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ABSTRACT Gut-homing �4�7
high CD4� T lymphocytes have been shown to be

preferentially targeted by human immunodeficiency virus type 1 (HIV-1) and are im-
plicated in HIV-1 pathogenesis. Previous studies demonstrated that HIV-1 envelope
protein gp120 binds and signals through �4�7 and that this likely contributes to the
infection of �4�7

high T cells and promotes cell-to-cell virus transmission. Structures
within the second variable loop (V2) of gp120, including the tripeptide motif LDV/I,
are thought to mediate gp120-�4�7 binding. However, lack of �4�7 binding has
been reported in gp120 proteins containing LDV/I, and the precise determinants of
gp120-�4�7 binding are not fully defined. In this work, we report the novel finding
that fibronectins mediate indirect gp120-�4�7 interactions. We show that Chinese
hamster ovary (CHO) cells used to express recombinant gp120 produced fibronectins
and other extracellular matrix proteins that copurified with gp120. CHO cell fi-
bronectins were able to mediate the binding of a diverse panel of gp120 proteins to
�4�7 in an in vitro cell binding assay. The V2 loop was not required for fibronectin-
mediated binding of gp120 to �4�7, nor did V2-specific antibodies block this interac-
tion. Removal of fibronectin through anion-exchange chromatography abrogated V2-
independent gp120-�4�7 binding. Additionally, we showed a recombinant human
fibronectin fragment mediated gp120-�4�7 interactions similarly to CHO cell fi-
bronectin. These findings provide an explanation for the apparently contradictory
observations regarding the gp120-�4�7 interaction and offer new insights into the
potential role of fibronectin and other extracellular matrix proteins in HIV-1 biology.

IMPORTANCE Immune tissues within the gut are severely damaged by HIV-1, and
this plays an important role in the development of AIDS. Integrin �4�7 plays a major
role in the trafficking of lymphocytes, including CD4� T cells, into gut lymphoid tis-
sues. Previous reports indicate that some HIV-1 gp120 envelope proteins bind to
and signal through �4�7, which may help explain the preferential infection of gut
CD4� T cells. In this study, we demonstrate that extracellular matrix proteins can
mediate interactions between gp120 and �4�7. This suggests that the extracellular
matrix may be an important mediator of HIV-1 interaction with �4�7-expressing
cells. These findings provide new insight into the nature of HIV-1–�4�7 interactions
and how these interactions may represent targets for therapeutic intervention.
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Gut-associated lymphoid tissues (GALT) are preferentially targeted by human im-
munodeficiency virus type 1 (HIV-1) (1, 2). Soon after invading GALT, HIV-1

depletes the majority of intestinal CD4� T lymphocytes and damages surrounding
tissues through bystander effects (3). This is believed to contribute substantially to
immune dysregulation, chronic inflammation, and the development of AIDS (4). CD4�
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T cells expressing the �4�7 integrin have been proposed to play a role in HIV-1’s
apparent tropism for GALT. First, �4�7

high cells traffic between peripheral mucosal sites
and GALT, largely due to an interaction between �4�7 and mucosal vascular addressin
cell adhesion molecule 1 (MAdCAM-1) expressed on gut vasculature (5, 6). For this
reason, �4�7

high cells may facilitate viral spread from mucosal portals of entry to
intestinal sites. Consistent with this, the frequency of �4�7

high lymphocytes within
genital tissues correlates with infection risk in vivo (7, 8). Second, it has been demon-
strated that the �4�7

high memory CD4� T cell subset is more susceptible to HIV-1
infection than �4�7

� cells in vitro (9). This is also supported by studies that demonstrate
preferential infection of �4�7

high cells in vivo (10–12). Because these cells are present at
high density in the gut (13) and are highly susceptible to HIV-1 infection, they may
facilitate HIV-1 propagation throughout GALT.

Binding between �4�7 and the gp120 subunit of HIV-1 envelope protein has been
described (14–20). This interaction has been proposed to enhance HIV-1 infection either
by facilitating virus attachment to cells or by activating �4�7-mediated signaling.
Notably, the monoclonal antibodies (MAbs) Act-1 and natalizumab, which block �4�7

and the �4 integrin chain, respectively, did not significantly inhibit HIV-1 infectivity in
vitro (9, 21, 22). In contrast, targeting �4�7 with Act-1 in macaques infected with simian
immunodeficiency virus (SIV) resulted in lower virus titers and significant improvements
in CD4� T cell numbers, as well as prevention of mucosal virus transmission (23–25).
These different effects of �4�7 inhibition in vitro and in vivo argue against �4�7

functioning as a virus attachment factor. Furthermore, a recent study reported that a
small-molecule inhibitor of �4�7 failed to inhibit infection in vivo, similarly to Act-1 (26).
While both Act-1 and this small molecule blocked ligand binding to �4�7, the small
molecule initiated �4�7-mediated signaling, whereas Act-1 blocked this signaling. This
finding suggests that �4�7-mediated signaling may play an important role during
infection in vivo and further argues against a role for �4�7 as a virus attachment factor.
In support of this in vivo finding, gp120 has been demonstrated to initiate �4�7 signal
transduction, leading to LFA-1 activation in vitro. This mechanism has been proposed
to contribute to cell-to-cell transmission of HIV-1 and the preferential infection of
�4�7

high memory CD4� T cells (14).
At present, the precise determinants of gp120-�4�7 interactions are not fully

understood. The interaction is thought to be mediated by structures within the second
variable loop (V2) of gp120, including the conserved tripeptide sequence LDV/I (14).
However, the reactivity of gp120 to �4�7 is reported to vary considerably among gp120
proteins from different strains, and many gp120 molecules containing LDV/I have no
measurable �4�7 binding (14, 27). It is thought that �4�7 reactivity may be strain
specific and modulated by factors including the length of the V2 loop, the presence or
absence of N-linked glycans (in variable regions 1, 2, and 4 and conserved region 3 of
gp120), and the specific glycoforms present on gp120 (28). These factors are hypoth-
esized to affect �4�7 binding by altering the conformation and exposure of LDV/I. More
recently, additional determinants in both the V2 and V3 loops have been proposed to
participate in �4�7 binding (18, 19). Although the nature of the interaction between
gp120 and �4�7 is not fully understood, it is clear that any such interaction depends on
more than the simple presence or absence of the LDV/I sequence.

In the present work, we sought to understand the nature of gp120-�4�7 binding in
greater detail. We determined that CHO cells used to produce recombinant gp120 also
produced cellular proteins with high �4�7 binding reactivity, and these proteins
copurified with gp120 by lectin chromatography. Importantly, we discovered that these
CHO cellular proteins were capable of mediating indirect interactions between �4�7

and HIV-1 envelope proteins. The proteins responsible for this indirect interaction
included an �4�7-reactive isoform of fibronectin and other extracellular matrix com-
ponents. These findings provide evidence that extracellular matrix proteins may me-
diate interactions between HIV-1 envelope proteins and �4�7 and offer new insight into
the potential role of �4�7 in HIV-1 pathogenesis.
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RESULTS
The �4�7 binding properties of 93MW959 gp120 depend on protein purifica-

tion conditions. Lack of gp120-�4�7 reactivity has been reported in studies that used
recombinant gp120 purified by DEAE anion-exchange chromatography (27). In con-
trast, earlier reports of gp120-�4�7 reactivity utilized envelope proteins that were
purified without the DEAE anion-exchange step (14, 28). Here, we examined the effects
of DEAE chromatography in detail, using gp120 from the 93MW959 isolate (referred to
below as MW959), which is reported to have strong �4�7 binding properties (28).

MW959 gp120 was produced by transient transfection of CHO cells and prepared
with a three-step purification scheme. First, gp120-containing supernatant was purified
on a Galanthus nivalis lectin affinity column (GNA). Second, DEAE chromatography was
used to divide the GNA eluate into two fractions: DEAE flowthrough (material that did
not bind to DEAE) and DEAE eluate (material that bound and was subsequently eluted
from DEAE). Third, size exclusion chromatography (SEC) was used to analyze material
recovered at each of these purification steps.

GNA eluate yielded 3 distinct peaks when analyzed by SEC (Fig. 1A, blue chromato-
gram), and these were numbered 1 to 3 in ascending order of their apparent sizes.
DEAE chromatography separated peak 3 materials from peaks 1 and 2. DEAE flow-
through yielded two peaks that corresponded to peaks 1 and 2 of the GNA eluate (Fig.
1A, green chromatogram). DEAE eluate yielded a single peak on SEC that corresponded
to peak 3 of the GNA eluate (Fig. 1A, red chromatogram).

The products of SEC purification were analyzed with polyacrylamide gel electropho-
resis (PAGE) and Western blotting. The results from these analyses confirmed that peak
1 contained gp120 monomers and peak 2 contained gp120 dimers. Western blot
analysis showed the majority of recombinant gp120 was present in peaks 1 and 2,
whether or not DEAE was used (Fig. 1B). Native PAGE confirmed that peak 1 primarily
contained gp120 monomers and peak 2 primarily contained gp120 dimers, whereas
peak 3 contained a diffuse smear of high-molecular-weight material (Fig. 1C). Reduced
and denatured samples analyzed by SDS-PAGE showed that peak 1 and peak 2 both
contained a major band of 120 kDa, which was presumed to be gp120 (Fig. 1D). The
same analysis revealed that peaks 1 and 2 prepared without DEAE contained additional
contaminant bands that were not observed in material prepared with DEAE.

Material from each of these peaks was biotinylated and tested for �4�7 binding
activity in a flow cytometry-based cell binding assay, using the �4�7-expressing cell line
RPMI8866. Soluble MAdCAM-1–Fc fusion protein was used as a positive control for �4�7

binding. Specificity of binding was determined either by preblocking cells with the �4

integrin-blocking antibody 2B4 or by inhibiting integrins through removal of divalent
cations with EDTA-containing buffer. All 3 peaks purified without DEAE exhibited �4�7

binding activity (Fig. 1E). Binding was highest in peak 3, lower in peak 2, and lowest in
peak 1. In contrast, DEAE-purified gp120 monomers and dimers exhibited no �4�7

binding activity, but DEAE eluate exhibited high �4�7 reactivity (Fig. 1F). These results
demonstrated that MW959 gp120 prepared without DEAE appeared to react with �4�7,
whereas gp120 prepared with DEAE did not.

CHO produces �4�7-reactive cellular proteins. The above-mentioned results

suggested to us that CHO cells may produce �4�7-reactive substances that are copu-
rified with gp120. To test this, we prepared CHO-conditioned culture medium by
growing nontransfected cells under conditions identical to those used for gp120
purification and then processed the resulting medium with GNA affinity chromatogra-
phy, followed by SEC. The resulting CHO proteins yielded a major peak on SEC at the
same elution time as peak 3 in MW959 purification. CHO proteins were collected in 3
separate fractions corresponding to the elution times of peaks 1 to 3 in the MW959
gp120 purification (Fig. 2A). These fractions were biotinylated and tested for �4�7

binding activity on RPMI8866 cells. All the fractions exhibited �4�7 binding, with the
highest activity in fraction 3, lower activity in fraction 2, and the lowest activity in
fraction 1 (Fig. 2B).
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FIG 1 Effect of DEAE purification on �4�7 reactivity of MW959 gp120. MW959 gp120 produced in CHO cells
was analyzed at different stages of purification. (A) Overlay of UV chromatograms from size exclusion
chromatography. (B to D) Peaks 1 to 3 were collected as indicated for panel A and analyzed by Western
blotting (B), native-PAGE (C), and SDS-PAGE (D). Protein was loaded at 1 �g/lane for Western blotting and
5 �g/lane for native-PAGE and SDS-PAGE. Lanes: 1 to 3, peaks 1 to 3 from GNA eluate (�DEAE) or DEAE
fractionation (�DEAE); M, molecular mass markers. Peak 3 �DEAE is the material recovered from DEAE
eluate, and peaks 1 to 2 �DEAE are materials recovered from DEAE flowthrough. The Western blot was
probed with HIV-1� serum and detected with a chromogenic alkaline phosphatase substrate. (E and F)
Materials collected for panel A were biotinylated and tested by a flow cytometry assay for binding to the
�4�7-expressing cell line RPMI8866. (E) Cell binding of material in peaks 1 to 3 from GNA eluate. (F) Cell
binding of material in peaks 1 to 3 from DEAE fractionation. Binding was measured without inhibitors (No
Inhibitor), with �4�7-blocking antibody 2B4 (MAb 2B4), or with EDTA (EDTA). The dashed line indicates the
background signal from cells stained with neutravidin-PE in the absence of biotinylated proteins. MAdCAM-
1–Fc binding was included as a positive control for �4�7 binding. The cell binding results are the means and
standard deviations of 3 replicate measurements from a single representative experiment.
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FIG 2 CHO cells produce �4�7-reactive cellular proteins. Culture medium was conditioned by CHO cells and processed by GNA.
(A) Comparison of GNA eluates from MW959 gp120 (blue) and CHO cell-conditioned medium (red) analyzed by size exclusion
chromatography. CHO cell proteins were collected in 3 fractions, indicated by shaded areas in the red chromatogram. (B)
Binding of protein fractions collected for panel A to RPMI8866 cells. The results are the means and standard deviations of 2
separate experiments. (C) CHO cell proteins were fractionated by DEAE and analyzed by size exclusion chromatography. (D)
Binding of proteins collected for panel C to RPMI8866 cells. The results are the means and standard deviations of 3 separate
experiments. (E) SDS-PAGE analysis of fractions collected for panel A.
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These results demonstrated that CHO cells produce �4�7-reactive substances that
are enriched by GNA and comigrate with gp120 monomers and dimers on SEC. Because
�4�7 reactivity was not observed in DEAE-purified MW959 gp120, we tested the ability
of DEAE to capture and remove these �4�7-reactive substances. Similar to gp120
purification, CHO-conditioned medium was processed by GNA and DEAE, followed by
SEC. Minimal amounts of protein were recovered in the DEAE flowthrough (Fig. 2C, blue
chromatogram), while the majority of proteins were bound by DEAE and could be
recovered in the eluate (Fig. 2C, green chromatogram). CHO proteins recovered in the
DEAE eluate had a SEC elution profile similar to that of CHO proteins captured by GNA
(Fig. 2C, purple chromatogram). These fractions were assayed for �4�7 binding activity
as described above. The DEAE flowthrough had no detectable �4�7 binding, whereas
the DEAE eluate exhibited high �4�7 binding (Fig. 2D), and this indicated that DEAE is
capable of capturing �4�7-reactive CHO proteins. The three CHO protein fractions,
collected as shown in Fig. 2A, were analyzed by SDS-PAGE. Each fraction contained
multiple protein bands (Fig. 2E), and they were similar to the contaminant bands
observed in MW959 gp120 purified without DEAE (compare Fig. 1D). Overall, these
results suggested that the �4�7 reactivity of MW959 gp120 in our assays depended on
the presence of �4�7-reactive CHO proteins.

It has been reported that gp120 derived from human embryonic kidney 293
(HEK293) cells does not bind to �4�7, and we speculated that this may be due to a lack
of �4�7-reactive proteins produced by 293 cells (28). Thus, we examined whether
human embryonic kidney 293 cells produce �4�7-reactive cellular proteins. 293 cell
culture medium was prepared and analyzed as described above. Surprisingly, �4�7

binding activity was again detected (Fig. 3). However, we also observed that 293 cells
secreted fewer cellular proteins overall than CHO cells (91 � 14 �g/liter for 293 cells
versus 546 � 210 �g/liter for CHO cells). Additionally, in separate experiments, we
observed that recombinant gp120 yields were higher in 293 cells than in CHO cells
(MW959 gp120 production, 1,024 �g/liter for 293 cells versus 444.6 � 148.3 �g/liter for
CHO cells). From this, we concluded that �4�7 reactivity may not be readily observed
in 293 cell-derived gp120 because of a low relative abundance of cellular proteins, even
without DEAE purification.

Inhibitors of �4 integrins block binding of CHO cellular proteins. Several inhib-
itors have been used to demonstrate the specificity of gp120-�4�7 binding, and we
asked if these agents inhibit CHO cell protein binding, as well. First, we tested the
effects of the cyclic peptide CWLDVC. It is a competitive inhibitor of the LDV recogni-

FIG 3 293 cells produce �4�7-reactive cellular proteins. 293 cell-conditioned medium was processed by GNA and then
analyzed by size exclusion chromatography. (A) UV chromatogram showing 3 peaks of 293 cellular proteins collected by size
exclusion. (B) Binding of the proteins collected for panel A to RPMI8866 cells. The results presented are means and standard
deviations; the number of replicates for each sample is indicated.
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tion site of �4 integrins and has been used to demonstrate LDV-dependent �4�7

binding of gp120 (14, 29). CWLDVC completely inhibited MAdCAM-1–Fc binding to
RPMI8866 cells and inhibited the majority of CHO cell protein binding, as well (Fig. 4A).
The scrambled control peptide CDLVWC had no effect on either protein. These results
indicate that binding in our assays required the LDV recognition site of an �4 integrin.
EDTA was found in previous assays to inhibit CHO cell protein binding (Fig. 2B), and it
was included in these experiments as a control.

Next, we examined the effects of integrin-blocking antibodies. In previous assays,
we established that CHO cell protein binding could be blocked by MAb 2B4, which
inhibits the �4 integrin chain (Fig. 2B). We confirmed this result and also tested the
effects of MAb Act-1, which is specific for the �4�7 heterodimer (30, 31). Surprisingly,
Act-1 was found to inhibit only about half of the CHO cell protein binding signal but
completely inhibited MAdCAM-1–Fc binding (Fig. 4B). The high degree of inhibition
observed with MAb 2B4 and CWLDVC peptide, contrasted with the partial inhibition of
MAb Act-1, suggested that CHO cell proteins may bind through both �4�7 and the
related integrin �4�1. We tested this with MAb P5D2, which blocks the �1 integrin
chain. As expected, P5D2 had no effect on MAdCAM-1–Fc binding. P5D2 did, however,
inhibit about half of the CHO cell protein binding (Fig. 4B). When Act-1 and P5D2 were
combined, the effects were additive, and CHO cell protein binding was inhibited to the
same level as observed with MAb 2B4 (Fig. 4B).

These results suggest that CHO cell proteins are capable of binding to both �4�7

and �4�1. This is in contrast to other findings in which gp120-�4�7 binding is primarily
through �4�7 and is significantly inhibited by Act-1 (14). One important caveat to these
comparisons is that the present study used the RPMI8866 cell line while prior studies
used primary human peripheral blood mononuclear cells (PBMCs). Because receptor
expression or binding properties may differ between these cell types, direct compari-
sons cannot be made. In total, our experiments demonstrated that CHO cell protein
binding was blocked by inhibitors of �4 integrins and that copurified CHO cell proteins
can account for gp120-�4�7 binding signals under certain conditions.

CHO cellular proteins mediate indirect gp120-�4�7 binding. Mixing experiments
were carried out to better understand the reasons for lack of �4�7 reactivity in
DEAE-purified MW959 gp120. In these experiments, labeled (biotinylated) and unla-
beled (nonbiotinylated) components were mixed and tested for changes in binding
activity of the labeled component in the presence of the unlabeled component.

FIG 4 Inhibition of CHO cellular protein binding by �4 integrin inhibitors. (A) Binding of MAdCAM-1–Fc (blue) or CHO cell
proteins (green) to RPMI8866 cells in the presence of the cyclic peptide CWLDVC, scrambled control peptide CDLVWC, or
buffer containing EDTA. (B) Binding in the presence of antibody 2B4 (�4 integrin), Act-1 (�4�7 integrin), P5D2 (�1 integrin),
or a combination of Act-1 and P5D2. The results are the means and standard deviations of 3 separate experiments.
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Because cell staining was carried out with neutravidin-R-phycoerythrin (PE), only bio-
tinylated proteins in these mixtures were expected to produce a signal.

First, we ruled out the possibility that DEAE purification introduced �4�7-inhibitory
substances. To test this, unlabeled DEAE-purified MW959 gp120 monomers were mixed
with either labeled MAdCAM-1–Fc or labeled MW959 gp120 purified without DEAE. In
both cases, DEAE-purified material did not inhibit the binding signals (Fig. 5A), which
indicated that DEAE purification did not introduce �4�7-inhibitory activity.

We next asked if CHO cell proteins could modify the binding behavior of DEAE-
purified gp120. First, we verified that CHO cell fraction 3, which binds strongly to �4�7,
produced no signal when not biotinylated (Fig. 5B). Labeled DEAE-purified MW959
gp120, with no measurable �4�7 binding, was then mixed with unlabeled CHO cell
fraction 3. Surprisingly, we discovered a modest �4�7 binding signal when these

FIG 5 CHO cell proteins mediate indirect �4�7 binding. Biotinylated (labeled) and nonbiotinylated (unlabeled) proteins were
mixed, and binding of the labeled component was measured on RPMI8866 cells by neutravidin-PE staining. (A) DEAE-purified
MW959 gp120 was tested for �4�7-inhibitory activity. Binding of labeled MAdCAM-1–Fc or MW959 gp120 prepared without
DEAE was measured in the absence (solid bars) or presence (hatched bars) of 10 �g unlabeled DEAE-purified gp120. (B) CHO
cell proteins were tested for enhancement of �4�7 binding signals. Labeled CHO cell proteins produced binding signals (pink
bar), but unlabeled proteins did not (red bar). Binding of DEAE-purified MW959 gp120 was measured without CHO cell proteins
or with unlabeled CHO cell proteins combined with gp120 for 0 h or 2 h. (C) Wild-type MW959 gp120 was produced in CHO
and 293 cells, and MW959-ΔV2 with a deleted V2 loop was produced in CHO cells. Binding of these proteins was measured
with and without 2-h preincubation with unlabeled CHO cell proteins. (D) Binding of five non-HIV-1 proteins with and without
2-h preincubation with unlabeled CHO cell proteins. All the results are the means and standard deviations of 3 replicate
measurements.
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proteins were incubated for 2 h prior to being added to cells (Fig. 5B). The same effect
was not seen when the proteins were mixed directly on cells without preincubation
(Fig. 5B). Our interpretation of these results was that CHO cell proteins mediated
indirect gp120-�4�7 binding. Because an effect was seen only with 2 h of incubation,
we concluded that the interaction between gp120 and CHO cell proteins was slow
under these experimental conditions.

Because the V2 loop is implicated in gp120-�4�7 binding, we speculated that CHO
cell proteins may modulate the activity of the V2 loop in a way that enhanced �4�7

reactivity. If this were the case, we reasoned that gp120 without a V2 loop should not
produce an �4�7 binding signal in these mixing experiments. We examined this by
creating an MW959 gp120 mutant in which the majority of the V2 loop (amino acid
residues 161 to 185) was deleted. This mutant was designated MW959-ΔV2 and was
produced in CHO cells and purified with DEAE as described above. MW959-ΔV2 gp120
exhibited no �4�7 binding activity by itself but did produce an �4�7 binding signal in
mixing experiments with CHO cell fraction 3 (Fig. 5C). From this, we concluded that the
binding signal seen in mixtures of gp120 and CHO cell proteins did not require the V2
loop.

Next, we examined whether gp120 produced in 293 cells interacted with CHO cell
proteins. We speculated that 293 cell-derived gp120 may interact poorly with �4�7-
reactive cellular proteins, and this could contribute to the lack of �4�7 binding signals.
MW959 gp120 was produced in 293 cells and tested in mixing experiments with CHO
cell proteins, as described above, and was found to react similarly to CHO cell-derived
gp120 (Fig. 5C). This indicated that interaction between gp120 and cellular proteins was
not dependent on specific glycosylation patterns or other posttranslational modifica-
tions that might vary between expression systems. It also further supported the
hypothesis that low abundance of �4�7-reactive cellular proteins was the likely reason
for lack of binding observed in 293 cell-derived gp120.

After determining that CHO cell proteins interact with these MW959 gp120 prepa-
rations, we tested the specificity of this interaction with five non-HIV-1 proteins
(aldolase, horseradish peroxidase [HRP], bovine serum albumin, ferritin, and ovalbu-
min). These proteins were biotinylated and tested in mixing experiments as described
above. CHO cell proteins did not significantly increase the binding of aldolase or
horseradish peroxidase but did increase the binding of bovine serum albumin, ferritin,
and ovalbumin (Fig. 5D). These results indicated that CHO cell proteins can interact with
a variety of proteins, resulting in apparent �4�7 binding, and this interaction was not
specific to gp120.

Collectively, these experiments showed that CHO cell proteins are not only capable
of producing �4�7 binding signals by themselves, but also produce signals by medi-
ating indirect interactions between �4�7 and gp120. The indirect gp120-�4�7 binding
observed in the presence of CHO cell proteins seemed to be due to protein-protein
interactions that did not require the V2 loop or CHO cell-specific posttranslational
events, such as glycosylation.

CHO cell proteins mediate indirect gp120-�4�7 binding in a panel of diverse
HIV-1 envelopes. The above-described findings were based on gp120 from the
MW959 isolate and assays that used the RPMI8866 cell line. We next asked whether
these findings would extend to a variety of envelope proteins assayed with primary
CD4� �4�7

� T cells. Human PBMCs were acquired from two separate donors, and CD4�

cells were isolated from them. Primary CD4� T cells were activated with anti-CD3
antibody and cultured in the presence of interleukin-2 and retinoic acid. The expression
levels of relevant receptors were then measured by flow cytometry. Cells from both
donors expressed high levels of CD4, �4�7, and the marker of cell activation CD45RO
(Fig. 6A). CCR5 was not detected on cells from donor number 1 but was detected on
approximately half of the cells from donor number 2 (Fig. 6A). MAdCAM-1–Fc bound to
cells from both donors at similar levels. As expected, MAdCAM binding was not
inhibited by the CD4-blocking antibody leu3a but was inhibited by a combination of
leu3a and 2B4 antibodies (Fig. 6B).
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A panel of DEAE-purified envelope proteins was assembled and included represen-
tatives from HIV-1 subtypes A, B, and C. It also included two fully synthetic envelopes:
the ancestral subtype B envelope AN1 (32) and an envelope based on a consensus of
group M sequences (M.CON-S.d11) (33). We primarily included gp120 monomers, but
also included the BG505.T332N.664 SOSIP trimer and corresponding BG505.T332N.664
SOSIP gp140 monomer (34). SF162 and 1086 gp120 proteins contained a deletion of
the first 7 N-terminal amino acids of the mature protein (d7 mutation), and M.CON-
S.d11 contained a deletion of the first 11 N-terminal amino acids (35). Additionally, the
panel contained proteins produced in CHO and 293 cells, as well as one SF162 envelope
produced in 293S GnT1�/� cells. All the proteins used in these experiments were
prepared with a DEAE purification step.

All of these envelope proteins displayed similar binding profiles on CD4� �4�7
�

cells (Fig. 7). In the absence of CHO cell proteins, all the envelopes produced a binding
signal that was completely inhibited by CD4 antagonism with leu3a. In the presence of
CHO cell proteins, the binding signal was mostly inhibited by leu3a but displayed
residual CD4-independent binding that was inhibited with the addition of �4�7-
blocking antibody. CHO cell proteins increased the total binding signal for all the
envelopes studied. For most envelopes, binding was increased by 4 to 10%; for 1086.d7,
binding was increased by 18%; and for MW959-ΔV2, binding was increased 45%.

FIG 6 Characterization of primary CD4� �4�7
� T cells. Human CD4� cells were enriched from PBMCs of two separate donors

and cultured in retinoic acid for 9 days prior to analysis. (A) Expression of CD4, �7 integrin, CD45RO, and CCR5 measured by
flow cytometry. (B) Binding of MAdCAM-1–Fc to cells from both donors. Binding was measured without inhibitors, with the
CD4-blocking antibody leu3a, or with a combination of leu3a and 2B4 antibodies.
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Increases in binding were statistically significant for SF162.d7.293, SF162.d7.GnT1�/�,
MW959-ΔV2, 1086.d7.CHO, and M.CON-S.d11.CHO (unpaired t test; P � 0.05). These
experiments showed that the majority of gp120 binding was through CD4 but that
overall binding could be enhanced by CHO cell protein-mediated interactions with
�4�7. In our assays, gp120-�4�7 binding required CHO cell proteins and was not
apparently influenced by other envelope-specific factors (HIV-1 subtype, monomeric or
trimeric envelope, and producer cell type).

DEAE-purified envelopes display intact V2 epitopes. Because the gp120-�4�7

interaction is hypothesized to involve LDV/I and possibly other structures within V2, we
conducted experiments to verify that DEAE-purified envelopes display intact V2
epitopes. Additionally, several distinct conformations of the V2 loop have been de-
scribed, and exposure of LDV/I may depend on these conformations (36–38). We
therefore also asked if DEAE purification selects for any particular V2 conformation and
if this could explain the lack of �4�7 reactivity in DEAE-purified envelopes.

FIG 7 CHO cell proteins mediate �4�7 binding signals in a diverse panel of HIV-1 envelopes. Shown is binding of 11 different
DEAE-purified envelope proteins to primary CD4� �4�7

� T cells. The means and standard deviations of single measurements
made on cells from both donors are presented. Binding was measured in the absence (blue bars) or presence (red bars) of
unlabeled CHO cell proteins. For both of these conditions, binding was measured without inhibitors, with leu3a antibody, or
with a combination of leu3a and 2B4 antibodies.
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A biolayer interferometry assay was used to measure the binding of several enve-
lope proteins to a panel of V2 antibodies. We included representatives from 3 antibody
classes that are able to distinguish V2 conformations: PG9 and PG16, which bind V2q
quaternary epitopes; CH58, which binds a V2p linear epitope; and 2158, which binds a
V2i conformational epitope that includes LDV/I (39). The antibody FI6v3 to influenza
virus hemagglutinin (HA) protein was included as a negative control, and CD4-IgG2
fusion protein was included as a positive control (40). No difference was observed
in the reactivity of biotinylated versus nonbiotinylated envelopes to any of these
antibodies, and aliquots of the same biotinylated envelopes used for cell binding
assays were used for biolayer interferometry. The results of these experiments are
summarized in Table 1.

All the envelopes bound to CD4 and were recognized by V2-specific antibodies,
which indicated that they were correctly folded. Strain-specific binding to V2 antibodies
was observed. Among the envelopes tested, there were representatives that bound to
each of the V2 antibodies. As expected, none of the envelopes bound to PG9 and PG16,
except for BG505 SOSIP trimer and BG505 gp120 monomer. PG9 and PG16 typically do
not react with monomeric gp120 but have been reported previously to react with
BG505 gp120 monomers (41).

These experiments confirmed that the DEAE-purified envelopes used in our assays
displayed intact and accessible V2 epitopes. With the exception of BG505 gp120, all of
them were the same envelope proteins used in our cell binding assays (Fig. 7). From
this, we concluded that lack of �4�7 binding could not be attributed to a gross defect
in the V2 loop or disruption of any particular V2 epitope by the additional DEAE
purification step. However, the V2 domain can adopt multiple conformations, and we
cannot exclude the possibility that specific V2 conformations required for �4�7 reac-
tivity were underrepresented in our protein preparations.

Monoclonal antibodies to V2 do not inhibit �4�7 binding signals. V2 monoclo-
nal antibodies, including MAb 2158, are reported to inhibit gp120-�4�7 binding in vitro
(15, 18). Based on this, we asked whether V2 antibodies inhibit �4�7 binding signals
seen in our assays with CHO cell proteins, perhaps by disrupting interactions between
gp120 and CHO cell proteins. The two V2-directed antibodies CH58 and 2158 were
tested in combination with gp120 in which antibody-gp120 interactions had been
confirmed by biolayer interferometry. Antibodies and gp120 were incubated for 1 h
prior to incubation with unlabeled CHO cell proteins, and then the mixtures were
assayed for �4�7 binding on RPMI8866 cells. With all of the envelopes tested, the
binding signal was increased by the addition of CHO cell proteins, but this was not
inhibited with the addition of V2 antibodies (Fig. 8). The V2 antibodies were additionally
tested against MAdCAM-1–Fc in a similar manner and did not inhibit MAdCAM binding
(Fig. 8).

Although these experiments were limited in scope, they indicated that under the
conditions we employed, V2 antibodies do not inhibit in vitro gp120-�4�7 binding, as
previously reported. Because the antibodies did not inhibit MAdCAM binding, we also
concluded they do not have general �4�7-inhibitory activity. While we were unable to
explain previous observations concerning V2 antibodies, these experiments indicate

TABLE 1 Envelope protein binding to conformation-dependent V2 antibodies

Protein (cell type)

Binding affinity constanta

FI6v3
(negative control)

CD4-IgG2
(positive control) MAb 2158 (V2i) MAb CH58 (V2p) MAb PG9 (V2q) MAb PG16 (V2q)

MW959 gp120 (CHO) NB 100.90 � 2.69 475.80 � 8.62 287.10 � 5.74 NB NB
SF162.d7 gp120 (CHO) NB 14.24 � 0.33 3.25 � 0.65 NB NB NB
1086.d7 gp120 (CHO) NB 10.36 � 0.33 23.79 � 0.29 7.93 � 0.14 NB NB
BG505 gp120 (293) NB 5.62 � 0.21 NB 90.97 � 0.78 25.35 � 0.74 190.8 � 2.52
BG505 SOSIP trimer (293) NB 27.42 � 0.56 NB NB 66.98 � 0.82 73.31 � 1.15
aBinding affinity constants (KD) and associated measurement errors are provided for gp120-antibody pairs in which binding was observed. NB, no binding detected at
1 �M concentration of envelope protein (shaded).
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that the indirect binding mediated by CHO cell proteins does not involve the V2 loop
and is not blocked by V2 antibodies.

CHO cells produce an �4�7-reactive isoform of fibronectin. Because CHO cellular
proteins were the main predictor of gp120-�4�7 binding in our assays, we sought to
identify which proteins were responsible for the �4�7 binding activity. We began by
generating lists of proteins present in CHO cell samples using a mass spectrometry (MS)
shotgun sequencing approach. Proteins in CHO cell fraction 3, which were largely
separated from gp120 monomers by SEC, were analyzed from a CHO cell-conditioned
medium sample. We additionally analyzed the CHO cell proteins that were coeluted
with MW959 gp120 monomers that could be removed by DEAE. For this, the order of
purification steps was changed: GNA eluate was first separated by SEC, the resulting
gp120 monomer fraction was passed through DEAE, and CHO cell proteins retained by
DEAE were eluted and analyzed.

The results of these experiments are summarized in Table 2. For the sake of brevity,
Table 2 lists only proteins that were identified by 30 or more independent spectra.
Additionally, even though keratin was detected, it was presumed to be a contaminant
of sample preparation and was excluded. Major components of CHO cell fraction 3
appeared to be extracellular matrix proteins, including the primary components of
basement membrane (proteoglycans, fibronectin, collagen, laminin, and nidogen). CHO
cell proteins coeluted with gp120 also contained many of these components, including
very large proteins (proteoglycans, fibronectin, and laminin). This indicated there was
likely a “trailing effect” with SEC, and not all of the high-molecular-weight components
were fully excluded from the position where gp120 monomers elute.

Out of the proteins identified, fibronectin was the only protein with known �4�7

interactions. Cells produce several variants of fibronectin by alternative RNA splicing,
and only some of them bind to �4�7 (42, 43). We therefore examined fibronectin in
further detail and asked whether CHO cells produced �4�7-reactive fibronectins.
Fibronectin-�4�7 binding occurs through the inclusion of the alternatively spliced type
III connecting segment (IIICS). Within IIICS is a sequence designated the CS1 peptide
that contains an LDV site required for �4�7 binding (44). We examined spectra from
CHO cell fraction 3 and found 11 independent and high-quality spectra containing the
complete fibronectin CS1 sequence (available via ProteomeXchange with identifier
PXD006060 [https://www.ebi.ac.uk/pride/archive/projects/PXD006060]). These results

FIG 8 V2-directed antibodies do not inhibit �4�7 binding signals. Binding of gp120 without CHO cell
proteins (open bars) was compared to binding with 2-h preincubation of gp120 and CHO cell proteins
(solid and patterned bars). One hour prior to adding CHO cell proteins, 4 �g of gp120 was mixed with
either 2 �g of MAb 2158 (cross-hatched bars), 2 �g MAb CH58 (hatched bars), or a matched volume of
buffer without antibody (solid bars). MAdCAM-1–Fc was similarly preincubated with MAbs 2158 and
CH58. The binding results are single measurements, except MAdCAM-1–Fc, which is the mean and
standard deviation of 2 measurements.
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TABLE 2 Characterization of CHO proteins by mass spectrometrya

Protein name

CHO fraction 3
Proteins coeluted with
gp120 monomers

Predicted
molecular
mass (Da)

Predicted
isoelectric
point

Total no. of
independent
spectra

% sequence
coverage

Total no. of
independent
spectra

% sequence
coverage

Extracellular matrix proteins
Basement membrane-specific heparan sulfate

proteoglycan core protein
1246 77.2 212 50.0 333,928 6.41

Fibronectin 463 64.5 137 43.3 273,332 5.46
Chondroitin sulfate proteoglycan 4 192 43.7 113 40.0 251,857 5.40
Laminin subunit alpha-5 172 38.3 90 18.2 405,634 6.49
Laminin subunit beta-1 88 39.6 61 27.7 178,018 4.76
Laminin subunit gamma-1 107 50.0 51 30.8 172,011 4.96
Collagen alpha-1(XII) chain (fragment) 70 31.5 �30 268,332 5.18
Nidogen 1 161 66.4 101 58.0 78,989 4.75
Tubulointerstitial nephritis antigen-like 113 75.1 �30 52,486 6.70
EMILIN 1 129 51.3 34 31.0 107,249 5.24
Thrombospondin 1 48 57.2 31 36.8 60,036 4.25
Matrix metalloproteinase 19 31 43.2 �30 58,905 7.71
Matrix metalloproteinase 9 30 36.1 152 60.8 78,844 5.60
Biglycan 37 45.5 �30 41,608 6.86
Agrin 67 37.6 �30 216,975 5.50
Latent-transforming growth factor beta-binding

protein 1
57 30.9 43 28.7 129,962 4.99

Enzymes
Peroxidasin-like 179 62.4 57 38.1 165,260 6.63
Beta-hexosaminidase �30 33 40.5 60,620 6.05
Carboxypeptidase D �30 39 27.8 123,366 5.79
Fatty acid synthase 93 36.9 �30 271,687 5.95
Protein-glutamine gamma-glutamyltransferase 2 63 62.4 33 49.7 77,161 5.11
Lipoprotein lipase 33 56.2 �30 50,490 7.95
Alpha-mannosidase �30 68 41.8 111,289 7.01
Neutral alpha-glucosidase AB �30 58 47.2 106,910 5.64
UDP-glucose:glycoprotein glucosyltransferase 1 �30 54 39.0 151,425 5.45
GAPDH (glyceraldehyde-3-phosphate

dehydrogenase)
46 57.6 �30 36,866 8.70

Pyruvate kinase 45 61.4 31 46.4 51,527 7.58
Beta-glucuronidase �30 296 73.1 74,756 6.28
CAD protein 55 30.3 �30 242,877 6.06
Lysyl oxidase-like 3 60 42.9 �30 87,990 6.80
Lysyl oxidase-like 4 45 45.2 �30 84,736 8.32
Lysosomal alpha-glucosidase �30 47 39.3 105,780 5.65

Chaperone and cellular stress-response proteins
FK506-binding protein 10 �30 44 44.9 64,677 5.43
Endoplasmin 32 36.7 74 52.8 92,565 4.74
Heat shock protein HSP 90-beta 36 46.8 �30 47,777 5.33
Clusterin �30 35 42.1 51,724 5.52
Hypoxia upregulated protein 1 62 43.9 156 63.3 111,395 5.11
78-kDa glucose-regulated protein �30 79 56.3 72,334 5.07

Cytoskeletal proteins
Actin, cytoplasmic 1 66 61.9 39 61.6 41,710 5.29
Tubulin alpha chain 35 65.0 37 59.4 50,090 4.94
Tubulin beta chain 35 67.3 42 70.0 49,639 4.78
Cytoplasmic dynein 1 heavy chain 1 (fragment) 40 11.2 �30 526,453 6.13

Cell surface membrane proteins
Neogenin �30 41 22.8 154,381 6.17
Desmoplakin �30 44 17.2 328,215 6.53
Protocadherin Fat 1 62 15.0 �30 506,399 4.82
CD109 antigen �30 122 50.9 161,764 5.84
Prolow-density lipoprotein receptor-related

protein 1
38 19.1 �30 245,831 5.10

(Continued on next page)
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confirmed that CHO cells produce an �4�7-reactive isoform of fibronectin. The exper-
imentally determined amino acid sequence of CHO cell fibronectin CS1 was DELPQLV
TLPHPNLHGPEILDVPST. Notably, this is 100% identical to the human fibronectin CS1
sequence (UniProtKB/Swiss-Prot accession no. P02751.4). Therefore, we concluded it
was highly plausible that the CHO cell fibronectins in our samples reacted with human
�4�7.

We next attempted to verify this with biochemical assays. First, CHO cell proteins
were fractionated by DEAE using stepwise elution with 100 mM, 200 mM, 300 mM, and
400 mM sodium chloride. The 200 mM fraction was found to retain the relevant binding
activity and was used for subsequent assays. Proteins were radiolabeled with 125I (Fig.
9A) and tested to ensure they retained �4�7 binding activity (Fig. 9B). Next, RPMI8866
cells were used to selectively capture the �4�7 binding components. For this, cells were
incubated with 125I-labeled CHO cell proteins and washed, and then the cell-bound
material was dissociated with buffer containing EDTA and CWLDVC peptide. The
dissociated material was then separated by SDS-PAGE and visualized by autoradiogra-
phy. The major component enriched on RPMI8866 cells appeared to be a 260-kDa band
(Fig. 9C). Additionally, a band of approximately 55 kDa also appeared to be retained on
RPMI8866 cells (Fig. 9C). A separate (nonradioactive) sample was separated by SDS-
PAGE, and the 260-kDa and 55-kDa bands were excised, digested, and analyzed by
liquid chromatography (LC)-MS. While these experiments were not carried out in a way
that allowed quantitative analysis, they did identify components that appeared to be
enriched relative to the unfractionated protein mixture. The two major components
enriched in the 260-kDa band appeared to be fibronectin (664 peptides) and chon-
droitin sulfate proteoglycan (867 peptides) (available via ProteomeXchange with iden-
tifier PXD006063 [https://www.ebi.ac.uk/pride/archive/projects/PXD006063]). The ma-
jor components enriched in the 55-kDa band appeared to be tubulointerstitial
nephritis antigen-like protein (276 peptides) and calreticulin (186 peptides) (avail-
able via ProteomeXchange with identifier PXD006062 [https://www.ebi.ac.uk/pride/
archive/projects/PXD006062]). Collectively, these findings were consistent with the
identification of fibronectin as the CHO cell protein responsible for �4�7 reactivity.

Heparin sulfate inhibits fibronectin-mediated gp120-�4�7 binding. Previous
reports indicated that gp120 binds to the C-terminal heparin binding domain of
fibronectin and that this can be inhibited with heparin sulfate (45). Based on this, we
tested the ability of heparin to inhibit gp120-�4�7 interactions mediated by CHO cell
fibronectin. Mixtures of 1086.d7 gp120 and CHO cell proteins were incubated for 2 h,
and then various concentrations of heparin sulfate were added and binding to
RPMI8866 cells was measured. Chondroitin sulfate, a glycosaminoglycan related to
heparin, was used as a control in these experiments.

TABLE 2 (Continued)

Protein name

CHO fraction 3
Proteins coeluted with
gp120 monomers

Predicted
molecular
mass (Da)

Predicted
isoelectric
point

Total no. of
independent
spectra

% sequence
coverage

Total no. of
independent
spectra

% sequence
coverage

Other intracellular proteins
Calreticulin �30 50 58.3 48,212 4.34
Cation-independent mannose-6-phosphate

receptor
�30 92 38.5 186,544 5.25

Elongation factor 2 46 45.2 �30 96,581 6.41

Other secreted proteins
Galectin-3-binding protein 244 54.4 69 53.0 63,761 5.06
Inter-alpha-trypsin inhibitor heavy chain H5 101 50.9 45 39.4 101,988 8.73
Serine protease HTRA1 44 48.1 �30 28,700 6.54
Olfactomedin-like protein 2B 35 40.7 �30 83,491 4.82

aShading, denotes proteins detected by 30 or fewer spectra.
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Heparin sulfate was able to inhibit fibronectin-mediated gp120-�4�7 binding in a
concentration-dependent manner (Fig. 10). The half-maximal inhibitory concentration
(IC50) of heparin was calculated as 0.25 �g/ml (95% confidence interval, 0.11 to 0.59
�g/ml). In contrast, chondroitin sulfate did not have a measurable inhibitory effect at
the concentrations tested. These experiments supported the hypothesis that gp120
interacted with the heparin binding domain of CHO cell fibronectin.

A recombinant human fibronectin fragment reproduces CHO cell protein bind-
ing behavior. Last, we asked if purified human fibronectin proteins could reproduce
the binding phenomena observed with CHO cell proteins. Three fibronectin proteins

FIG 9 Identification of fibronectin as an �4�7 binding component of CHO cell proteins. The CHO cell
proteins were labeled with 125I. (A) Comparison of proteins detected by autoradiography to 25 �g of
proteins stained with Coomassie blue. Five major bands present in the Coomassie-stained gel were also
identified by autoradiography, as indicated. (B) Proteins displayed �4�7-dependent binding to RPMI88666
cells after radiolabeling. (C) RPMI8866 cells were used to capture and identify �4�7 components. 125I-labeled
protein was captured on cells in the presence or absence of MAb 2B4, and then the cell-bound material was
dissociated and analyzed. Input protein was compared to cell-bound material by SDS-PAGE and autora-
diography. Shown are the original autoradiograph and a contrast-enhanced image. The cells retained a
major band of approximately 260 kDa and a minor band of 55 kDa.
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were chosen for study. First was human plasma fibronectin, which was not expected to
react with �4�7. Second was cellular fibronectins isolated from cultured human foreskin
fibroblasts. These fibronectins were expected to be a heterogeneous mixture and
potentially to contain �4�7-reactive isoforms. Last was retronectin, a chimeric recom-
binant human fibronectin fragment produced in Escherichia coli containing the cell
binding domain, C-terminal heparin binding domain, and CS1 peptide of human
fibronectin (TaKaRa) (46).

These three proteins were biotinylated and tested for �4�7 binding activity. As
expected, plasma fibronectin did not bind to RPMI8866 cells. Cellular fibronectin
produced a weak �4�7 binding signal, and retronectin produced a robust signal (Fig.
11A). The proteins were then tested for the presence of the CS1 peptide by Western
blotting. All the proteins reacted with polyclonal anti-fibronectin antisera, but only
retronectin reacted with monoclonal antibody to CS1 (Fig. 11B). Because retronectin
bound strongly to �4�7 and was verified to contain CS1, it was used in subsequent
assays. In mixing experiments, similar to those performed with CHO cell proteins, cell
binding was observed in mixtures of unlabeled retronectin and labeled MW959 gp120
or MW959-ΔV2 gp120 (Fig. 11C). These results confirmed that human fibronectins can
mediate indirect gp120-�4�7 interactions similarly to CHO cell proteins.

DISCUSSION

In this work, we provide evidence that extracellular matrix proteins, including
fibronectin, can mediate indirect interactions between gp120 and �4�7. We initially
observed that CHO cellular fibronectins, which copurified with gp120, could facilitate
binding of gp120 to �4�7. We then extended this observation and verified that a
recombinant human fibronectin fragment could also mediate gp120-�4�7 binding.
These observations help reconcile conflicting reports concerning gp120-�4�7 interac-
tions (14, 27) and at the same time raise the interesting possibility that the extracellular
matrix may play a role in mediating HIV-1–�4�7 contact in vivo. This may have
important implications with respect to �4�7 as a potential target for antiretroviral
therapy and vaccines.

It has been reported that the LDV/I amino acid sequence within the V2 loop
facilitates gp120-�4�7 interactions (14, 18, 19, 28). LDV/I is a well-conserved feature of
V2 and has been hypothesized to be a structural mimic of the integrin binding motifs
in MAdCAM-1 (LDT), VCAM-1 (IDS), and fibronectin (LDV) (14). In MAdCAM-1 and
VCAM-1, these sites coordinate magnesium cations that bind to the �4 integrin metal
ion-dependent adhesion site, while adjacent amino acid residues provide specificity

FIG 10 Heparin inhibits fibronectin-mediated gp120-�4�7 binding. 1086.d7 gp120 was incubated for 2
h with CHO cell proteins. Heparin sulfate or chondroitin sulfate was added at the indicated concentra-
tions 10 min prior to incubation with RPMI8866 cells. The results are the means and standard deviations
of three replicates; the red line is a best-fit curve of the heparin inhibition data.
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FIG 11 The recombinant human fibronectin fragment retronectin mediates gp120-�4�7 binding. (A)
Plasma fibronectin, cellular fibronectin, and retronectin were biotinylated and tested for binding to
RPMI8866 cells. The results of a single representative experiment are shown. (B) Western blot analysis of
plasma fibronectin (pFn), cellular fibronectin (cFn), and retronectin. Shown are two parallel blots
developed with either polyclonal fibronectin antiserum or monoclonal antibody to the fibronectin CS1
peptide; 1 �g of protein was loaded per lane. (C) Retronectin mediates gp120 binding to RPMI8866 cells.
Biotinylated retronectin (�biotin) produces a binding signal, and nonbiotinylated retronectin (�biotin)
does not. Binding of wild-type MW959 and MW959 with the V2 loop deleted was measured with
(hatched bars) and without (solid bars) 2-h preincubation with retronectin. The results are the means and
standard deviations of 3 replicate measures.
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that is critical for receptor binding (47, 48). Mimicry of integrin binding motifs has been
reported in several distantly related virus families and may be a common strategy used
to control host tropism (49); however, it is not known whether viruses use these motifs
as integrin contact sites or as sites that accommodate divalent cations. Within HIV-1
envelopes, LDV/I has been proposed to coordinate divalent cations. However, similar to
�4�7 binding with its native ligands, structures adjacent to the LDV/I site are likely
required for receptor binding. In support of this, it has recently been reported that
structures adjacent to LDV/I within short and cyclic V2 peptides promote binding to
�4�7 (18, 19). Additionally, the conformation of the V2 loop may impact �4�7 reactivity.
Our group (K. K. Lee and S.-L. Hu) has previously demonstrated that the V2 loop is
highly dynamic and flexible (50). Cocrystallization studies with V2 MAbs have revealed
both helical and �-strand conformations (51). These findings underscore the structural
heterogeneity of the V2 loop. Presently, it is not known which conformations of V2 may
mediate �4�7 binding. Among the recombinant envelope proteins employed in this
study, all contained an LDV/I site. Additionally, these envelope proteins presented
a diverse set of V2 conformations, as defined by their reactivity with a panel of
conformation-dependent V2 antibodies. Despite this, we did not detect �4�7 reactivity
in any of these proteins. This implies that LDV/I and other V2 structures within these
envelope proteins were not presented in a way that was accessible to �4�7. Further
studies are required to clarify if any specific V2 conformations may be required for �4�7

binding. Ideally, such studies would compare the �4�7 binding properties of DEAE-
purified gp120 and V2 peptides matched to those proteins.

Vaccine-elicited V2-specific antibodies have been correlated with reduced risk of
HIV-1 acquisition in the RV144 trial, but the underlying mechanism for this observation
remains unclear (52). One possibility is that V2-directed antibodies may disrupt HIV-1
engagement with �4�7 and thus contribute to protection. In support of this, a small
number of studies show gp120-�4�7 binding in vitro can be inhibited by V2-specific
antibodies. Specifically, it has been reported that MAb 697D and MAb 2158 both inhibit
binding of a clade A gp120 (18) and several mouse V2 MAbs inhibit binding of MN
gp120 (15). In contrast to these findings, we failed to detect any inhibitory effect of V2
MAbs on fibronectin-mediated gp120 binding to �4�7. Thus, it remains unclear whether
any vaccine-induced V2-specific antibody may offer protection through inhibiting
HIV-1–�4�7 interaction. In this context, we note that an alternative role for V2-directed
antibodies mediating antibody-dependent cellular cytotoxicity has also been proposed
as a mechanism for protection in RV144 (53).

In this report, we identified an indirect interaction between gp120 and �4�7 that is
mediated by the extracellular matrix. Specifically, we identified fibronectin as a protein
that could mediate this interaction. Fibronectins are large glycoproteins of the extra-
cellular matrix with functional roles in regulating cell migration, embryonic develop-
ment, and wound healing (54). They have also been shown to interact with gp120 and
enhance the infectivity of HIV-1 (55). Twenty fibronectin splice variants have been
described in humans, and those containing the alternatively spliced IIICS support �4�7

binding through an LDV site (43, 44). In contrast, all fibronectin isoforms bind gp120
through the invariant C-terminal heparin binding domain (45). In our work, we ob-
served that CHO cells produce a fibronectin variant containing the CS1 peptide within
IIICS that supports �4�7 binding. CHO cell proteins, including fibronectin and the
recombinant human fibronectin fragment retronectin, mediated indirect gp120-�4�7

binding. Based on these observations, we speculate that �4�7-reactive matrix fibronec-
tins may colocalize with HIV-1 and �4�7

� cells in vivo and thus lead to the preferential
infection of these cells. However, because our work is based on in vitro gp120 protein
interactions, further studies are required to determine whether fibronectin plays any
role in HIV-1 infection of �4�7

� cells.
Prior studies have demonstrated that fibronectin-gp120 contact occurs through the

heparin binding domain of fibronectin (45). In agreement with this, we showed that
fibronectin-mediated gp120-�4�7 binding in our assays could be inhibited by heparin
sulfate. However, it is less clear which structures within gp120 are involved in this
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binding. The V3 loop and CD4 binding site have both been implicated in gp120-
fibronectin interactions; however, neither has been definitively demonstrated to be
sufficient or necessary for binding (45, 56). It is possible that specific structures within
gp120 may engage fibronectin. Alternatively, the interaction may be less specific,
involving interactions with glycans or charged amino acid residues. In studies reported
here, we found the V2 loop is not likely to be involved in gp120-fibronectin interactions.
However, more studies are needed to determine the nature of gp120-fibronectin
interactions and whether these interactions may be inhibited by anti-HIV-1 antibodies.

At present, �4�7 antagonists are being investigated for use in HIV-1 treatment. In
particular, the �4�7-blocking monoclonal antibody Act-1 has been extensively studied.
A primatized version of Act-1 has been developed, and treatment with this antibody
resulted in lower viral loads and higher CD4� cell numbers in SIV-infected macaques
(23–25). Additionally, treatment prior to vaginal challenge reduced the efficiency of SIV
transmission (25). More recently, a combination regimen of antiretroviral drugs and
Act-1 was shown to reconstitute gut CD4� cells and induce a state of drug-free
virological control in SIV-infected macaques (57). Currently, early-phase clinical trials are
under way to test whether the humanized version of Act-1 (vedolizumab) can achieve
similar results in humans (http://www.clinicaltrials.gov; identifier NCT02788175). Our
studies raise an interesting scenario in which indirect HIV-1–�4�7 interactions, medi-
ated by fibronectin, may be inhibited by Act-1. Further studies are needed to explore
this as a possible mechanism of action for any therapeutic effect against HIV-1
attributable to Act-1.

In summary, our work demonstrates that an indirect gp120-�4�7 interaction can be
mediated by extracellular matrix proteins, such as fibronectin. Our findings further
suggest that studies of the in vivo effects of �4�7 antagonists may need to take into
consideration the role of extracellular matrix proteins, such as fibronectin, in mediating
indirect interactions between HIV-1 and �4�7. Further studies are needed to clarify
whether and how the extracellular matrix in relevant species and tissues may play a role
in HIV-1 infection of gut-homing cells.

MATERIALS AND METHODS
Reagents and cell lines. The following fluorophores were used in flow cytometry analysis: allophy-

cocyanin (APC), phycoerythrin (PE), and fluorescein isothiocyanate (FITC). Fluorescent antibodies to CD4
(clone RPA-T4; APC), CCR5 (clone 2D7; APC), and �7 integrin (clone FIB504; PE) were from Becton
Dickinson. Fluorescent antibody to CD45RO (clone UCHL1; FITC) was from Biolegend. Neutravidin
conjugated to PE was from ThermoFisher Scientific. The CD4-blocking antibody leu3a (clone SK3) was
from Becton Dickinson. Integrin-blocking antibodies 2B4 and P5D2 were from R&D Systems. Human V2
monoclonal antibody 2158 was a gift from Susan Zolla-Pazner. Human V2 monoclonal antibodies PG9
and PG16 were from the International AIDS Vaccine Initiative. FI6v3 influenza virus HA monoclonal
antibody was produced in house from a stable HEK293F cell line and purified from culture supernatants
by protein A affinity chromatography. The following reagents were obtained through the NIH AIDS
Reagent Program, Division of AIDS (DAIDS), NIAID, NIH: CD4-IgG2 fusion protein from Progenics Phar-
maceuticals, Human V2 monoclonal antibody CH58 from Barton F. Haynes and Hua-Xin Liao, and
anti-human �4�7 integrin antibody Act-1 from A. A. Ansari. The CWLDVC and CLDVWC peptides were
purchased from GenScript. These peptides were cyclized by disulfide bonds, and purity was 98% or
greater as assessed by high-pressure liquid chromatography and mass spectrometry. The MAdCAM-1–Fc
fusion protein was from R&D Systems. Biotinylated HRP was from Pierce. Aldolase, ovalbumin, and ferritin
were from GE Life Sciences. Bovine serum albumin (BSA), plasma fibronectin, cellular fibronectin, heparin
sulfate derived from porcine intestinal mucosa (189 U/mg), and chondroitin sulfate B derived from
porcine intestinal mucosa were from Sigma-Aldrich. Retronectin was from TaKaRa. RPMI8866 cells were
from Sigma-Aldrich and were maintained at 0.2 � 106 to 1.0 � 106 cells/ml at 37°C and 5% CO2 in RPMI
1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and
100 �g/ml streptomycin. Freestyle CHO-S and Freestyle 293-F cells used to produce recombinant
proteins were purchased from ThermoFisher Scientific and cultured in serum-free and antibiotic-free
media according to the manufacturer’s instructions in spinner cultures maintained at 37°C and 8% CO2.

Human CD4� �4�7
� cells. Used leukocyte filters from healthy donors were purchased from

Bloodworks Northwest (Seattle, WA) and used to isolate human PBMCs. Cells were recovered from the
filters by back flushing with 200 ml of phosphate-buffered saline (PBS) containing 0.2 g/liter EDTA and
10,000 U/liter heparin. PBMCs were separated by Ficoll Paque, and magnetic cell separation was used to
enrich CD4� cells by negative selection (Miltenyi Biotec). The cells were activated for 2 days with 250
ng/ml OKT3 antibody (BioLegend) and cultured continuously with 20 U/ml interleukin-2 (Roche) and 10
nM all-transretinoic acid (Sigma-Aldrich). The culture medium was RPMI 1640 supplemented with fetal
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bovine serum, glutamine, and antibiotics as described above. The cells were used for binding studies 9
days after establishing cultures.

Source of HIV-1 gp120 expression plasmids and proteins. An expression plasmid for MW959
gp120 was produced by Genewiz. The nucleotide sequence for 93MW959.18 gp120 (GenBank accession
no. U08453.1) was codon optimized for expression in CHO cells, synthesized de novo, and inserted by
topoisomerase cloning into the pcDNA3.1/V5-His TOPO vector (Invitrogen). The first 30 amino acids of
the native 93MW959.18 sequence were replaced with the human tissue plasminogen activator leader
peptide (amino acid sequence MDAMKRGLCCVLLLCGAVFVSAS). This plasmid was used to generate the
MW959-ΔV2 gp120 mutant by site-directed mutagenesis (QuikChange Lightning kit; Agilent) using a
primer with the following sequence: ATGAAGAACTGCTCCTTCAACGAGAAGGACAACAGC. Expression plas-
mids for BG505.T332N.664 SOSIP and furin were gifts from John Moore (34). The expression plasmid for
BG505 gp120 was generated from the BG505.T332N.664 SOSIP plasmid by introducing a stop codon. The
expression plasmid for AN1 gp120 was from James Arthos, as previously described (14).

The following proteins were prepared in the laboratory of Shiu-Lok Hu at the University of Wash-
ington: MW959 produced in CHO and 293 cells, MW959-ΔV2 produced in CHO cells, BG505 SOSIP
produced in 293 cells, BG505 gp120 produced in 293 cells, and AN1 gp120 produced in 293 cells. The
following proteins were produced at the Duke Human Vaccine Institute, Duke University Medical Center,
and provided as a gift by David Montefiori: SF162.d7 gp120 produced in CHO, 293, and 293S GnT1�/�

cells and 1086.d7 gp120 produced in CHO cells. TV-1 gp120 was produced in CHO cells by Novartis and
provided as a gift by David Montefiori. The following reagents were obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH: BaL gp120 produced in 293 cells from DAIDS, NIAID, and
M.CON-S.d11 gp120 produced in 293 cells from the Duke Human Vaccine Institute, Duke University
Medical Center. Unless otherwise specified, purification of all these proteins included DEAE chromatog-
raphy.

Production and purification of recombinant HIV-1 envelopes. HIV-1 envelope expression plas-
mids were prepared with an endotoxin-free plasmid megaprep kit (Qiagen). The transfection procedure
was the same for CHO-S and 293-F cells; 1.0 � 109 cells were suspended in 50 ml of medium containing
1 mg of plasmid and 2 mg of polyethyleneimine (Polysciences, Inc.). Cultures were incubated for 4 h and
then diluted to 1 liter and maintained for 3 days. The culture supernatants were clarified by centrifu-
gation and passed through a 0.2-�m filter, and protease inhibitors (aprotinin, leupeptin, and pepstatin
A, all from Sigma-Aldrich) were added. For BG505 SOSIP production, cells were cotransfected with 750
�g BG505 SOSIP expression vector and 250 �g furin expression vector to ensure complete furin-
mediated cleavage of the SOSIP trimer. For cell-conditioned media without recombinant protein
expression, 1.0 � 109 cells were diluted to 1 liter and maintained for 3 days before harvesting as
described above.

Purification was carried out with an ÄKTA 10/100 purifier (GE Life Sciences) maintained at 4°C. A
10-ml GNA column (G. nivalis lectin conjugated to agarose; Vector Laboratories) was prepared and
preequilibrated with binding buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.5). Culture supernatant was
loaded onto GNA at 1 ml/min. The column was then washed with 10 column volumes (CV) of high-salt
wash buffer (500 mM NaCl, 20 mM Tris-HCl, pH 7.5), followed by 10 CV of binding buffer, and bound
protein was eluted with binding buffer containing 1 M methyl-�-D-mannopyranoside (Sigma-Aldrich).
Peak fractions were pooled and exchanged into DEAE binding buffer (100 mM NaCl, 20 mM Tris-HCl, pH
8.0) by diafiltration with Centricon centrifugal concentrators (Millipore) using 1,500 or greater diavol-
umes. The sample was then loaded at 1 ml/min onto a prepacked 5-ml DEAE Sepharose column (GE Life
Sciences). Column flowthrough was collected, and the column was washed with 2 CV DEAE binding
buffer. Material bound to DEAE was eluted by applying a gradient of 0 to 100% DEAE elution buffer (1
M NaCl, 20 mM Tris-HCl, pH 8.0) over 5 CV. Samples were concentrated with Amicon centrifugal
concentrators (Millipore) and then purified by SEC on a 320-ml HighLoad 26/600 Superdex 200 column
(GE Life Sciences). SEC was carried out at 1.2 ml/min with PBS (10 mM sodium phosphate, 150 mM NaCl,
pH 7.4). Peak fractions were pooled and concentrated with Amicon centrifugal concentrators, and
protein concentrations were determined by a bicinchoninic acid assay (Pierce).

Polyacrylamide gel electrophoresis and Western blot analysis. Reagents used for protein gels
were obtained from ThermoFisher Scientific. For SDS-PAGE, protein samples were reduced and
denatured in NuPage lithium dodecyl sulfate buffer containing dithiothreitol (DTT) at 70°C for 10
min. Proteins were then separated by electrophoresis on a 4 to 12% Bis-Tris gel using Novex Sharp
prestained protein standards as molecular weight markers. SimplyBlue Coomassie G-250 stain was
used to visualize proteins according to the manufacturer’s instructions. For Native PAGE, nondenatured
proteins were loaded on a 3 to 12% Bis-Tris native gel using NativeMark unstained protein standards as
molecular weight markers. The gel was run and stained according to the manufacturer’s instructions.

For Western blotting, proteins separated by SDS-PAGE were transferred to polyvinylidene difluoride
(PVDF) membranes with an iBlot device (Invitrogen). The membranes were incubated for 1 h in blocking
buffer (PBS containing 5% nonfat milk and 0.05% Tween 20) and then incubated overnight at 4°C with
primary antibodies diluted in blocking buffer. For gp120 detection, pooled plasma from 131 Zambian
women infected with clade C HIV-1 (a gift from Charles Wood) was diluted 1:2,000. For fibronectin
detection, rabbit polyclonal anti-fibronectin (Abcam) was diluted 1:1,000. For fibronectin CS1 detection,
mouse monoclonal IgM against human fibronectin CS1 peptide (Santa Cruz Biotechnology; clone P1F11)
was diluted 1:200. The membranes were washed three times in PBS containing 0.05% Tween 20 and then
incubated for 1 h with secondary antibodies diluted in blocking buffer. For gp120 detection, alkaline
phosphatase-conjugated goat anti-human IgG (Sigma-Aldrich) was diluted 1:10,000. For fibronectin
detection, HRP-conjugated goat anti-rabbit IgG (Calbiochem) was diluted 1:10,000. For fibronectin CS1
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detection, HRP-conjugated goat anti-mouse IgM (Santa Cruz Biotechnology) was diluted 1:2,000. The
membranes were washed extensively with PBS containing 0.05% Tween 20 and then incubated with BCIP
(5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium (NBT) substrate (Sigma-Aldrich) for alkaline
phosphatase detection or chemiluminescence substrate (Pierce) for HRP detection. HRP signals were
captured on film (Amersham Hyperfilm ECL; GE Life Sciences).

Protein biotinylation. Proteins were biotinylated with EZ-Link N-hydroxysuccinimide (NHS) biotin
reagent (Pierce). The proteins were combined with NHS biotin in a 1:20 molar ratio and incubated for 30
min at room temperature. Samples from cell-conditioned media were labeled with the same biotin/
protein ratio as was used for gp120 labeling. Reactions were quenched by adding Tris-HCl, pH 8.0, and
then samples were dialyzed overnight against HEPES-buffered saline (150 mM NaCl, 10 mM HEPES, pH
7.4) at 4°C, followed by an additional 3 h in fresh buffer. The concentration of biotinylated proteins was
measured by a bicinchoninic acid assay (Pierce) or by absorbance at 280 nm on a NanoDrop 1000
spectrophotometer (ThermoFisher Scientific). Proteins were put into single-use aliquots and stored at
�80°C until they were used in cell binding assays.

Flow cytometry-based �4�7 binding assay. Binding assays were performed as previously described
(14). All binding and washing steps were carried out at 4°C in either manganese-containing buffer (150
mM NaCl, 10 mM HEPES, pH 7.4, 1 mM MnCl2, 100 �M CaCl2, 0.5% BSA, 0.09% sodium azide) or
EDTA-containing buffer without divalent cations (150 mM NaCl, 10 mM HEPES, pH 7.4, 5 mM EDTA, 0.5%
BSA, 0.09% sodium azide). The cells were either RPMI8866, which expresses �4�7 but not CD4, or primary
CD4� �4�7

� T cells. The cells were washed with binding buffer and plated on 96-well plates at 1.0 � 106

cells/ml, 200 �l per well. Fc receptors were blocked with 15 �g/ml normal mouse IgG and 5 �g/ml
normal human IgG. Some wells received 2 �g of the following: integrin-blocking antibody 2B4, P5D2, or
Act-1 or CD4-blocking antibody leu3a. In wells in which multiple antibodies were combined, 2 �g of each
antibody was used. Other wells received 5 �g of the integrin-blocking peptide CWLDVC or the scrambled
control CDLVWC. Cells were incubated for 10 min with the inhibitors, and then biotinylated proteins were
added and the cells were incubated for an additional 20 min at 4°C; 4 �g of biotinylated protein was
added to each well, except for MAdCAM-1–Fc, which was added at 100 ng per well. For mixing
experiments, 4 �g of unlabeled proteins was combined with 4 �g of biotinylated proteins at 4°C for 0
or 2 h prior to adding to cells. For experiments with V2 monoclonal antibodies, 4 �g of biotinylated
gp120 was combined with 2 �g of antibody and incubated for 1 h at room temperature, and then, 4 �g
of unlabeled proteins (or a matched volume of buffer without protein) was added, and the mixtures were
incubated at 4°C for an additional 2 h prior to adding them to cells. For heparin sulfate and chondroitin
sulfate competition experiments, 4 �g of biotinylated gp120 was incubated for 2 h with 4 �g of
unlabeled proteins, followed by 10 min incubation with 100 �g/ml to 100 pg/ml inhibitor prior to adding
it to cells. Following protein binding, the cells were washed twice and stained for 20 min at 4°C in binding
buffer containing fluorescent probes. RPMI8866 cells were stained with 2.5 �g/ml neutravidin-PE, and
primary cells were stained with a mixture of neutravidin-PE and 1:100 dilutions of CD45RO-FITC and
CCR5-APC antibodies. Aliquots of cells without biotinylated proteins were carried through the preceding
wash/bind steps and stained with 1:100 dilutions of CD4-APC and integrin �7-PE antibodies. The cells
were washed twice and then fixed in PBS containing 1% formaldehyde prior to analysis. Data were
acquired on a BD FACSCalibur instrument with CellQuest Pro software (Becton Dickinson; version 6.0). A
total of 20,000 events were recorded for each sample. The data were analyzed with FlowJo software
(Treestar; version 7.2.2). The neutravidin-PE binding signal was reported in units of median fluorescence
intensity (MFI).

V2 antibody binding by biolayer interferometry. An Octet RED96 instrument (Fortebio) was used
to perform biolayer interferometry. The assay buffer was PBS with 1% BSA, 0.03% Tween 20, and 0.02%
sodium azide. Antibodies were diluted in assay buffer to 10 �g/ml, and serial dilutions of envelope
proteins were prepared in assay buffer (1,000 nM, 500 nM, 250 nM, 125 nM, and 62.5 nM). The
regeneration buffer was 0.1 M glycine, pH 1.5; 200 �l of each solution per well was used in a low-binding
96-well plate. All assay steps were carried out at 32°C with constant mixing at 1,000 rpm. Anti-human IgG
Fc biosensors (Fortebio) were preequilibrated in assay buffer and then transferred to antibody-containing
wells for 300 s. After antibody capture, the sensors were washed in assay buffer, and baseline signals
were recorded for 60 s. Antibody-coated tips were transferred to wells containing envelope proteins, and
association curves were recorded for 180 s. The tips were then transferred to wells containing assay
buffer, and dissociation curves were recorded for 300 s. The tips were regenerated by cycling 3 times
between regeneration and assay buffers for 5 s in each buffer, and the tips were reused up to 3 times.
A baseline signal was measured in every assay from an antibody-coated tip carried through association
and dissociation steps in wells containing assay buffer without envelope proteins. Data were analyzed
with ForteBio data analysis software (version 7.1). Data processing was as follows: baseline signals were
subtracted, baselines were aligned to the y axis, and interstep correction and Savitzky-Golay filtering
were applied. Response curves were fitted to processed data with a 1:1 global fit model and were used
to compute association (Ka), dissociation (Kd), and binding affinity (KD) constants.

Mass spectrometry protein identification. For in-solution digestion, 1-�g samples of proteins were
vacuum dried in siliconized tubes with a Savant SpeedVac concentrator (ThermoFisher). The proteins
were reconstituted in denaturation buffer (7 M urea, 100 mM ammonium bicarbonate, 5 mM DTT) and
incubated at 56°C for 45 min. Cysteines were alkylated with 14 mM iodoacetamide for 30 min at room
temperature. The iodoacetamide was quenched with an additional 5 mM DTT, and the solution was
diluted 1:4 with 100 mM ammonium bicarbonate. Calcium chloride and sequencing-grade trypsin
(Promega) were added to 1 mM and 4 ng/�l, respectively, and samples were incubated overnight at 37°C.
Trypsin digestion was stopped with 0.4% (vol/vol) trifluoroacetic acid. Samples were centrifuged to
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remove precipitates, and acidified supernatants were vacuum concentrated to 20 �l. Tryptic peptides
were desalted with C18 ZipTips (Millipore) according to the manufacturer’s instructions.

For in-gel digestion, proteins were separated by SDS-PAGE and visualized with Coomassie blue as
described above. Individual protein bands were excised and dehydrated by 3 washes with acetonitrile.
Gel pieces were rehydrated in buffer containing 25 mM ammonium bicarbonate and 5 mM DTT and
incubated for 45 min at 56°C. Cysteines were alkylated in 25 mM ammonium bicarbonate and 80 mM
iodoacetamide for 30 min. Gel slices were rinsed with water, dehydrated in acetonitrile, and then
rehydrated in 50 mM ammonium bicarbonate containing 12.5 ng/�l trypsin and incubated overnight at
37°C. Tryptic peptides were extracted by one wash with water and three washes with 50% acetonitrile
containing 5% formic acid and were vacuum concentrated to 10 �l.

Samples were analyzed on an Orbitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific)
equipped with a nano-Acquity ultraperformance liquid chromatography (UPLC) system (Waters) and an
in-house-developed nanospray ionization source. Thirty-centimeter columns were prepared in house
from fused silica capillary tubing (75-�m inner diameter and 360-�m outer diameter; Kinesis Scientific)
with laser-pulled tips and packed with 5-�m C18 resin with a 120-Å pore size (Reprosil-Pur C18-AQ; ESI
Source Solutions). The mobile phases were 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). Five microliters of sample was loaded onto the column from the autosampler and
desalted for 40 min with 2% mobile phase B at 300 nl/min. Peptides were separated using a linear
gradient from 5 to 30% mobile phase B over 80 min and a flow rate of 300 nl/min. The column was then
washed with 80% mobile phase B for 10 min, followed by equilibration with 2% mobile phase B for 20
min prior to subsequent injections. Eluted peptides were detected using a data-dependent acquisition
method. Survey scans of peptide precursors were performed in the Orbitrap mass analyzer from 375 to
1,575 m/z at 120k resolution (at 200 m/z) with a 7 � 105 ion count target and a maximum injection time
of 50 ms. After survey scans, tandem MS (MS-MS) was performed on the most abundant precursors
exhibiting a charge state of 2 to 4 and greater than 1 � 104 intensity by isolating them in the quadrupole
with an isolation width of 1.6 m/z. High-energy collisional dissociation fragmentation was applied with
normalized collision energy of 30%, and the resulting fragments were detected using the rapid scan rate
in the ion trap. The ion count target for MS-MS was set to 1 � 104, and the maximum injection time was
limited to 100 ms. Dynamic exclusion was set to 30 s with 10 ppm mass tolerance around the precursor
and its isotopes.

Thermo .raw files were converted to the mzXML format using the ReAdW (version 2016.1.0)
converter. The mzXML files were searched against a Cricetulus griseus protein sequence database
downloaded from UniProt appended with common contaminant sequences (24,000 total sequence
entries). A database search was performed using Comet (version 2016.01 revision 2) with the following
search parameters: 20 ppm precursor tolerance, concatenated target-decoy search, tryptic digest allow-
ing 2 missed cleavages, oxidized methionine variable modification, and carboxyamidomethylation static
modification on cysteine. The Comet search results were then processed with PeptideProphet and
ProteinProphet tools from the Trans-Proteomic Pipeline software suite (version 5.0.0; Typhoon).

Protein radiolabeling, cell binding, and autoradiography studies. CHO cell proteins captured on
DEAE and eluted with 200 mM NaCl were used for radiolabeling. Iodine-125 (44.4 MBq; PerkinElmer;
catalog number NEZ033010MC) was diluted in 70 �l of PBS. One iodobead (Pierce) was rinsed with PBS
and added to the 125I solution for 5 min at room temperature. Then, 70 �g of protein diluted to 230 �l
in PBS was added to the 125I-iodobead solution and incubated for 5 min at room temperature. The
reaction was stopped by rapidly transferring protein to a clean tube. Unreacted 125I was removed by
passing the sample through a disposable PD-10 desalting column (GE Life Sciences) with PBS and
manually collecting 500-�l fractions. Protein-containing fractions were pooled and concentrated to 100
�l with Amicon centrifugal concentrators (Millipore). Aliquots of the sample were counted in a Packard
Cobra II gamma counter, and the ratio of radiolabeled protein to unreacted 125I was assessed by instant
thin-layer chromatography (iTLC). For this, 1 �l of sample was dried onto an iTLC strip (Agilent), and the
strip was developed for 10 min in PBS with 20% methanol and then dried. 125I-labeled protein remained
at the bottom of the strip, and unreacted 125I migrated to the top. The strip was cut in half, and the
radioactivity in both halves was measured by gamma counting. The total activity of the final product was
46.6 kBq/�l, and 97.9% of it was protein associated. Five microliters of radiolabeled protein was reduced,
denatured, and separated by SDS-PAGE as described above, and the gel was exposed for 30 min to film
(Amersham Hyperfilm MP; GE Life Sciences) at room temperature for autoradiography.

The procedure for cell binding studies with 125I-labeled protein was similar to the flow cytometry
binding assays described above. RPMI8866 cells were washed with manganese-containing binding
buffer, put in 200-�l aliquots in 1.5-ml tubes at 1.0 � 106 cells/ml, and incubated with or without 5 �g
of CWLDVC peptide. Radiolabeled protein (46 kBq [2.76 � 106 dpm]) was added to each tube and
incubated for 20 min at 4°C, and then cells were washed twice and counted in a Packard Cobra II gamma
counter. Tubes without cells were carried through the preceding wash/binding steps, and counts from
them were subtracted from the cell counts to determine cell-associated radioactivity.

The binding procedure was modified to enrich and identify �4�7-reactive proteins using RPMI8866
cells. The cells were washed in manganese-containing buffer and separated into two 500-�l aliquots at
2.0 � 106 cells/ml. Ten micrograms of 2B4 antibody was added to one tube, and samples were incubated
for 10 min; 168 kBq (1.0 � 107 dpm) of radiolabeled protein was added, and the cells were incubated
for 30 min at 4°C. The cells were washed 3 times in 1 ml of manganese-containing buffer without added
BSA and transferred to a clean tube at each wash. The cells were then incubated for 30 min at 37°C in
300 �l of dissociation buffer (150 mM NaCl, 10 mM HEPES, pH 7.4, 5 mM EDTA, and 250 �g/ml CWLDVC
peptide). The dissociation buffer was collected; concentrated to 30 �l with Amicon centrifugal concen-
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trators (Millipore); and then reduced, denatured, and separated by SDS-PAGE as described above. Input
sample (140 Bq [8,400 dpm]) was included on the gel to compare the protein compositions of input and
cell-dissociated samples. Autoradiography was performed by exposing the gel to film, as described
above, with a BioMax HE intensifying screen (Kodak) at �80°C for 11 days.

Statistical analysis. GraphPad Prism software (version 6.03) was used for all graphing and statistical
analyses. Binding of gp120 in the presence or absence of CHO cell proteins was compared using an
unpaired t test, with a significance level (�) of 0.05. Nonlinear regression was used to fit heparin inhibition
data and to calculate the IC50.

Accession number(s). Mass spectrometry data sets have been deposited in the Proteome-
Xchange Consortium via the PRIDE partner repository with the data set identifiers PXD006060
(https://www.ebi.ac.uk/pride/archive/projects/PXD006060; CHO cell peak 3), PXD006061 (https://www
.ebi.ac.uk/pride/archive/projects/PXD006061; proteins coeluted with gp120), PXD006062 (https://www
.ebi.ac.uk/pride/archive/projects/PXD006062; 55-kDa CHO proteins), and PXD006063 (https://www.ebi.ac
.uk/pride/archive/projects/PXD006063; 260-kDa CHO proteins) (58).
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