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NF-�B Signaling, Elastase Localization, and Phagocytosis
Differ in HIV-1 Permissive and Nonpermissive
U937 Clones1

Cynthia L. Bristow,2*† Roland Wolkowicz,‡ Maylis Trucy,* Aaron Franklin,*
Fernando Di Meo,§ Mark T. Kozlowski,¶ Ronald Winston,* and Roland R. Arnold§

To identify positive or negative factors for HIV-1 infectivity, clones from the U937 promonocytic cell line that express similar
levels of CD4 and CXCR4, but differ in HIV-1 susceptibility, were compared. In contrast to HIV-1 permissive clone 10 (plus),
nonpermissive clone 17 (minus) was adherent to coverslips coated with chemokines, was phagocytic, killed bacteria, and
expressed human leukocyte elastase (HLE) in a granule-like compartment (HLEG) that was never detected at the cell surface
(HLECS). In contrast to the minus clone, the plus clone expressed HLE on the cell surface and was adherent to coverslips
coated with the HLECS ligands �1proteinase inhibitor (�1PI, �1antitrypsin) and the HIV-1 fusion peptide. The phosphor-
ylation status of several important signaling proteins was studied at the single cell level. Tumor suppressor p53, NF-�B p65,
and Akt were constitutively phosphorylated in the plus clone, but not in the minus clone. Surprisingly, both �1PI and LPS
induced phosphorylation of NF-�B p65 Ser-536 in both clones, but induced dephosphorylation of Ser-529 in the plus clone
only. HIV-1 permissivity was conferred to the minus clone in a manner that required stimulation by both �1PI and LPS and
was coincident to NF-�B p65 phosphorylation/dephosphorylation events as well as translocation of HLE to the cell surface.
Even when stimulated, the minus clone exhibited greater reverse transcriptase activity, but less p24, than the plus clone.
Results presented suggest that HIV-1 uptake and production efficiency are influenced by signaling profiles, receptor distri-
bution, and the phagocytic capacity specific to the stage of differentiation of the CD4� target cell. The Journal of Immu-
nology, 2008, 180: 492– 499.

T he U937 cell line and its subclones (clone 10 and clone
17) represent dedifferentiated promonocytic cells which
are genomically indistinguishable, yet they differ in gene

expression and capacity to productively support HIV-1 infection.
HIV-1 permissive (plus) and nonpermissive (minus) clones have
been shown to express relatively equivalent levels of CD4 and
CXCR4, do not express CCR5, and differ in the subcellular local-
ization of human leukocyte elastase (HLE)3 (1, 2). cell-surface
HLE (HLECS) localizes exclusively to the cell surface of the plus
clone, where it behaves as a receptor, and when bound to a ligand

such as �1PI, HLECS, clusters and cocaps with CD4 and CXCR4
in a plasma membrane configuration, which is rate limiting for
HIV-1 binding and entry (2, 3). In contrast, granule-associated
human leukocyte elastase (HLEG) localizes exclusively to granules
in the minus clone where it behaves as a species-specific protein-
ase that degrades a wide variety of substrates, including the che-
mokine stromal-derived factor 1 (SDF 1, CXCL12) and its cognate
receptor CXCR4, and NF-�B (4). HLEG and HLECS are synthe-
sized and processed as a single molecular protein targeted for
secretion early in ontogeny and for granule compartmentalization
after granule formation is enabled (5). The differences in HLE
localization suggest that U937 plus and minus clones have become
arrested at disparate stages of maturation.

HLEG and cathepsin G (CatG) are microbicidal components of
azurophil granules, a subset of lysosome-related organelles. Mi-
crobe-interactive molecules are packaged within these vesicles, of-
ten in an inactive form. Traffic of these vesicles to the phagolyso-
some promotes vesicle fusion, granule mixing, proteinase
activation, and liberation of a potent milieu of microbicidal pep-
tides and reactive oxygen intermediates into a contained environ-
ment. Under pathologic conditions, soluble vesicle components are
released to the extracellular environment.

In contrast, HLECS participates in cell mobility, transendothelial
migration, and hematopoiesis (6, 7). Progenitor cell migration is a
function of time and space and is mediated by CXCL12, CXCR4,
and HLECS. Our current model of progenitor cell migration infers
that cells are directionally regulated by the binding of CXCL12 to
CXCR4 colocalized with HLECS at the leading edge of the mi-
grating cell (7). It has been shown that at a fixed time point, co-
clustering of CXCR4 and HLECS is facilitated by the HLE ligand
�1PI and suppressed by CXCL12 (7), suggesting that the order of
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receptor engagement may alter cell migration by changing spatial
and/or temporal parameters. Although soluble HLEG has the ca-
pacity to degrade CXCR4 and CXCL12 (8), degradation by
HLECS does not occur during cell migration (9).

Whereas the U937 minus clone exhibits no cell surface HLE,
bacterial LPS can induce the release of granule components in-
cluding HLE, and under these circumstances, HLE localizes to the
cell surface where it confers HIV-1 permissivity in a manner that
requires the presence of �1PI (2). Importantly, the fact that the
LPS-stimulated minus clone can become infected with HIV-1 sug-
gests that the minus clone contains the full complement of signal-
ing and activation steps, including NF-�B, necessary for HIV-1
infectivity.

Paradoxically, the plus clone exhibits intact NF-�B p65,
whereas the minus clone exhibits a truncated form of NF-�B p65
caused by the catabolic activity of HLEG, proteinase 3, or CatG
(10). NF-�B p65 truncation is also found in other granule-contain-
ing HIV-1 nonpermissive or suboptimally-permissive cells such as
THP1, HL60, primary monocytes, chronically infected U1 cells
(10), and CEM T lymphoblastoid cells (11). Truncated NF-�B p65
binds DNA, but lacks transactivation activity, suggesting that di-
rect or indirect interaction of NF-�B p65 with HLEG, CatG, or
proteinase 3 negatively regulates HIV-1 replication before integra-
tion (10).

Herein plus and minus U937 clones have been compared by cell
signaling, protein array analysis, bacterial phagocytosis, HIV-1 in-
fectivity, and subcellular localization of NF-�B, HLE, and CatG.
Results demonstrate that �1PI and LPS each induce dephosphor-
ylation of NF-�B p65 Ser-529 and phosphorylation of NF-�B p65
Ser-536. Importantly, because of receptor and signaling differ-
ences, equivalent uptake of particles of HIV-1 by these different
clones did not result in equivalent production of virus.

Materials and Methods
Cells and reagents

U937 subclones were provided by the Laboratory of Immunoregulation,
National Institute of Allergy and Infectious Diseases, National Insti-
tutes of Health, and maintained using RPMI 1640 containing 10% FBS
(BioWhittaker, Sigma-Aldrich, and Invitrogen Life Technologies). All
sera were determined to have endotoxin levels �0.3 EU/ml. In all ex-
periments described, cells were harvested during exponential growth
and were �95% viable as determined by trypan blue exclusion.

The functionally active concentrations of two preparations of �1PI (Cat.
no. A6150, lot no. 82H9323, Cat. no. A9024, lot no. 115H9320, Sigma-
Aldrich) were determined using active-site titrated porcine pancreatic elas-
tase, type 1 (PPE, EC 3.4.21.36, Sigma) as previously described (12).

Immunocytochemical transmission electron microscopy
(TEM)

TEM was performed by Wallace Ambrose, Microscopy Laboratory,
Dental Research Center, University of North Carolina-Chapel Hill.
Grids were etched and stained using rabbit anti-HLE (Biodesign), anti-
CatG (Biodesign), or anti-NF-�B p50 (Biodesign) at concentrations of
1 mg/ml in 0.01 M phosphate, 0.15 M NaCl (pH 7.2; PBS). Ab binding
was detected using Protein A polygold (0.23 �g/ml, Sigma-Aldrich)
and photographed using a Philips CM/12 TEM/STEM transmission
electron microscope. Negative control grids were stained without
primary Ab.

Phagocytosis and bacterial killing of opsonized bacteria

Porphorymonas gingivalis Strain A7436 was harvested during exponential
growth, pelleted, and resuspended in 1 ml saline. Bacteria were labeled
with the dsDNA-binding fluorescent dye 4�-6-diamidino-2-phenylindole
(DAPI), washed and resuspended at 2.0 � 108 CFU/ml. Propidium iodide
(PI) is a DNA-binding fluorescent dye excluded by intact cell membranes
and was added to the bacterial suspension. Phagocytosis of bacterial sus-
pensions containing PI induces phagosomal localization of PI. Its red color
quenches the blue color of DAPI allowing easily discernible viability of
phagocytosed bacteria. Bacteria were opsonized using Ab (20% rabbit an-

tiserum specific for P. gingivalis) and complement (20% human serum,
type AB). Opsonized bacteria (2.0 � 107 CFU) were incubated with cells
(4.0 � 105 cells) in HBSS containing 0.06 �M CaCl2, 0.05 �M MgCl2,
and the nuclear staining fluorescent dye acridine orange (3,6-bis[dimeth-
ylamino]acridine, Sigma-Aldrich). Aliquots were removed at 20, 45, and
60 min, applied to the sample chambers of a cytospin apparatus (Thermo
Shandon), and centrifuged at 850 rpm for 3 min. Dried samples were fixed
with cyanoacrylate and slides were examined by epi-illumination UV mi-
croscopy on a Zeiss Axioskop (Carl Zeiss). Photographs were made at
630� magnification.

Adherence assay

Sterile coverslips (12 mm diameter, Sigma-Aldrich) were washed in
endotoxin-free water and prepared by delivering a 10 �l volume con-
taining various dilutions of one of the following stimulants in HBSS
without calcium and magnesium: CCL3 (MIP-1�, Peprotech), CCL4,
(MIP-1�, Peprotech), CCL5, (RANTES, Peprotech), CXCL12, (SDF-1,
Peprotech), �1PI (Cat.no.A6150, Sigma-Aldrich), �1PI (A9024, Sigma-
Aldrich), �1 antichymotrypsin (�1ACT, Calbiochem), antithrombin III
(ATIII, Sigma-Aldrich), C1 esterase inhibitor (Calbiochem), methoxysuc-
cinyl-L-Ala-L-Ala-L-Pro-L-Val-chloromethylketone (MAAPVCK; Sigma-
Aldrich), N-tosyl-L-phenylalanine chloromethylketone (TPCK, Sigma-
Aldrich), a synthetic peptide representative of the thrombin agonist
(SFLLRN, Ser-Phe-Leu-Leu-Arg-Asn), or a synthetic peptide representa-
tive of the HIV fusion domain solubilized in 10% ethanol (FLGFL,
Phe-Leu-Gly-Phe-Leu).

To coverslips prepared with chemoattractants as described above, 106

cells in 90 �l HBSS were mixed to uniformity, and incubated for 30 min
in humidified 5% CO2 at 37°C without dehydration. To detect the inter-
acting effects of stimulants, cells were delivered in an 80 �l volume to
coverslips previously prepared with 10 �l of one stimulant, mixed to uni-
formity, and incubated for 15 min at 37°C. Subsequently, an additional
stimulant was delivered in a 10 �l volume to each coverslip, mixed with
preincubated cells to uniformity, and incubated for 30–60 min at 37°C.
After stringently washing coverslips free of nonadherent cells, adherent
cells were fixed by incubation for 10 min at 20°C with 4% paraformalde-
hyde in PBS containing 2.5 �M of the nuclear staining acridine orange.
Slides were examined by epi-illumination UV microscopy on a Zeiss Ax-
ioskop Means and SDs were determined by counting adherent cells in at
least three fields/coverslip.

Examination of adherence stimulated by various agonists at various time
points over a 24 h period suggested optimal effects could be detected be-
tween 30 and 60 min. Adherence of clones in independent experiments
using identical conditions did not vary. Unstimulated adherence of U937
subclones between independent experiments could be explained in en-
tirety by the bovine serum in which cells had been cultured, suggesting
cells were conditioned by unknown serum components as previously
demonstrated (2, 3).

Ab array analysis

Cells were cultured, pelleted, extracted, and labeled using the protocol
provided with the Ab Microarray 380 kit (BD Clontech). Samples were
screened in duplicate using microarray slides preprinted with 509 mAbs.
Slides were fluorescently scanned, and data were arranged in the Microar-
ray Analysis Workbook provided. The average internally normalized ratio
(INR) was determined to represent the abundance of Ags in clone 17 rel-
ative to clone 10. An INR �1 suggests an Ag is more abundant in clone 17
than in clone 10; only INR �1.5 were considered significant. An INR �1
suggests an Ag is more abundant in clone 10; only INR �0.5 were con-
sidered significant.

Intracellular phospho-epitope staining for flow cytometry

Cells (1 � 106 cells/well in 96-well plates) were fixed using 1.5% para-
formaldehyde in a volume of 100 �l. Cells were washed once with PBS
containing 1% BSA (FACS wash) and incubated at 4°C for 10 min in 100
�l ice-cold methanol. Cells were washed twice and incubated at 23°C for
20 min with various phosphoprotein-specific Abs directly conjugated with
PE, Alexa Fluor 488, or Alexa Fluor 647 (Molecular Probes). Phospho-
proteins measured included Stat1 Tyr-701, Stat3 Tyr-705, Stat4 Tyr-693,
Stat5 Tyr-694, Stat6 Tyr-641, NF-�B p65 Ser-529, NF-�B p65 Ser-536,
ERK 1/2 Thr-202/Tyr-204, PLC-�1 Tyr-783, and p38 MAPK Thr-180/
Tyr-182, (BD Pharmingen and BD PhosFlow), SLP-76 (provided by BD
Pharmingen), Akt Ser-473, Akt Thr-308, JNK, and p53 Ser-15 (Cell Sig-
naling Technologies). Rabbit anti-Akt Thr-308 and mouse anti-p53
Ser-15 were not directly conjugated to fluorochromes, and Ab binding
was detected using Alexa Fluor 647 conjugated to anti-rabbit Ig or
anti-mouse Ig (Invitrogen Life Technologies), respectively. NF-�B p65
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Ser-536 was conjugated to Alexa Fluor 647 using a labeling kit (In-
vitrogen Life Technologies).

LPS and �1PI stimulation in serum-free medium

Cells were suspended at 2 � 106 cells/ml in AIM V serum-free medium
(Invitrogen Life Technologies) and cultured overnight before use. Com-
plexes between LPS (E. coli O26:B6; Sigma-Aldrich) and soluble MD-2
(R&D Systems) in AIM V were stabilized by the addition of sCD14 (R&D
Systems) in a mixture containing 10 �g LPS/200 �l/106 cells, 0.2 �M
MD-2, and 1.0 �M sCD14 in AIM V. Cells were stimulated with �1PI or
with LPS mixture at 37°C, 5% CO2 for 0, 15, 30, 45, or 60 min in micro-
plates or in microfuge tubes that had been precoated using 10% FBS to
prevent adherence.

HIV-1 infectivity

Before the addition of HIV-1 NL4–3 (TCID50 � 105.17, Advanced Bio-
technologies), 106 cells/tube were stimulated with LPS mixture for 60 min
in AIM V serum-free medium. Pelleted cells were incubated with 2–5 �l
HIV-1 for 2 h at 37°C in a humidified chamber containing 5% CO2 in the
presence or absence of 8 �M T-20 fusion inhibitor (National Institutes of
Health AIDS Research and Reference Program) and in the presence or
absence of 100 �M �1PI (Sigma-Aldrich, Cat. no. A9024). Cells were
washed free of virus with PBS, resuspended in 2.5 ml AIM V serum-
free medium containing the original concentrations of �1PI, LPS,
MD-2, and sCD14 present during infection. Culture supernatants were
collected every other day for 10 days and stored at �80°C for analysis
of p24 Ag (ZeptoMetrix) or RT activity (ENZCheck; Invitrogen Life
Technologies).

Results
Immunolocalization of HLE, CatG, and NF-�B p50

As we have previously demonstrated using TEM, HLECS localizes
to the plasma membrane of plus clone 10 (Fig. 1A) (2). In contrast,

HLE never localized to the plasma membrane of unstimulated
clone 17, but instead was found clustered in structures resembling
granules (HLEG) (Fig. 1C). Similarly, we show here that CatG was
uniquely associated with the plasma membrane of clone 10
(Fig. 1B) and was clustered in granule-like structures in clone
17 (Fig. 1D). Both HLE and CatG were found in the nuclei of
both clones, and HLE was found specifically associated with
nucleoli (data not shown). In addition, CatG was found in rough
ER (data not shown). NF-�B p50 was distributed throughout the
cytoplasm and nucleus of both clones. Interestingly, in both
clones, NF-�B p50 was concentrated near the cell surface
plasma membrane on the cytoplasmic side and associated with
mitochondria (data not shown) as we have previously demon-
strated (13).

Phagocytosis and killing of opsonized bacteria

To determine whether HLECS exhibits microbicidal activity as
HLEG does, U937 subclones were examined for bacterial uptake
and killing. Opsonized P. gingivalis was labeled with DAPI and
incubated with cells in the presence of acridine orange and PI.
Slides were prepared and examined by fluorescence microscopy
(Fig. 2) for the presence of live bacteria (blue), dead bacteria or
cells (PI), and viable cells (green). For plus clone 10, only live
bacteria were detected and were found on the cell exterior, never
internalized, indicating this clone is not capable of phagocytosis
(Fig. 2A). Granules were not detected in these cells by acridine
orange, a result consistent with the lack of granules detected
by TEM.

In contrast, images of the minus clone 17 revealed clusters of
intracellular bacteria, some of which were dead. Granules were
visible by acridine orange, confirming their presence as detected
by TEM. The presence of killed bacteria is evidence that the minus
clone has the capacity to produce an oxidative burst, and is thus
competent for phagocytosis and lysosomal fusion.

FIGURE 1. Immunolocalization of NF-�B p50, HLE, and CatG. A–D,
HLE (A) and CatG (B) were detected only on the cell surface of plus clone
10. HLE (C) and CatG (D) were detected only in the intracytoplasmic
compartment of unstimulated minus clone 17. E, HLE, in response to
LPS treatment, translocated to the cell surface of minus clone 17. F,
NF-�B p50 was detected in the nucleus and in proximity to the cyto-
plasmic membrane of the unstimulated plus clone. Each bar represents
0.1 �m. Cells were prepared for TEM in three separate experiments,
examined independently by two investigators, and representative im-
ages are presented.

FIGURE 2. Phagocytosis and killing of opsonized bacteria. A, Live,
opsonized bacteria were detected only exterior to plus clone 10 and
were not phagocytosed. Granules and internalized bacteria are visual-
ized using acridine orange (green), live bacteria using DAPI (blue),
and dead bacteria using PI (red). B, Opsonized bacteria were
phagocytosed and killed by minus clone 17. Bacteria can be seen both
inside (green) and outside the cell (blue). One phagosome designated by
arrow contains dead bacteria (red). Cells and bacteria were exam-
ined by two investigators independently in more than three separate
experiments, and representative images are presented. Bar represents
20 �m.
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Adherence stimulated by chemokines and serine proteinase
inhibitors

Because cellular adherence is Ca2� independent and is the initi-
ating event in cell motility, receptor responsiveness to various che-
moattractants was examined by adherence of clones 10 and 17 to
glass coverslips. Cells were harvested from tissue culture and
washed free of serum using HBSS. As expected, adherence oc-
curred in the presence or absence of Ca2� and Mg2� (data not
shown). Chemotaxis occurs as a kinetically defined sequence of
adherence and release. Because adherence was measured in the
absence of Ca2� and Mg2�, the absence of adherence in response
to an agonist under these conditions may be interpreted to result
from the absence of participation of the cognate receptor as an
initiating event in cell motility.

Both the plus and minus clones have been shown to be chemo-
tactic in response to CXCL12, although the responses differ in
intensity and optimal concentration (14). The plus clone was found
in this study not to be adherent in response to any chemokines
examined including CXCL12 (Fig. 3 A). In contrast, adherence
of the plus clone was found to be stimulated by �1PI with an
optimal concentration of 1.25 nM/1 � 105 cells (Fig. 3, A and
C) and by C1 esterase inhibitor (data not shown) with optimal
concentration 0.1 nM/1 � 105 cells. Neither antithrombin III
(ATIII) nor the CatG inhibitor �1ACT stimulated adherence of
the plus clone (Fig. 3A).

Adherence of the minus clone 17 was found to be stimulated by
CXCL12, minimally by CCL4, but not by other chemokines (Fig.
3A). The optimal concentration for CXCL12 was 12.5 nM/1 � 105

cells. The minus clone was adherent in response to ATIII with an
optimal concentration of 0.01 nM/1 � 105 cells, but no response
was noted with �1PI, �1ACT (Fig. 3A), or C1 esterase inhibitor
(data not shown). Differences in CXCL12 sensitivity/affinity/reac-
tivity cannot be the result of receptor level, as the U937 plus and
minus clones constitutively express sufficient levels of the
CXCL12 receptor CXCR4 (100%, MFI 60 and 142, respectively)
and CD4 (80%, MFI 215 and 248, respectively) (1, 2). In earlier
reports, HLE facilitated detachment of adherent neutrophils (15)
and HLE inhibitors suppressed neutrophil chemotaxis (16). We
examined adherence of U937 subclones in the presence of a panel
of HLE ligands (Fig. 3B). The synthetic inhibitor MAAPVCK with
specificity for HLE-like proteinases stimulated adherence of the
plus clone with an optimal concentration of 100 nM/1 � 105 cells.
In contrast, the synthetic inhibitor TPCK with specificity for chy-
motrypsin-like proteinases stimulated adherence of the plus clone,
but exhibited a dose response lacking in optima. These results are
consistent with the promiscuous proteinase interactions of TPCK.
The minus clone was not adherent in response to either
MAAPVCK or TPCK, and these results are consistent with the
absence of detectable HLECS, CatG, or other cell surface granule
proteins recognizing these ligands.

Interestingly, the plus clone was found to be adherent in re-
sponse to the HIV fusion peptide FLGFL (solubilized in 10% eth-
anol) with an optimal concentration of 1 �M/1 � 105 cells, but not
in response to a similar thrombin agonist peptide, SFLLRN. Con-
trol studies established that adherence of cells was not influenced
by 10% ethanol. The minus clone was not adherent in response to
either FLGFL or SFLLRN.

Two known �1PI receptors expressed on U937 cells are HLE
and the well-characterized scavenger receptor, �2M receptor/low
density lipoprotein receptor-related protein (LRP) (17). LRP has
been shown to be involved in the binding and uptake of proteinase-
complexed proteinase inhibitors including HLE-complexed �1PI,
CatG-complexed �1ACT, thrombin-complexed ATIII, and C1s-

complexed C1 esterase inhibitor. Both the proteinase and inhibitor
are inactivated by complexation, and it is the inactivated proteinase
inhibitor that binds LRP. Each purified preparation of proteinase or

FIGURE 3. Adherence to glass in response to chemokines and serine
proteinase inhibitors. A, Adherent cells were enumerated in response to
chemokines CXCL12� (F), CCL3 (f), CCL4 (Œ), and CCL5 (�) or in
response to proteinase inhibitors �1PI (Œ), ATIII (f), and �1ACT (F).
Values represent the mean difference between stimulated and unstimu-
lated adherence. Bars represent SDs. B, Plus clone 10 (F), but not
minus clone 17 (f), was stimulated to adhere by MAAPVCK, a syn-
thetic peptide inhibitor for HLE and by TPCK, a synthetic peptide in-
hibitor for chymotrypsin. Plus clone 10 (F), but not minus clone 17 (f),
was stimulated to adhere in response to the HIV fusion peptide
(FLGFL). The HIV fusion peptide FLGFL was solubilized in 10% eth-
anol, and unstimulated adherence of cells incubated with 10% ethanol
in the absence of peptide was 36 � 6 cells/field. Neither subclone was
influenced by the thrombin agonist peptide (SFLLRN). Two different
preparations of �1PI were determined to be 32.7% (F) and 8.3% active
(f). C, Plus clone 10 stimulated by these two �1PI preparations re-
sponded to equivalent optimal concentrations of active �1PI, but dif-
ferent concentrations of inactive �1PI. Adherence was optimized for
each chemoattractant and adherence induced by each chemoattractant
was enumerated in more than three separate experiments.
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proteinase inhibitor is composed of a unique ratio of active and
inactive protein. To discriminate the adherence-inducing �1PI re-
ceptor HLECS, which recognizes the active form of �1PI and LRP,
which recognizes the inactive form, adherence of U937 subclones
was compared using two preparations of active-site standardized
�1PI which were 32.7% and 8.3% active. When the plus clone was
stimulated in parallel by these two preparations, adherence was
determined to be optimal at equivalent concentrations of active
�1PI (0.3 nM and 0.8 nM/1 � 105 cells), but at 13-fold different
concentrations of inactive �1PI (0.7 nM or 9.3 nM/1 � 105 cells)
(Fig. 3C). Because of their clonality, all cells should express equal
receptor numbers. Thus, we can conclude that it is the active frac-
tion, not the inactive fraction of �1PI, that is recognized by the
adherence-inducing receptor on the plus clone, and further, that the
responsible receptor is HLECS. In support of this result, the minus
clone, which does not express HLE on the cell surface, was not
adherent to either the active or inactive fraction of �1PI (data not
shown).

Ab array and phospho-epitope analysis

Despite relatively similar cell surface expression of chemotactic
receptors, the differences observed between the minus and plus
clones in response to various chemoattractants suggested differ-
ences in downstream signaling cascades. To investigate signaling
profiles, total cytosolic and membrane-associated proteins were
extracted from plus clone 10 and minus clone 17 and screened for
relative abundance using Ab microarray technology. Those cellu-
lar proteins, which were found in comparatively different abun-
dance, were further analyzed by Western blot to confirm identity

(data not shown). Several proteins necessary for chemotaxis, im-
mune synapse formation, and resistance to apoptosis were more
abundant in the plus clone than in the minus clone (Table I), and
this is consistent with the capacity for receptor clustering and cap-
ping on the plus clone (2). In contrast, glutathione s-transferase
was more abundant in the minus clone reflecting its capacity to
generate an oxidative burst as occurs during phagocytic bacterial
killing (18).

Comparison of phosphorylation profiles by Western blot anal-
ysis (Table II) and by flow cytometry of intracellular phospho-
epitopes (Fig. 4) demonstrated that a greater number of biological
signatures of the PI3K pathway were phosphorylated in the plus
clone than in the minus clone. The minus clone expressed the same
pattern of the PI3K signaling components with the exception of
Akt phosphorylated at Ser-473 which was not detected by either
Western blot or flow cytometry (Fig. 4A).

Both nonphosphorylated and phosphorylated p53 tumor sup-
pressor (residues Ser-9, Ser-15, and Ser-20) were detected in
the plus clone. Neither the Ser-6 nor Ser-392 phosphorylation
forms of p53 were detected in the plus clone. Whereas p53
Ser-15 was phosphorylated in the plus clone, it was not phosphor-
ylated in the minus clone as seen by Western blot analysis, and
further confirmed by flow cytometry of intracellular phospho-
epitopes (Fig. 4A).

Western blot analysis showed that the plus clone expressed
phosphorylated forms of SMAD2, STAT3, and cdc2 (data not
shown), although phosphorylation of STAT3 could not be con-
firmed by flow cytometry (data not shown). Not detected by West-
ern blot or flow cytometry in the plus clone were STAT1, STAT4,

Table I. Antigen abundance detected by antibody microarraya

Antigen Functions Clone 10 Clone 17

DNA fragmentation factor 45 (DFF45) Apoptosis; DNA fragmentation
PEX19 Negative regulation of p53 tumor suppressor

factor; peroxisome interactions
�

RAG-2 Rearrangement of TcR and immunoglobulin genes �
Ezrin Actin anchor to plasma membrane; Cell adhesion;

EGFR and TcR tyrosine kinase substrate;
Stabilization of the immunologic synapse

�

MRE11 DNA recombination and repair �
Farnesoid X Receptor 2 (FXR2) Nuclear receptor in cholesterol homeostasis �
LEDGF Expression of heat shock proteins; Strand transfer

cofactor of HIV-1 integrase
�

Neurexin1 Neuron synapse formation and signaling �
ECNOS/NOS type III Anti-apoptotic; Structural component of caveolae;

Inhibition of leukocyte adhesion
�

Glutathione-s-transferase Oxidative burst �

a Of 509 signaling proteins probed by antibody array, only these 10 proteins were detected to be of significant relative abundance and confirmed by Western blot
analysis.

Table II. Phosphorylated antigens detected by Western blot

Antigen Functions Clone 10 Clone 17

PI3K C2�, Akt, p42/p44 MAPK, p38
MAPK, PTEN, PDK1, and GSK3b

EGFR and TcR synapse; Stabilization of HLE/
CatG- induced platelet aggregation; Thrombin
induced mast cell adhesion; Cell motility

� �

SMAD2 Ser 463/465 TGF� signaling pathways � �
Cdc2 Tyr-15 Cell motility � �
STAT3 IFN, cytokine, and growth factor receptor signaling � �
p53 Ser-15 Cell cycle arrest to allow differentiation;

Apoptosis; DNA repair
�

NF-�B p65 Ser-529 Differentiation and apoptosis �
Akt Ser-473 Signaling through EGFR �
STAT5 Tyr-694 Hematopoiesis and differentiation; IL-6 expression �
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STAT5, STAT6, p38, or paxillin. The minus clone expressed
phosphorylated forms of SMAD2, STAT3, and STAT5 by West-
ern blot, although phosphorylation of STAT3 or STAT5 could not
be confirmed by flow cytometry. Not detected in the minus clone
by Western blot or flow cytometry were STAT1, STAT6, and pax-
illin. Taken together, these results suggest that intact receptor sig-
naling through the PI3K pathway exists in the plus clone in parallel
with anti-apoptotic components.

ERK 1/2 was phosphorylated in the plus clone, but not the mi-
nus clone (Fig. 4A). One of the pathways initiated by ERK phos-
phorylation is NF-�B activation. Phosphorylated forms of NF-�B
p65 and p50 were detected in the plus clone by Western blot (data
not shown). Although the minus clone expressed phosphorylated
NF-�B p50, almost undetectable levels of phosphorylated p65
were present. Interestingly, the lack of detectable phosphorylated
NF-�B p65 was previously suggested to be an artifact of the ex-
traction process whereby p65 was proteolytically cleaved at the
carboxyl terminus by HLEG or CatG in the minus clone, but not
the plus clone (10). To address this issue and to circumvent the
possibility of extraction-related degradation, intact cells were ex-
amined for NF-�B p65 phosphorylation using intracellular phos-
pho-epitope staining for flow cytometry. Examination of intact
cells confirmed that NF-�B p65 Ser-529 was phosphorylated in the

plus clone, but not the minus clone (Fig. 4B). The absence of
NF-�B p65 phosphorylation in the minus clone is difficult to rec-
oncile considering that LPS-stimulation of the minus clone is
known to confer HIV-1 permissivity (2) and HIV-1 transcription
requires phosphorylated NF-�B p65. To further determine whether
the clones maintain their ability to phosphorylate NF-�B p65 upon
LPS stimulation, cells were stimulated by LPS for various time
points and analyzed by phospho-flow. LPS stimulation induced
phosphorylation of NF-�B p65 Ser-536 in both plus and minus
clones (Fig. 4, C and D), but did not induce NF-�B p65 Ser-529
in the minus clone. LPS stimulation induced dephosphorylation
of NF-�B p65 Ser-529 in the plus clone concurrent with phos-
phorylation of Ser-536 (Fig. 4E). The C-terminal domain of
�1PI, like LPS, stimulates monocytes via CD14 and TLR4 (19).
Stimulation of the plus and minus clones by either �1PI or LPS
induced phosphorylation of NF-�B p65 Ser-536 equivalently
(Fig. 4, F and G). Costimulation with LPS and �1PI at various
time points gave no evidence of additive or synergistic effects
(data not shown).

HIV-1 infectivity of the LPS-stimulated minus clone

To further characterize the effects of LPS-stimulation on the minus
and plus clones, LPS-stimulated cells (as depicted in Fig. 4, B–D)
were additionally examined for in vitro HIV-1 infectivity. As ex-
pected, infectivity of clone 10 was adequately inhibited by the
T-20 fusion inhibitor (Fig. 5A). Furthermore, LPS-stimulation con-
ferred HIV-1 permissivity to minus clone 17. As we have previ-
ously demonstrated, detection of preintegration HIV-1 infectivity
by measuring RT enzymatic activity showed greater viral uptake
by the LPS-stimulated minus clone 17 than by an equivalent num-
ber of infected plus clone 10 cells, and neither the plus clone nor
the minus clone were infected by HIV-1 when �1PI was omitted
from serum-free medium (data not shown and Ref. 2). Interest-
ingly, p24 Ag measurement showed that the minus clone produced
considerably less p24 than an equivalent number of infected plus
clone 10 cells suggesting virion production by the minus clone was
not as efficient as the plus clone.

Discussion
The most dramatic difference we found that distinguishes plus
clone 10 from minus clone 17 is the capability of the minus clone

FIGURE 4. Constitutive and induced phosphorylation. A, Constitu-
tively phosphorylated ERK 1/2, p53, and Akt Ser-473 were detected in plus
clone 10 (red), but not minus clone 17 (green). B, NF-�B p65 Ser-529 was
constitutively phosphorylated in plus clone 10 (red), but not minus clone
17 (green) or LPS-stimulated minus clone (blue). C, Constitutive
NF-�B p65 Ser-536 phosphorylation was at a low level in plus clone 10
(red), and was induced by LPS stimulation (blue). D, Constitutive
NF-�B p65 Ser-536 phosphorylation was minimal in minus clone 17
(green) and was induced by LPS stimulation (blue). E, In plus clone 10,
constitutively phosphorylated NF-�B p65 Ser-529 (red) was dephos-
phorylated by incubation with LPS (green) or �1PI (blue). In both plus
clone 10 (F) and minus clone 17 (G), phosphorylation of NF-�B p65
Ser-536 was induced by �1PI (blue) as equivalently as by LPS (green).
Analysis of phospho-epitopes by flow cytometry was performed at least
three times by three investigators independently using different instru-
ments and different settings.

FIGURE 5. RT activity and p24 accumulation by the LPS-stimulated
minus clone. Plus clone 10 (A) or LPS-stimulated minus clone 17 (B)
were infected with HIV-1 in serum-free medium containing �1PI (F),
�1PI, and the T-20 fusion inhibitor (E), or containing no �1PI (not
depicted). Infectivity was performed at least three times, and outcome
was determined using p24 Ag capture or RT activity. Representative
results are presented.
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to phagocytose and kill opsonized bacteria, a process involving
complement receptors CR1 (CD35) and CR3 (CD11b/CD18,
Mac-1, �M�2 integrin) (20). Polarization of the plasma membrane
commits molecular processes to specific membrane loci such that
cells that are undergoing phagocytosis are incapable of simulta-
neously migrating, and vice versa. Productive uptake of HIV-1
involves the polarization of chemokine receptors which, so far,
have not been shown to be a general feature of phagocytosis (21).
Furthermore, uptake of HIV-1 by phagocytosis does not result in
productive infection (22). Our results herein suggest that, in addi-
tion to proteolytic attack, HIV-1 replication may also be blocked
after phagocytic uptake because of inherent differences in cell sig-
naling pathways. Heretofore, no studies have undertaken direct
comparisons of the receptor-mediated signaling profile that accom-
panies cell attachment to phagocytic particles and predicates mi-
crobicidal activity vs the profile that accompanies cell attachment
to tissue matrix and predicates cell migration.

On one hand, phagocytosis involves progressive adherence and
extension of the plasma membrane pseudopods along the particle
surface until they fuse at their tips to form a phagosome. The
characteristic receptors known to mediate phagocytosis recognize
Ig or complement fragments that accumulate on bacterial surfaces.
The binding of these receptors to their ligands results in receptor
clustering in the phagocytic cup, and this clustered arrangement
promotes focal phosphorylation, which subsequently induces the
PI3K signaling pathway (20) and counterclockwise propagation of
Ca2� waves along the entire internal plasma membrane of the cell
(23). Exocytosis of lysosomal vesicles and granules to the phago-
some precedes sealing of the phagosomal space (24).

Cell migration, in contrast, results from selective and sequential
activation and deactivation of receptors (25), consequent polar seg-
regation of related membrane proteins to the leading edge or trail-
ing uropod, and both clockwise and counterclockwise propagation
of Ca2� waves along the internal surface of the plasma membrane,
which initiate from different locations within the cell (23). Endo-
cytosis of receptors at the trailing edge and their subsequent exo-
cytosis to the leading edge has been proposed to explain endosome
receptor recycling as well as providing for the expansion in mem-
brane surface area necessary for extending the cell forward (26). In
contrast, this endocytic/exocytic process occurs randomly in sta-
tionary cells (27), suggesting involvement of discrete receptors as
opposed to the involvement of cocapped receptors that occurs dur-
ing directional movement. HIV-1 preferentially binds cocapped
receptors and was detected both at the leading and trailing edge of
the cell (2), and this evidence suggests HIV-1-uptake may occur
during the routine process of cell migration vs uptake by discrete
receptors on stationary cells.

Although plus and minus clones express similar numbers of
CXCR4 and CD4 receptors, only the minus clone was found to
attach to CXCL12-coated coverslips, and only the plus clone was
found to have the ability to attach to HIV-1 fusion peptide-coated
coverslips. Whereas CXCL12 was shown in this study to stimulate
adherence of the minus clone, but not the plus clone, the chemo-
taxis index stimulated by CXCL12 has been previously found to be
substantially greater for the plus clone than for the minus clone (1,
14). This suggests that during chemotaxis of the plus clone,
CXCL12 exerts its effect at a step subsequent to initial adherence,
and that during chemotaxis of the minus clone, CXCL12 exerts its
effect during the initial step of adherence. These results suggest
that HIV-1 plus and minus subclones use different activation path-
ways during the attachment step that initiates chemotaxis.

Two important conclusions can be drawn from these results re-
garding HIV-1 uptake. First, because CXCR4 participates in cell
attachment on one clone and not the other, CXCR4 is performing

two independent activities during the process of cell migration,
perhaps simply due to dimerization characteristics. Second, despite
its expression of CD4 and CXCR4, in its unstimulated state, the
minus clone is lacking in a principal plasma membrane arrange-
ment that allows either binding to or direct insertion of the fusion
peptide.

Although the current model suggests that HIV-1 entry proceeds
via direct insertion of the fusion peptide, direct insertion occurs
when the virus is in great excess and is likely not the only mech-
anism and probably not the primary mechanism of productive
HIV-1 uptake. Because the plus clone, but not the minus clone,
was adherent to HIV fusion peptide FLGFL, those cell surface
molecules (proteins or lipids) that bind the hydrophobic HIV-1
fusion peptide are either absent or expressed differently on the
minus clone. Significantly, these results suggest the HIV-1 fusion
domain specifically interacts with a component that is absent from
the plasma membrane of the minus clone. Further, because the
fusion peptide specifically and saturably binds HLECS (2, 28),
HLECS-mediated entry provides one mechanism for productive
HIV-1 uptake. This assertion is corroborated by the presence of
HLEcs in the plus clone (whether stimulated or not) and in the
minus clone only upon stimulation as well as by evidence that
HIV-1 infectivity is facilitated by the active fraction of �1PI (2)
and is inhibited by the inactive fraction of �1PI (29).

Comparison of plus and minus clone signaling profiles suggests
that in addition to differences in receptor localization, HIV-1 re-
lated signaling differences also exist. Best known for its activity in
tumor suppression and apoptosis, p53 phosphorylated at Ser-15
was expressed only in the plus clone. PEX19, also exclusively
expressed in the plus clone, is a negative regulator of p53 activity
(30). Specific genes affected by p53, which act as key regulators of
hematopoiesis, are CCAAT/enhancer binding protein � (C/EBP�)
and PU.1, a member of the Ezb transformation-specific sequence
family of transcription factors, which regulate expression of HLE
and CXCL12. PU.1 activity regulates cell adhesion and phagocy-
tosis, endocytosis, and myeloid and lymphoid development, a pro-
cess requiring adhesion to stromal cells mediated by the HLE/
CXCL12 axis of cell motility/hematopoiesis (31), and this suggests
HLECS and p53 may coordinate in regulating proliferation, differ-
entiation, and apoptosis.

In the absence of NF-�B activation, LTR transcription of Clade
B HIV-1 is severely, if not completely, impaired, and this is true
of actively as well as latently infected cells (32). Herein, we show
that NF-�B p65 Ser-529 is constitutively phosphorylated in the
plus clone, but is not phosphorylated in the minus clone even fol-
lowing LPS stimulation (Fig. 5). In fact, both LPS and �1PI in-
duced dephosphorylation of Ser-529 in the plus clone. At present,
there are 19 known phosphatases that regulate NF-�B activity, and
at least one of these, PP2A, is endogenously found in complex
with NF-�B p65 where it was found to selectively dephosphorylate
Ser-536, as opposed to Ser-276 (33). However, dephosphorylation
of Ser-529 was not examined by these authors. Concurrently, both
LPS and �1PI induced phosphorylation of Ser-536 in the plus and
minus clones (Fig. 4, F and G) thereby facilitating p65 transloca-
tion to the nucleus in a manner previously determined to be inde-
pendent of I�B� or NF-�B p50 (34). Both LPS and �1PI were
needed to confer HIV-1 permissivity to the minus clone, and this
suggests that each provided an independent component required
for HIV-1 uptake. Because the LPS-stimulated minus clone exhib-
ited greater RT activity than the plus clone (2), but less p24 ac-
cumulation, we propose that HIV-1 binding, entry, and RT activity
may be related to HLECS localization and signaling events in re-
sponse to �1PI-induced receptor cocapping.
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In addition to NF-�B nuclear translocation, NF-�B posttransla-
tional modification contributes to regulating target gene expres-
sion. It has been determined by others that lack of sufficient phos-
phorylation of NF-�B p65 Ser-536 results from deficient ERK
content in murine epidermal cells which in turn contributes to low
levels of IKK� (35), a finding supported herein using human
promonocytic cells. Significantly, these authors demonstrated in an
NF-�B transient transfection model that NF-�B transactivational
activity was abolished by blocking phosphorylation of p65 Ser-
536, but not Ser-529 (35). This structural analysis and the evidence
presented herein suggest that productive HIV-1 uptake and p24
production efficiency may be related to NF-�B p65 phosphoryla-
tion. In situ manipulation of NF-�B phosphorylation sites during
each step of interaction between HIV-1 and its various host cell
types are necessary to further define the relationship between
HIV-1 expression and NF-�B phosphorylation.
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