytoplasmic C terminus of ICAM-1 (peptide residues
504 to 532) was modeled de novo by using PepFold (33). The model qual-
ity was assessed by analysis of a Ramachandran plot through PROCHECK
(34). The peptide spanning residues 504 to 532 (peptide 504-532) was
docked into the structure of the N-terminal 283-residue fragment of the
HIV-1 Gag polyprotein (PDB accession number 1L6N) by using Patch-
Dock software (35). The latter is based on shape complementarity princi-
ples. The 3D complex containing HIV-1 MA and peptide 504-532 was
refined by using FlexPepDock (36), which allows full flexibility to the
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peptide and side-chain flexibility to the receptor. Interactions between
peptide 504-532 and MA were computed by PIC (37). Pictures were gen-
erated by using PyMol (http://www.pymol.org/).

Statistical analysis. All experiments were repeated at least three times,
and data shown in each figure are the combined results for all different
donors unless otherwise specified. Statistically significant differences be-
tween groups were determined by using the Student t test when only two
groups were evaluated or by one-way analysis of variance (ANOVA) with
multiple comparisons using Bonferroni’s test. Calculations were made
with Prism version 6 (GraphPad Software, Inc., La Jolla, CA, USA). P
values of 	0.05 were considered statistically significant.

RESULTS
Nucleocapsid, SP2, and p6 Gag domains do not contribute to
ICAM-1 incorporation into nascent HIV-1 particles. It was es-
tablished previously that the Pr55Gag precursor polyprotein,
which codes for all the structural proteins of HIV-1 (20, 38–41),
acts as a dominant actor in the process of acquisition of ICAM-1
(30). Therefore, our initial series of investigations were aimed at cor-
roborating this observation using a simple and pertinent model of
VLPs mimicking the immature virion state. For this purpose, only the
full-length gag gene or different deletion and substitution Gag mu-

FIG 1 Surface expression levels of ICAM-1. The stable ICAM-1-expressing 293T cell line (A) and PBMCs from three healthy donors (B) were incubated with
either an R-phycoerythrin-conjugated mouse anti-human ICAM-1 antibody (black lines) or an isotype-matched irrelevant antibody (used as a control) (gray
areas). The results shown are representative of data from 1 out of a total of 3 independent experiments.
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tants were cloned into the pCDNA3.1(�) expression vector. Based
on a previous report by our group, in which we characterized differ-
ent VLP mutants (31), we selected only deletion and substitution
mutants giving rise to functional VLPs that can form spherical parti-
cles with a morphology similar to that of WT Pr55Gag and be ex-
creted in the extracellular milieu, as shown by transmission elec-
tron microscopy. Thus, initial experiments were conducted with
the following three molecular constructs: P6449LD, which carries
a substitution of the p6 gene by the late p2b domain from Rous
sarcoma virus (RSV); NCP6378LZLD, which bears a double sub-
stitution of the NC-SP2 and p6 regions by a heterologous leucine
zipper domain (bZIP) from the CREB gene and the late domain
(LD) from RSV, respectively (42–45); and, finally, MA�44-132,
which carries a deletion of 89 amino acids in the MA gene. The
studied VLP-encoding mammalian expression vectors were tran-
siently transfected in a 293T cellular clone stably expressing a con-
stant level of ICAM-1 on its surface (11). As depicted in Fig. 1, the
surface expression level of ICAM-1 on the stable transfectant is
slightly higher than that in mitogen-stimulated primary human
cells (i.e., PBMCs), which provides physiological relevance to our
studies. Next, the cell-free supernatants were harvested 48 h fol-
lowing transfection, and VLPs were concentrated by ultracentrif-
ugation. Next, a virus capture assay based on the immunomag-
netic isolation of ICAM-1-bearing VLPs was performed before
lysis of the isolated material in hot SDS sample buffer prior to
Western blot analysis. As illustrated in Fig. 2A, the vector coding
for the complete Pr55Gag precursor polyprotein (called the Gag
WT), which is free of any other virus constituent, produces HIV-
1-based VLPs that can efficiently acquire host-derived ICAM-1.
Host-derived ICAM-1 molecules were similarly incorporated
into VLPs obtained after transfection of the P6449LD and

NCP6378LZLD molecular constructs. Virus capture assays with
an irrelevant isotype-matched control antibody gave no signal. It
can be concluded that NC, SP2, and p6 domains are dispensable
for ICAM-1 incorporation in this VLP model. In fact, Gag density
quantification of the protein bands confirmed that the levels of
captured VLPs are comparable for the three VLP constructs tested
(Fig. 2B).

The C-terminal region of MA is required for ICAM-1 incor-
poration. The third VLP mutant, called MA�44-132, was sub-
jected to the same experimental procedure, and in sharp contrast
to the two other mutants, we could barely isolate any ICAM-1-
bearing VLPs (Fig. 3A). Indeed, only a very faint signal at 46 kDa,
corresponding to the MA mutant, was observed, compared to the
strong band detected for the Gag WT. This result was confirmed
by densitometry analysis, where 	10% of the MA mutant signal
was detected compared to the Gag WT (Fig. 3B). To our knowl-
edge, this is the first demonstration that a defined domain in Gag
(i.e., MA) is involved in the acquisition of host ICAM-1 molecules
by HIV-1, at least in a VLP experimental model system. To further
characterize and confirm this finding with fully competent HIV-1,
we reproduced the Gag deletion in the prototype laboratory pro-
viral clone pNL4.3. Transposing the deletion of 89 amino acids in
the MA gene to the protease-positive NL4.3 provirus (called
NL4.3�44-132), we then faced a constraint with regard to the
virus assembly process (27, 46). Obviously, a deletion of 89 amino
acids from the C-terminal end of MA might affect the capacity to
produce spherical and functional virions, which could be essential
for ICAM-1 incorporation. Thus, to circumvent this issue, the cell
line producing the NL4.3�44-132 mutant was pretreated with a
potent protease inhibitor (i.e., indinavir). The rationale for pre-
treating cells transfected with the NL4.3�44-132 mutant was

FIG 2 Immunocapture of VLPs carrying mutations in NC, SP2, and p6 domains. (A) VLPs produced by 293T cells stably expressing ICAM-1 were captured by
using magnetic beads coated with either an anti-ICAM-1 (R6.5) or isotype-matched irrelevant biotinylated antibody. Next, VLPs were estimated by Western
blotting using an anti-p24 monoclonal antibody (183-H12-5C) recognizing both the Pr55Gag precursor polyprotein and p24. The primary antibody was revealed
with a horseradish peroxidase-conjugated anti-mouse secondary antibody. (B) Pr55Gag precursor polyprotein signals were determined by densitometry analyses
of Western blot films using ImageJ software. The area density for each band was defined and compared to the area density for the Gag WT (considered 100%).
Data shown represent results from three independent experiments for each mutant, and error bars indicate standard deviations.
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based on our previously reported demonstration that significant
increases in the levels of Gag products and ICAM-1–Pr55Gag com-
plexes were seen in the NL4.3 WT upon indinavir treatment (30).
We found that VLPs were produced in ICAM-1-expressing cells
transfected with the NL4.3�44-132 mutant and treated with indi-

navir (Fig. 4A). Bands migrating at the 55-, 41-, and 24-kDa levels,
corresponding to Pr55Gag, the maturation intermediate p41, and
the capsid p24, respectively, were detected for the NL4.3 WT,
while no signals were seen for the NL4.3�44-132 mutant. Quan-
tification of the bands revealed a virtually complete loss of

FIG 3 Immunocapture of VLPs carrying mutations in the MA�44-132 region. (A) VLPs produced by 293T cells stably expressing ICAM-1 were captured by using
magnetic beads coated with either an anti-ICAM-1 (R6.5) or isotype-matched irrelevant biotinylated antibody. Next, VLPs were estimated by Western blotting using an
anti-p24 monoclonal antibody (183-H12-5C) recognizing both the Pr55Gag precursor polyprotein and p24. The primary antibody was revealed with a horseradish
peroxidase-conjugated anti-mouse secondary antibody. (B) The Pr55Gag precursor polyprotein signals were determined by densitometry analyses of Western blot films
using ImageJ software. Data shown represent results from three independent experiments for each mutant, and error bars indicate standard deviations.

FIG 4 Immunocapture of NL4.3-derived virus carrying mutations in the MA�44-132 region. (A) Complete NL4.3-derived virus particles produced by 293T
cells stably expressing ICAM-1 were captured by using magnetic beads coated with either an anti-ICAM-1 (R6.5) or an isotype-matched irrelevant biotinylated
antibody. Next, immunocaptured viruses were estimated by Western blotting using an anti-p24 monoclonal antibody (183-H12-5C) recognizing both the
Pr55Gag precursor polyprotein and p24. The primary antibody was revealed with a horseradish peroxidase-conjugated anti-mouse secondary antibody. (B) The
Pr55Gag precursor polyprotein signals were determined by densitometry analyses of Western blot films using ImageJ software. Data shown represent results from
three independent experiments for each mutant, and error bars indicate standard deviations.
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ICAM-1 incorporation (Fig. 4B). In this context, we were able to
confirm that the MA region is really involved in the process of
ICAM-1 incorporation in both immature and mature HIV-1 par-
ticles. For the ensuing experiments using MA mutants bearing
either a short deletion or point mutations, which imply less struc-

tural and morphological consequences for emerging viruses, a
classical virus production system was used based on p24 quantifi-
cation by ELISA of pelleted viral particles.

Protein-protein docking reveals a putative direct interaction
between HIV-1 MA and human ICAM-1. Thereafter, we aimed at

FIG 5 Molecular docking of putative interactions between HIV-1 MA and host-derived ICAM-1. (A) Diagram representation of the HIV-1 Pr55Gag precursor
polyprotein (top) and ICAM-1 (bottom). Matrix and CA are shown in cyan, NC is shown in yellow, p6 is shown in green, and SP1 and SP2 regions are depicted
in pink. For ICAM-1, the signal peptide (SP) is illustrated in green, the five-immunoglobulin-like domain is in blue, the hydrophobic transmembrane domain
(TMH) is in purple, and the cytoplasmic domain is in orange. NLS, nuclear localization signal; NES, nuclear export signal. (B) Close-up view of negative residues
(HIV-1 MA) and positive residues (cytoplasmic region of ICAM-1) that participate in the interaction. Negative and positive residues are shown as sticks. In this
3D model, D102 forms ionic bonds with R507-K508, E105 forms bonds with R507-K508-K510-K511, and E106 forms bonds with R507-K510. (C) Schematic
representation of the 3D model of HIV-1 MA (PDB accession number 1L6N) docked to a 3D model of human ICAM-1 anchored in the cytoplasmic membrane
(blue and red). The colors used for the model are the same as those described above for panel A.
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refining the molecular relationship between these two proteins of
distinct origins (i.e., viral MA and cellular ICAM-1). For this pur-
pose, we investigated any potential interactions between HIV-1
MA and ICAM-1 by a protein-protein docking approach. This
method highlighted areas of interest in each molecule (Fig. 5A and
B). The putative interacting region in HIV-1 MA appears to be
localized in the fifth �-helix and encompasses the following amino
acids: 96-DTKEALDKIEEEQNKSKKKAQQAAAD-121 (amino
acids of interest are shown in boldface) (Fig. 5C). On the other
hand, de novo 3D modeling revealed a stretch of amino acids con-
tained inside the predicted �-helix in the intracytoplasmic tail of
ICAM-1 that appears to potentially interact with HIV-1 MA, i.e.,

504-NRQRKIKKYRLQQAQKGTP-523 (Fig. 5C). First, to experi-
mentally confirm the computational protein modeling and dem-
onstrate the contribution of these two domains to ICAM-1 incor-
poration, we engineered the respective deleted mutants in both
the HIV-1 MA (i.e., NL4.3 Del 102-114) and human ICAM-1 (i.e.,
CD54 Del 505-514) genes. As depicted in Fig. 6A, we observed a
decrease in ICAM-1 incorporation (75 to 90%) with NL4.3 Del
102-114 compared to the NL4.3 WT. A substantial reduction in
the level of ICAM-1 incorporation (65 to 75%) was also detected
when the ICAM-1-deleted mutant named CD54 Del 505-514 was
tested (Fig. 6B). The difference in ICAM-1 incorporation between
these two deleted mutants is not caused by different ICAM-1 ex-

FIG 6 Immunocapture of NL4.3-derived Del 102-114 mutant virus and NL4.3-derived virus carrying Del 505-514 mutant ICAM-1. (A) NL4.3-derived WT and mutant
virus particles were prepared in 293T cells stably expressing wild-type ICAM-1. (B) NL4.3-derived WT viruses were produced in 293T cells transiently expressing either
wild-type ICAM-1 or Del 505-514 mutant ICAM-1. Next, virus stocks were captured by using magnetic beads coated with an anti-ICAM-1 antibody (R6.5) or an
isotype-matched irrelevant biotinylated antibody (used as a control). Precipitated viral entities were quantified with a homemade p24 ELISA. Data shown represent the
means 
 standard deviations of data from triplicate samples (i.e., total amounts of virus captured with anti-ICAM-1 divided by total amounts of virus captured with the
control antibody) and are representative of three independent experiments. (C and D) Flow cytometry analyses of ICAM-1 surface expression in 293T cells either stably
(C) or transiently (D) expressing ICAM-1. Wild-type ICAM-1 is depicted as a solid black line (C and D), Del 505-514 mutant ICAM-1 is shown as a solid gray line (D),
and the control is presented as a gray-filled histogram. Data shown represent cell surface ICAM-1 expression after 1 month of selective drug pressure for stable
transfectants (C) and 2 days after transfection for transient transfectants (D). Statistical analyses were made by using the Student t test, and asterisks denote a statistically
significant difference between the NL4.3 WT or NL4.3 WT CD54 WT and the listed mutants (����, P 	 0.0001).
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pression levels in cells producing the NL4.3 Del 102-114 (Fig. 6C)
and CD54 Del 505-514 (Fig. 6D) mutant viruses.

The negative charges in HIV-1 MA interact with basic resi-
dues within the cytoplasmic tail of ICAM-1 and drive its incor-
poration. Given that our results suggest that the two predicted
domains within HIV-1 MA and human ICAM-1 might play a role
in the insertion of this host adhesion molecule in emerging viri-
ons, we intended to refine our observation by trying to identify the
specific amino acids involved in this process. Based on our predic-
tive model (Fig. 5), we concentrated our efforts on a series of
negatively charged amino acids in the HIV-1 MA domain span-
ning residues 102 to 114 that can potentially associate with posi-
tive charges in the cytoplasmic end of ICAM-1. We first tried to
substitute aspartate 102 and the two glutamates at residues 105
and 106 for alanine because these residues should engage ionic
interactions with the corresponding ICAM-1 amino acids. We
then evaluated the ability of this mutant to acquire ICAM-1 by the
virus capture assay. We found that such changes resulted in a
diminution of 35 to 40% of ICAM-1 incorporation compared to
that of WT NL4.3 (Fig. 7). This decrease in ICAM-1 incorporation
is less important than the data obtained with the Del 102-114
mutant (i.e., 75 to 90%). Therefore, we hypothesized that the rest
of the negative amino acids of the region spanning MA residues
102 to 114 are involved in the interaction and/or that a structural
rearrangement involves the other negative residues in the interac-
tion (amino acid compensation) and that we needed to com-
pletely remove all other negative charges present in the vicinity of
this domain (47). Thus, we included glutamate 107, which imme-
diately follows E105 and E106 in our substitution mutant, and
observed a decrease in ICAM-1 incorporation up to 55 to 59%.
Although close to that of the Del 102-114 deletant, the diminution
is still weaker, and other amino acids might also be involved in the

ICAM-1 incorporation phenomenon. Analysis of the sequence
revealed the presence of a serine residue at position 111. After
phosphoprediction with the NetPhos 2.0 server, we observed that
this serine is potentially phosphorylated at 99%. Therefore, we
also substituted this serine in order to totally eliminate all poten-
tial negative charges in the region. As shown in Fig. 8, this cumu-
lative new substitution mutant, called the D102A/E105A/E106A/
E107A/S111A mutant, diminished ICAM-1 incorporation up to
88% (75 to 88%), which is comparable to what was seen with
NL4.3 Del 102-114. It can be concluded that the incorporation of
host-derived ICAM-1 by nascent HIV-1 particles relies heavily on
the participation of only five negatively charged amino acids in the
complete HIV-1 MA domain.

Basic residues in the intracellular helix of ICAM-1 account
for its incorporation within HIV-1. Concerning ICAM-1, there
are six basic residues present within its cytoplasmic end, three
of which are arginines located at positions 505, 507, and 513
and the other three of which are lysines found at positions 508,
510, and 511. Unfortunately, for each of these amino acids
mutated individually or together, we could not detect a signif-
icant modulation in ICAM-1 incorporation compared to the
WT protein (data not shown). We thought that this could be
due to a conformational rearrangement in the predicted �-
helix within the cytoplasmic part of ICAM-1 and to a compen-
sation of the remaining basic amino acids for the mutated
amino acids. Therefore, we applied an alternative strategy by
substituting all basic amino acids with an alanine in the puta-
tive �-helix of ICAM-1. The corresponding substitution mu-
tant, called CD54 R505,507,513A/K508,510,511A, was made
and tested for the insertion of host ICAM-1 in progeny virus.
Using this molecular construct, we are able to detect a signifi-

FIG 7 Immunocapture of NL4.3-derived WT and mutant viruses into which
MA acidic residues were replaced by alanines. NL4.3-derived WT virions and
mutant virus particles carrying the listed alanine substitutions were prepared
in 293T cells stably expressing wild-type ICAM-1. Next, virus stocks were
captured by using magnetic beads coated with an anti-ICAM-1 antibody
(R6.5) or an isotype-matched irrelevant biotinylated antibody (used as a con-
trol). Precipitated viral entities were quantified with a homemade p24 ELISA.
Data shown represent the means 
 standard deviations of data from triplicate
samples and are representative of three independent experiments. Statistical
analyses were made by using one-way ANOVA, and asterisks denote a statis-
tically significant difference between the NL4.3 WT and the listed mutants
(���, P 	 0.005; ����, P 	 0.0001).

FIG 8 Immunocapture of NL4.3-derived WT and mutant viruses into which
MA acidic residues were replaced by alanines. NL4.3-derived WT virions and
mutant virus particles carrying the listed alanine substitutions were prepared
in 293T cells stably expressing wild-type ICAM-1. Next, virus stocks were
captured by using magnetic beads coated with an anti-ICAM-1 antibody
(R6.5) or an isotype-matched irrelevant biotinylated antibody (used as a con-
trol). Precipitated viral entities were quantified with an in-house p24 ELISA.
Data shown represent the means 
 standard deviations of data from triplicate
samples and are representative of three independent experiments. Statistical
analyses were made by using one-way ANOVA, and asterisks denote a statis-
tically significant difference between the NL4.3 WT and the listed mutants
(����, P 	 0.0001).
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cant decrease in ICAM-1 incorporation (65 to 70%) (Fig. 9).
Therefore, it can be concluded that these six basic residues in
the cytoplasmic tail of ICAM-1 are important for the selective
acquisition of this host constituent by HIV-1.

ICAM-1 incorporation is significantly reduced in HIV-1 MA
mutant viruses grown in primary human cells. Finally, we
sought to investigate if the previous findings made with the HIV-1
MA D102A/E105A/E106A/E107A/S111A mutant remained simi-
lar for virus preparations made in a more physiological cell sys-
tem. To this end, mitogen-treated PBMCs from three different
donors were inoculated with the NL4.3 WT and the NL4.3
D102A/E105A/E106A/E107A/S111A mutant, and progeny virus
obtained after 5 days of acute HIV-1 infection was monitored for

the extent of ICAM-1 incorporation. First of all, we observed that
the HIV-1 MA D102A/E105A/E106A/E107A/S111A mutant can
still replicate in PBMCs but to a lower level (i.e., 28 to 45%) than
the NL4.3 WT (data not shown). More importantly, a significant
decrease in ICAM-1 incorporation was seen in each instance (Fig.
10). This experiment illustrates that the intimate link between
HIV-1 MA and ICAM-1 is not cell type specific and can also occur
in progeny virus produced in natural target cells.

DISCUSSION

Previous observations have revealed that the cell surface adhesion
molecule ICAM-1 is selectively acquired by HIV-1. This incorpo-
ration process involves the Pr55Gag polyprotein precursor, as

FIG 9 Immunocapture of NL4.3 WT virus produced in 293T cells transiently expressing wild-type or mutated ICAM-1. (A) NL4.3 WT virus particles were
produced in 293T cells transiently expressing either WT or mutated ICAM-1. Next, virus stocks were captured by using magnetic beads coated with an
anti-ICAM-1 antibody (R6.5) or an isotype-matched irrelevant biotinylated antibody (used as a control). Precipitated viral entities were quantified with an
in-house p24 ELISA. Data shown represent the means 
 standard deviations of data from triplicate samples and are representative of three independent
experiments. (B and C) Flow cytometry analyses of surface expression of ICAM-1 in 293T cells transiently expressing WT (B) or mutated (C) ICAM-1. WT and
mutated ICAM-1 are shown as solid black lines, while negative controls are presented as gray-filled histograms. Data shown represent cell surface expression of
ICAM-1 at 2 days following transfection. Statistical analyses were made by using the Student t test, and asterisks denote statistically significant difference between
the NL4.3 WT and the listed mutant (����, P 	 0.0001).
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shown previously (30) and as confirmed in the current experi-
ments. Pr55Gag is sufficient per se for the insertion of host-derived
ICAM-1 into emerging virions, whereas ENV and other regulatory/
accessory HIV-1 proteins are dispensable in this regard. Studies
performed with a series of Pr55Gag-derived VLP mutants revealed
that we could easily replace NC, SP2, and P6 regions by heterolo-
gous sequences without affecting the ability of ICAM-1 to be effi-
ciently inserted within nascent viruses. We thus conclude that
these Pr55Gag domains do not contribute to ICAM-1 incorpora-
tion. Moreover, we found that a large deletion of 89 amino acids in
the MA gene gave rise to VLPs lacking ICAM-1, and this crucial
observation was confirmed by using the laboratory strain NL4.3
(NL4.3�44-132). Examining this hot spot in MA in more detail by
molecular protein-protein docking and point mutations, we came
down to only a few negatively charged relevant residues (i.e.,
D102, E105, E106, and E107) and phosphorylated serine 111,
which account for �90% of ICAM-1 incorporation.

On the other hand, the cytoplasmic tail of ICAM-1 was also
shown to be a key player in the process of acquisition of this host
constituent by HIV-1 (30). Unfortunately, the crystal structure of
the cytoplasmic domain of ICAM-1 had never been elucidated
due to the well-known difficulty in crystallizing transmembrane
proteins. De novo modeling allowed us to generate a new and
accurate 3D model of the ICAM-1 intracellular tail. We found a
predicted �-helix proximal to the plasma membrane, composed
of 19 amino acids (i.e., 504-NRQRKIKKYRLQQAQKGTP-522),
which is followed by a flexible tail (i.e., 523-MKPNTQATPP-532).
Within the �-helix, basic residues potentially interact with the
acidic residues of the MA ligand (shown in boldface type). This
interaction relies mainly on electrostatic forces. We found a series
of ionic interactions within 	10 Å, enough to generate a strong
binding of the two molecules within such proximity (48).

The intracellular domain 507-RKIKK-512 of ICAM-1 was pre-
viously described to be critical for its spatial and dynamic local-
ization, with functional implications for leukocyte adhesion and
transmigration in the fibroblast cell line COS-7 (49). Based on this
notion, one may hypothesize that this domain might have a sim-
ilar role in the HIV-1 context, directing ICAM-1 in specific areas
of the membrane where the virus is emerging. However, we ini-
tially removed amino acids 507-RKIKK-512 from the intracellular
tail, but ICAM-1 incorporation was not affected, as monitored by
a virus capture assay (data not shown). In light of this result, we
then tested whether the two basic residues surrounding this motif,
namely, R505 and R513, might compensate for the loss of positive
charges required for the ICAM-1 interaction with MA. For this
reason, we decided to replace all these positively charged residues
with a neutral alanine. Our results revealed that this domain is
deeply involved in the association between host-derived ICAM-1
and the virus-encoded MA region, since its deletion diminished
ICAM-1 incorporation up to 70%. According to our experimental
model, it is clear that a region rich in basic residues present in the
intracytoplasmic tail drives ICAM-1 incorporation. We demon-
strate for the first time that a cellular transmembrane molecule

FIG 10 Immunocapture of NL4.3-derived WT and mutant viruses produced
in primary human cells. NL4.3-derived WT virions and mutant virus particles
carrying the listed alanine substitutions were obtained from mitogen-treated
PBMCs from three different healthy donors. Virus infection was allowed to
proceed for 5 days before capture of progeny virus with magnetic beads coated

with either an anti-ICAM-1 antibody (R6.5) or an isotype-matched irrelevant
biotinylated antibody (used as a control). Precipitated viral entities were quan-
tified with a homemade p24 ELISA. Data shown represent the means 
 stan-
dard deviations of data from triplicate samples and are representative of three
independent experiments. The percentage of ICAM-1 incorporation for each
individual donor is denoted on each corresponding graphic.
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interacts in very close proximity with Pr55Gag. Coimmunoprecipi-
tation studies were performed, but convincing evidence of an
intimate contact between the MA domain and host-derived
ICAM-1 could not be obtained due to technical constraints (i.e.,
the inability to find a lysis buffer with a suitable strength allowing
virus lysis without disrupting the association between MA and
ICAM-1 proteins). Therefore, although our work cannot permit
us to conclude without coimmunoprecipitation experiments that
ICAM-1 incorporation is due to a direct interaction with MA, our
experimental model strongly suggests that this might be the case
given the theoretical, very intimate, charged interactions between
residues on both sides.

The MA protein has been associated with important processes
in HIV-1 biology. These functions have so far been almost exclu-
sively mapped in the globular N-terminal portion of the protein,
through helices 1 to 4 (50). The most studied and understood of
these is its association with the internal leaflet of the cellular mem-
brane for Gag trafficking and particle formation (51, 52). The
N-terminal myristoylated residue in conjunction with a group of
conserved basic residues form a bipartite domain that has been
demonstrated to target the Pr55Gag protein to membranes (23,
53). The basic residues interact with acidic phospholipids, such as
PI(4,5)P2. The N-terminal myristoyl moiety is well buried inside
the p17 protein, and the interaction between MA and PI(4,5)P2

induces the anchorage of the myristate inside the lipid membrane,
especially within the lipid rafts. Residues in the basic region of MA
are also involved in the recruitment of the ENV proteins within
the virion via the cytoplasmic tail of gp41. However, the exact
mechanisms and necessity of this interaction remain poorly un-
derstood and need to be defined in more detail. Finally, other
interactions with calmodulin, AP-3, TIP47, SOCS1, lyric, EF1-�,
and HO3 have been described (52, 54, 55). To the best of our
knowledge, we are the first group to suggest a possible association
between a cellular factor and the fifth helix of the MA globular
head. In a crystal model in which trimeric MA is bound to a lipid
leaflet, as first demonstrated by Hill and colleagues (56, 57), helix
5 extends away from the globular head and thus away from the
plasma membrane. We thus believe that it is highly plausible that
in this configuration, helix 5 would be able to interact with the
putative intracellular helix of the ICAM-1 intracellular tail to al-
low its eventual recruitment to nascent HIV-1 particles.

Our proposed model brings out new insights into the incorpo-
ration process of transmembrane molecules acquired by HIV-1.
In the case of cell surface ICAM-1, a large part of the MA fifth
�-helix appears to be directly involved. Interestingly, sequence
alignment of �1,600 MA proteins from HIV-1 group M subtype B
in the Los Alamos HIV database reveals a remarkably high degree
of conservation of the sequence 102-DKIEEEQNKSKKK-114. In-
deed, each amino acid contained in the sequence is highly con-
served (i.e., ranging from 89 to 99%), except for residue D102,
which is conserved at �64.6%. Nevertheless, in this case, aspartate
is exchanged for a glutamate residue, which retains the same neg-
ative charge at this position, therefore not substantially affecting
the overall negative charge of this region. Most importantly, we
should mention that all the relevant negatively charged residues
(i.e., D102, E105, E106, and E107) and the serine residue at posi-
tion 111 are all highly conserved. It is tempting to speculate that
these key conserved residues might have evolved to maintain
ICAM-1 incorporation within HIV-1. Nonetheless, no clear func-
tion for the MA fifth �-helix has been described yet, although a

role in interacting with CA p24 was suggested (58). In this sense,
we cannot rule out that this highly conserved region might play a
dominant role in another aspect of HIV-1 biology/pathology. A
broader evaluation of the conservation of these residues in other
HIV-1 subtypes and variants is needed to draw any further con-
clusions.

The promising results obtained with virus preparations made
in primary human cells (i.e., PBMCs), where the MA mutant
achieved a diminution of ICAM-1 incorporation of 66.4%, are in
accordance with our observations made with virus stocks pro-
duced in 293T cells. This experiment illustrates that the intimate
link between HIV-1 MA and ICAM-1 is not cell type specific and
can be reproduced in cells that more closely mimic natural targets
of HIV-1. It has now been clearly established that ICAM-1 incor-
poration increases virus infectivity, presumably by offering supe-
rior virus adhesion onto target cells, improved fusion kinetics, and
cytosolic entry leading to a more productive virus infection (9, 10,
12). This enhancement is even more amplified when the LFA-1
counterligand on susceptible cells is in a high-affinity/avidity
state, reaching up to almost 2 logs in some in vitro experiments.
Our present study sheds light on the intimate molecular interac-
tions between cellular ICAM-1 and viral Gag proteins. This opens
a new avenue in the design of short peptide inhibitors that could
circumvent the acquisition of ICAM-1 by HIV-1 and weaken its
replicative capacity.
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