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ABSTRACT Macrophages are susceptible to HIV infection and play an important
role in viral dissemination through cell-cell contacts with T cells. However, our cur-
rent understanding of macrophage-to-T cell HIV transmission is derived from studies
that do not consider the robust migration and cell-cell interaction dynamics be-
tween these cells. Here, we performed live-cell imaging studies in 3-dimensional
(3D) collagen that allowed CD4* T cells to migrate and to locate and engage HIV-
infected macrophages, modeling the dynamic aspects of the in situ environment in
which these contacts frequently occur. We show that HIV™ macrophages form stable
contacts with CD4* T cells that are facilitated by both gp120-CD4 and LFA-1-ICAM-1 in-
teractions and that prolonged contacts are a prerequisite for efficient viral spread.
LFA-1-ICAM-1 adhesive contacts function to restrain highly motile T cells, since their
blockade substantially destabilized macrophage-T cell contacts, resulting in abnor-
mal tethering events that reduced cell-cell viral spread. HIV-infected macrophages
displayed strikingly elongated podosomal extensions that were dependent on
Nef expression but were dispensable for stable cell-cell contact formation. Fi-
nally, we observed persistent T cell infection in dynamic monocyte-derived mac-
rophage (MDM)-T cell cocultures in the presence of single high antiretroviral drug
concentrations but achieved complete inhibition with combination therapy. To-
gether, our data implicate macrophages as drivers of T cell infection by altering
physiological MDM-T cell contact dynamics to access and restrain large numbers of
susceptible, motile T cells within lymphoid tissues.

IMPORTANCE Once HIV enters the lymphoid organs, exponential viral replication in
T cells ensues. Given the densely packed nature of these tissues, where infected and
uninfected cells are in nearly constant contact with one another, efficient HIV spread
is thought to occur through cell-cell contacts in vivo. However, this has not been
formally demonstrated. In this study, we performed live-cell imaging studies within a
3-dimensional space to recapitulate the dynamic aspects of the lymphoid microenvi-
ronment and asked whether HIV can alter the morphology, migration capacity, and
cell-cell contact behaviors between macrophages and T cells. We show that HIV-infected
macrophages can engage T cells in stable contacts through binding of virus- and host-
derived adhesive molecules and that stable macrophage-T cell contacts were required
for high viral spread. Thus, HIV alters physiological macrophage-T cell interactions in or-
der to access and restrain large numbers of susceptible, motile T cells, thereby playing
an important role in HIV progression.

KEYWORDS HIV, T cells, cell migration, cell-cell interactions, fluorescent reporters,
live-cell imaging, macrophages

econdary lymphoid organs (SLOs), such as the lymph nodes, orchestrate the
adaptive immune response by coordinating the trafficking and intercellular com-
munications between T cells and antigen-presenting cells (APCs) (1). The complex,
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3-dimensional (3D) meshwork of lymphoid stromal cells and reticular fibers within the T
cell zone of the lymph node function to support T cell migration and facilitate
interactions with APCs, which are also positioned on the same stromal networks (2, 3).
This maximizes the frequency of APC-T cell contacts, which, in the absence of antigen
recognition, remain short-lived and nonproductive. When T cells encounter cells pre-
senting their cognate antigen in the context of the major histocompatibility complex
(MHCQ), formation of a stable immunological synapse (IS) ensues. The IS activates a series
of signaling cascades, which shape the differentiation and effector functions of ensuing
T cell responses (4, 5). Thus, the abilities of immune cells to migrate through peripheral
tissues and to engage in cell-cell interactions within SLOs are critical features of an
effective immune surveillance program against invading pathogens.

Along with CD4* T cells, macrophages and microglial cells are targets of HIV infection
in vivo and are associated with neurocognitive disorders and tissue pathology, especially
during the late stages of AIDS, when T cells are depleted (6-11). Several distinct features
of HIV replication in macrophages underscore their key role as potential viral reservoirs
(12, 13), including (i) relative resistance to the cytopathic effects of HIV compared to T
cells (14); (ii) harboring replication-competent virus for up to several weeks (15); (iii)
residing within lymphoid tissues, where antiretroviral drug (ARV) penetration is reduced
(16-18); and (iv) viral accumulation within surface-connected compartments (19-21)
that are inaccessible to neutralizing antibodies (6). More recent studies using myeloid-
only humanized mice (MoM) have demonstrated that myeloid cells can sustain high HIV
production independently of T cells in vivo (22). Macrophage infection can persist
during antiretroviral therapy (ART) and contribute to viral rebound after therapy
interruption in a subset of MoM, implying an in vivo role of macrophages as important
viral reservoirs (23). Furthermore, several studies have demonstrated that infected
macrophages can transmit virus to T cells through direct cell-to-cell contact, leading to
a substantially higher rate of T cell infection than cell-free virus alone (24-27). Cell-to-
cell contacts facilitate simultaneous transfer of many viral particles, which reduces the
blocking ability of certain classes of anti-Env neutralizing antibodies (28) and antiret-
roviral drugs (29), further contributing to the intense HIV replication observed in
lymphoid tissues. Thus, while macrophages are less permissive to HIV-1 infection than
activated CD4* T cells due to high SAMHD1 expression (30, 31), their localization and
function as APCs may drive persistent T cell infection within SLOs through continuous
cell-cell interactions.

One of the difficulties in evaluating previous studies that focus on the molecular
aspects of cell-cell HIV transfer is the use of cell culture systems that do not consider
the migratory behaviors and cell-cell interaction dynamics among leukocytes that
normally occur within tissues. Whether HIV-associated adhesive molecular interactions
are strong enough to cause T cell arrest and establish durable cell-cell interactions in
a dynamic 3D environment remains an unanswered question. To address this, we
performed live-cell microscopy within 3D collagen matrices (32-34) to visually charac-
terize how HIV infection impacted dynamic macrophage-T cell interactions. We show
that HIV infection of macrophages substantially enhances the frequency and du-
ration of prolonged contacts with susceptible T cells and that both gp120-CD4 and
LFA-1-ICAM-1 interactions are critical adhesive contacts that stabilize macrophage-T
cell conjugates. Stable macrophage-T cell contacts were a prerequisite for efficient
cell-cell viral transmission, which supported low levels of T cell infection even in the
presence of single antiretroviral drugs at high concentrations. However, a combination
of tenofovir (TDF), emtricitabine (FTC), and raltegravir (Ral) achieved complete viral
replication inhibition, indicating that the drug regimen was sufficient to overcome the
high multiplicity of cell-cell infection in our 3D model. Thus, our work better defines the
dynamic interplay between cellular migration, cell morphology, and cell-cell interac-
tions that collectively regulate cell-cell HIV spread and modulate antiretroviral drug
efficacy.
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RESULTS

Nef induces sustained morphological changes in HIV-infected macrophages.
HIV-infected macrophages have increased numbers of cellular protrusions, or podo-
somes, that can degrade the extracellular matrix and enhance mesenchymal migration
into various tissues (35). To further address whether these morphological changes
can also impact HIV spread to T cells, we first performed live-cell imaging studies of
monocyte-derived macrophages (MDMs) infected with either the wild type, HIV-GFP
Anef, or HIV-GFP Aenv in collagen matrices. Macrophages infected with the wild type
and HIV-GFP Aenv, but not HIV-GFP Anef, downregulated cell surface MHC-I expression,
as expected (36) (Fig. 1B). To generate a relevant control population for all imaging
studies, MDMs were transduced with a green fluorescent protein (GFP)-encoding
lentivirus in parallel, yielding MDMs that expressed GFP at high levels comparable to
those of their infected counterparts but lacking all viral protein expression (Fig. 1A). In
a confined 3D environment, we observed that the control MDMs had a circular shape
with short pseudopodial extensions that actively probed their surrounding space. In
contrast, HIV infection drastically altered their morphology by promoting irregular cell
shapes and cell protrusions that were sustained throughout the imaging period. These
extended podosomes continued to actively probe their immediate environment, which
significantly increased their total cell perimeters compared to uninfected macrophages.
We confirmed that these morphological changes were the result of Nef expression, as
macrophages infected with HIV-GFP Anef were phenotypically similar to uninfected
cells, whereas infection with Env-deficient HIV also induced irregular cellular morphol-
ogies (Fig. 1C to E; see Video S1 in the supplemental material). The morphological
changes were remarkably sustained over the course of the imaging studies, suggesting
that Nef was continuously modulating actin polymerization to induce permanent
phenotypic changes. Indeed, pretreatment with an inhibitor of Nef-mediated Src family
kinase Hck activation completely reversed the formation of extended podosomes
(Fig. 1F and G), confirming the results of a previous study (35). Similarly, HIV-infected
“myeloid-like” cells were sessile and exhibited irregular morphologies and dynamic
podosomal extensions in lymph nodes in vivo that were similar to those in collagen
matrices (Fig. TH and |; see Video S2 in the supplemental material). Together, the
imaging studies confirmed that HIV infection induced drastic phenotypic changes in
monocyte-derived macrophages that were entirely dependent on Nef expression.
Notably, infected and uninfected macrophages were indistinguishable when plated
onto two-dimensional (2D) tissue culture surfaces (data not shown), underscoring the
emerging notion that in vivo cellular behaviors and functions are better recapitulated
in confined 3D culture systems (37).

HIV-induced podosomes are not the result of syncytia or macrophage polar-
ization. We postulated that macrophages with elongated podosomes could represent
a subset of infected cells that had undergone cell-cell fusion or of syncytia (38, 39). To
test this, we visualized the nuclei of infected macrophages using the HIV-nGFP reporter,
where the nuclear localization signal was placed upstream of the GFP locus (nGFP), as
described previously (40, 41). Live-cell imaging studies in collagen revealed that the
vast majority (94.6%; n = 41) of infected macrophages had one discernible nucleus,
indicating that syncytia, or multinuclear giant cells (MGCs), were not frequent at day 2
postinfection (Fig. 2A). When macrophage syncytia were observed, they had morpho-
logical features similar to those of mononucleated infected macrophages. Next, we
addressed whether the observed morphological changes were influenced by macro-
phage polarization. After infecting unpolarized MDMs, the cells were cultured with
either gamma interferon (IFN-+y) or interleukin 4 (IL-4) to polarize macrophages toward
an M1 or M2a phenotype, respectively. The polarizing cytokines had an impact on
subsequent HIV infection, consistent with previous studies (42), but not on cell circu-
larity measurements (Fig. 2C and D). We observed a slight decrease in cell perimeter
measurements in M2a macrophages, but elongated phenotypes remained prominent
in this population, arguing that skewed polarization or cell-cell fusion does not explain
the observed HIV-mediated morphological changes.
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FIG 1 Nef induces sustained morphological changes in HIV-infected macrophages. (A) Experiment flow chart. (B) MDMs were infected either with the indicated
HIV strains or with GFP-expressing lentivirus for 2 days and analyzed for GFP expression. Cell surface MHC-I expression in infected cells (green box) was
compared to that in uninfected cells (black box). wt, wild type. (C) Time series micrograph of either uninfected or HIV-infected MDMs in 3D collagen matrices.
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FIG 2 HIV-induced podosomes are not the result of syncytia or different macrophage polarization states. (A) (Left) Live-cell imaging micrograph
of MDMs infected with HIV-nGFP for 2 days. (Right) Nuclei are indicated in red, based on an 80% maximum fluorescence intensity (Fl) threshold.
The frequency (percent) of infected MDMs (n = 41 cells) with one or more discernible nuclei is shown. (B) Experiment flow chart. (C) Percent GFP+
MDMs at 2 days postinfection. Means and standard errors of the mean (SEM) are shown (n = 3). Statistical analysis was performed using a
Mann-Whitney U test. *, P < 0.01. (D) Cell perimeter and circularity measurements. The red lines indicate median values. Statistical analysis was

performed using a Mann-Whitney U test. **, P < 0.001; n.s., not significant.

Dynamic visualization of macrophage-T cell interactions in 3D collagen. HIV can
be transmitted between cells at the site of adhesive contact, termed the virological
synapse (VS). Cell-cell contacts between HIV-infected macrophages and susceptible T
cells have been described (25, 26, 28) and can greatly enhance viral spread within
cultures. Given that HIV infection of macrophages leads to modification of podosomes
and a larger surface area, we hypothesized that these morphological changes can
increase the frequency of T cell contacts and enhance viral transmission. To address
this, we utilized a live-cell imaging approach by coembedding macrophages with
autologous, in vitro-expanded CD4* T cells into a 3D collagen matrix (Fig. 3A). The T
cells were highly motile in collagen, with migration speeds and behaviors comparable
to those adoptively transferred into the lymph nodes of humanized mice (Fig. 3B and
C). At steady state, contact between GFP-lentivirus (Lenti-GFP)-transduced control
macrophages and T cells was transient (6 = 3.8 min), whereas the addition of the
superantigen staphylococcus enterotoxin B (SEB) significantly increased contact dura-
tion, as expected (Fig. 3D; see Video S3 in the supplemental material). Next, MDMs were
infected with either HIV-GFP, HIV-GFP Anef, or HIV-GFP Aenv for 2 days before being
coembedded with autologous CD4* T cells in collagen. Macrophages infected with
wild-type HIV engaged in significantly prolonged contacts with T cells (15.50 = 10 min),

FIG 1 Legend (Continued)

MDMs with HIV-induced podosomal extensions were observed. The time stamps are in minutes. (D and E) Cell perimeter (D) and cell circularity (E)
measurements of infected MDMs. The red lines indicate median values. Statistical analysis was performed using a Mann-Whitney U test. *, P < 0.05; **,
P < 0.001; n.s., not significant. (F) HIV-infected MDMs were treated either with vehicle alone or with 20 uM Nef-Hck activation inhibitor (B9) for 1 h prior to
live-cell imaging studies in 3D collagen. Representative micrographs are shown. (G) Cell circularity measurements for both populations. The red bars indicate
median values. **, P < 0.01. (H) Representative micrograph of HIV-infected macrophages (green) in collagen matrix or infected “myeloid-like” cells in the
popliteal lymph node of a BLT mouse at day 6 postinfection. (I) Mean track cell circularity measurements of all infected cells in the different compartments.

The red bars indicate median values. LN, lymph node; **, P < 0.01; n.s., not significant.
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FIG 3 Dynamic visualization of macrophage-T cell interactions in 3D collagen. (A) Schematic of the experimental setup. HIV-GFP-infected MDMs (2 days) and
CellTracker Orange CMTMR-labeled CD4* T cells were embedded into a collagen matrix and prepared for live-cell imaging studies. (B and C) Mean 3D track speed
(B) and arrest coefficient values (C) for T cells migrating in two different media. The red bars indicate median values. Statistical analysis was performed using a
Mann-Whitney U test. *, P < 0.05; n.s., not significant. (D) Durations of MDM-T cell contacts. The red lines indicate median values. Statistical analysis was performed
using a Mann-Whitney U test. *, P < 0.05; **, P < 0.01; n.s., not significant. (E) Percent MDM-T cell contacts lasting more than 15 min. (F) Time series micrograph
showing MDM-T cell contacts defined as stable, scanning, or brief. The arrowheads indicate the sites of cell-cell contact. The time stamps are in minutes. (G) Relative
proportions of MDM-T cell contacts characterized as stable, scanning, and brief. Un, uninfected.
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with ~40% of all macrophage-T cell contacts lasting more than 15 min. In contrast, less
than 5% of control macrophages contacted T cells for greater than 15 min, whereas SEB
induced stable interactions in the majority (~80%) of contacts. Surprisingly, the lack of
Nef expression had no impact on average T cell contact times. This suggests that
Nef-induced podosomal extensions were not involved in facilitating cell-cell interac-
tions. Since macrophage-T cell interactions were highly dynamic, we further character-
ized these contacts into three distinct categories: brief contacts, with T cells migrating
over 5 um/min; scanning contacts, with T cells migrating between 2 and 5 um/min; and
stable contacts, with T cells migrating less than 2 um/min (Fig. 3F; see Video S4 in the
supplemental material). We show that a substantial proportion of T cells displayed
either stable or scanning behavior while engaging infected MDMs compared to unin-
fected controls (Fig. 3G). Similar ratios were observed when macrophages were infected
with HIV with nef deleted, confirming that Nef-induced podosomes had little impact on
MDM-T cell contact dynamics. Collectively, our dynamic-imaging studies within a 3D
matrix showed that HIV infection of macrophages promotes T cell arresting/scanning
behaviors in over half of all macrophage-T cell encounters.

Role of Env in the formation of MDM-T cell conjugates. Env and CD4 molecules
are enriched at the VS (28, 43, 44), but whether these interactions are solely responsible
for facilitating stable macrophage-T cell contacts in a dynamic setting is not known.
When MDMs were infected with HIV-GFP Aenv and coembedded with CD4+ T cells in
collagen, we observed an overall reduction in MDM-T cell contact duration (Fig. 3F and
G) and a substantial skewing of stable T cell behavior to scanning T cell behavior,
suggestive of destabilized macrophage-T cell conjugates (Fig. 3G). These data suggest
that Env-CD4 interactions are important adhesive contacts for T cells as they migrate
along the surfaces of macrophages, and they function to retain motile T cells. However,
a significant proportion of T cells continued to display scanning behaviors even in the
complete absence of Env expression, suggesting that other adhesive molecules may act
in concert to facilitate prolonged macrophage-T cell conjugate formation.

Role of LFA-1-ICAM-1 interactions in stable MDM-T cell conjugate formation.
The binding of LFA-1 and ICAM-1 has a well-characterized role in forming the IS and has
also been described in VS formation (44-47). To determine whether LFA-1-ICAM-1
interactions are involved in stabiliziing MDM-T cell contacts in a dynamic experimental
setting, cells were pretreated with either isotype or neutralizing antibodies prior to
coculture and imaging in collagen matrices (Fig. 4B). MDMs expressed high levels of
ICAM-1 that were not altered by HIV infection, while activated CD4™ T cells expressed
LFA-1 (Fig. 4A). When both LFA-1 (on T cells) and ICAM-1 (on MDMs) were blocked with
antibodies (blockade of >90%) (data not shown), we observed a reduced frequency of
stable MDM-T cell contacts and a corresponding expansion of scanning behaviors
compared to isotype antibody-treated cells (Fig. 4C). When the gp120-binding site of
CD4 was blocked on T cells (blockade of >95%), a similar reduction in stable MDM-T
cell conjugate frequencies was observed, consistent with earlier studies with the
HIV-GFP Aenv mutant. Finally, when both Env-CD4 and LFA-1-ICAM-1 interactions were
disrupted by integrin blockade, together with HIV-GFP Aenv infection, T cell contacts
with macrophages were mostly brief, similar to uninfected controls. These data argue
that both Env-CD4 and LFA-1-ICAM-1 adhesive contacts are mostly responsible for
facilitating stable contacts between infected MDMs and T cells. Interestingly, disrupting
LFA-1-ICAM-1 binding resulted in a marked increase in visible T cell-tethering events
compared to isotype controls, where the uropodia of a migrating T cell remained
physically attached to a macrophage by a membranous extension upon contact
disengagement (Fig. 4D; see Video S5 in the supplemental material). When we defined
a T cell-tethering event as one extending beyond 15 um in length, we found that some
MDM-T cell tethers reached over 40 um. Tethering events were not observed between
macrophages and T cells in the absence of HIV infection or when infected macrophages
lacked Env expression (Fig. 4E and F). We also observed a large decrease in tethering
events when both Env-CD4 and LFA-1-ICAM-1 interactions were absent, further impli-
cating Env in tether formation. These data suggest that LFA-1-ICAM-1 interactions
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helped stabilize macrophage-T cell contacts, which, if disrupted, failed to restrain T cells
and resulted in abnormal tether formation.

Dynamic cell-cell HIV spread in 3D collagen. To examine how altered macrophage-T
cell contact dynamics impact HIV dissemination, we developed a viral-spread assay
where T cells were coembedded with HIV-GFP-infected MDMs in collagen for 24 h. T
cells were isolated and incubated for a further 24-h period, where productively infected
cells were defined as GFP*™ CD4'°w cells that were also p24™ by intracellular flow
cytometry (Fig. 5A and data not shown). Of note, GFP* CD4" T cells contained small
GFP blebs that were not productive infection and were excluded from our analysis.
Productive T cell infection was observed in cocultures with HIV-infected MDMs, but not
with Lenti-GFP-transduced or HIV-GFP Aenv-infected MDMs (Fig. 5B). The lack of Nef
expression in macrophages reduced T cell infection by ~50%, consistent with the
reduced infectivity of HIV Anef (48). We next focused on the impact of LFA-1-ICAM-1
blockade, given its negative impact on cell-cell stability and abnormal tether formation.
We hypothesized that reducing the capacity of macrophages to restrain T cells would
reduce viral-spread kinetics. Indeed, we observed a dramatic reduction in T cell

September 2019 Volume 93 Issue 18 e00805-19 jviasm.org 9


https://jvi.asm.org

Lopez et al.

infection after dual anti-LFA-1-anti-ICAM-1 antibody blockade. Anti-ICAM-1 blockade
alone was sufficient to reduce T cell infection to similar levels, suggesting that LFA-1
interacted primarily with ICAM-1 to facilitate HIV transmission (Fig. 5C). While TDF-FTC
combination therapy significantly reduced T cell infection in this setting, dual-integrin
blockade led to complete inhibition of T cell infection.

Antiretroviral drug efficacy during dynamic MDM-T cell HIV transmission. We
next addressed whether dynamic cell-cell infection in collagen matrices impacted
antiretroviral drug efficacy at different concentrations. In parallel with MDM-T cell
cocultures, we infected T cells in collagen with 1.5 X 10° to 2.5 X 10> blue-forming
units (bfu) cell-free HIV-GFP, which represents over 10 times the amount of cell-free HIV
released by infected macrophages (data not shown). We tested raltegravir (an integrase
inhibitor) and tenofovir and emtricitabine (both nucleotide analog reverse transcriptase
inhibitors), either as single therapy or in combination (TDF-FTC-Ral), at different con-
centrations to assess the efficacy of ARVs in cell-cell versus cell-free infections in
collagen chambers (Fig. 5D). At concentrations where cell-free HIV infection was
completely suppressed, residual T cell infection ranging from 5 to 10% was ob-
served for all three ARVs when given individually, even at 100 uM concentrations.
When TDF-FTC-Ral at T uM of each ARV were added to cells, 4.2% *+ 0.7% of T cells
remained productively infected after coculture with infected MDMs, whereas com-
plete inhibition of T cell infection was achieved when the same combinatory ARVs
were given at 100 uM concentrations, demonstrating strong additive effects of
three ARVs from two different therapeutic classes.

VCCs in elongated macrophages. In productively infected macrophages, HIV
assembly and budding occur predominantly within surface-connected virus-containing
compartments (VCCs) (21), although cell surface budding does occur (26). Given that
HIV infection induces the formation of extensive podosomes, we next asked whether
VCCs were located on these membranous extensions. We found that the use of
Gag-iGFP reporters (carrying a Gag-internal, interdomain insertion of GFP) was not ideal
to localize VCCs, since full-length Gag expression was found throughout the cell
(reference 49 and data not shown). We therefore used an approach in which infected
MDMs were fixed in situ in collagen gels with warmed 4% paraformaldehyde (PFA)
overnight (Fig. 6A). This preserved the morphology of delicate podosomal extensions
while allowing us to immunostain for mature VCCs using an anti-p17Gag antibody that
detects only cleaved matrix (MA) protein. We observed that most VCCs, defined by
bright p17Gag™ clusters, were found in the cytoplasm and near the cell surface but
almost never on podosomal extensions (Fig. 6B and C). When infected macrophages
were cocultured with T cells, there was a substantial shift of p17Gag™ clusters from
intracellular compartments to the plasma membrane, suggesting that repeated inter-
actions with T cells promotes VCC redistribution toward the cell surface.

DISCUSSION

Most studies examining cell-cell HIV transmission events have been performed using
cell culture systems that do not allow cellular migration. For example, infected mac-
rophages are plated on glass or plastic culture surfaces and overlaid with CD4* T cells
for a defined period to assess T cell infection. In some cases, viral spread is measured
under gentle shaking conditions to differentiate cell-free from cell-cell transmission by
disrupting prolonged cellular contacts (24, 50). However, macrophage-T cell interac-
tions in vivo are a dynamic process that is regulated by the natural propensity of T cells
to migrate, cognate antigen recognition, and molecules that support cell-cell adhesion.
HIV infection can drastically alter the motility and morphology of T cells and macro-
phages (35, 40, 41, 51), but how these changes impact cell-cell interaction dynamics
within a confined 3D environment has not been studied. Our live-cell imaging ap-
proach within a collagen matrix allows T cells to migrate and to locate and engage
infected macrophages to better model the main aspects of macrophage-T cell inter-
action dynamics within lymphoid tissues, where these contacts frequently occur. We
show that both gp120-CD4 and LFA-1-ICAM-1 adhesive contacts play crucial roles in
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FIG 6 Localization of VCCs in HIV-infected macrophages. (A) Schematic of the experimental setup. HIV-GFP-infected MDMs (green) were
incubated for 24 h in collagen and then fixed with paraformaldehyde. Gels were prepared for immunostaining with anti-p17Gag antibody.
(B) Confocal micrographs of HIV-GFP-infected MDMs (green) stained with either isotype or anti-p17Gag antibody (red). Clusters of p17Gag
staining represent VCCs. (C) Percent localization of p17Gag* VCCs in different regions of infected MDMs alone (n = 43) or after coculture
with T cells (n = 65).

promoting T cell arrest and stabilizing macrophage-T cell contacts in this setting and
that these stable interactions facilitate efficient viral spread. While residual T cell
infection was observed in the presence of high single-ARV concentrations within
MDM-T cell cocultures, combination therapy was able to achieve complete HIV sup-
pression in this setting, highlighting the interplay between macrophage-to-T cell HIV
spread dynamics and the ability of antiretrovirals to suppress this mode of viral spread.

We first assessed how HIV infection alters the morphology and behavior of
monocyte-derived macrophages using our 3D collagen imaging approach. Consistent
with previous studies (51), we observed highly dynamic podosomal extensions that
continuously probed their immediate environment. Similar myeloid-like cells with
active dendritic extensions were observed in the lymph nodes of humanized mice,
although we were not able to definitively show that they were HIV-infected macro-
phages. These podosomes were largely dependent on Nef expression, which dramat-
ically increased the cell perimeter and overall surface area of infected macrophages.
Verollet and colleagues reported that HIV-induced modification of podosomes en-
hanced mesenchymal migration into various tissues by proteolytic degradation of the
extracellular matrix as one possible mechanism of viral dissemination (35, 52). This
involved activation of the Nef-Hck signaling axis and the downstream WASP pathway
(53). We further extended these findings by addressing whether podosome modifica-
tions were enhanced by cell-cell fusions or syncytia (also referred to as MGCs) (38, 39).
MGCs of myeloid origin have been reported in the lymphoid tissues, colons, and brains
of AIDS patients (54, 55) and associated with HIV-induced encephalopathy (56-58). We
also observed large myeloid-like MGCs in the lymph nodes of BLT humanized mice (59,
60). However, we observed only a small proportion of infected macrophages that had
more than one discernible nucleus after infection with HIV-nGFP. While our assessment
of fusion events was limited to 2 days postinfection, it is clear that macrophage syncytia
can occur at later time points (38). We also ruled out the skewing of macrophage
polarization as a possible explanation. Collectively, these data argue that the observed
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Nef-induced morphological changes were a general phenomenon of macrophages and
not explained by cell-cell fusion or altered polarization states.

We reasoned that Nef-induced podosome formation could increase viral spread in
at least two ways: (i) enhanced capacity to migrate into and within tissues can deliver
HIV to susceptible cells, such as those in the intestinal mucosa (35), and (ii) active
probing of podosomes can restrain and transmit HIV to more T cells. We took advan-
tage of the fact that Nef was exclusively responsible for podosome formation and
addressed their role in cell-cell viral transmission. Unexpectedly, the lack of Nef
expression had little impact on T cell contact duration but did reduce productive T cell
infection, likely due to the ability of Nef to enhance viral infectivity and replication
without altering MDM-T cell contact dynamics (48). Additionally, VCCs containing
mature virus were almost never found on podosomes, unlike HIV particles, which were
present on the tips of viral filopodial extensions of infected dendritic cells (DCs) (61).
Thus, we propose that virus-induced podosomes in macrophages likely contribute to
HIV pathogenesis by modulating migration or other cellular functions, such as phago-
cytosis or cytokine release (62-65).

Using our dynamic-imaging approach, we addressed how HIV infection impacted
macrophage-T cell interactions and how these contacts translate to viral dissemination.
It is well established that Env-CD4 interactions can drive the formation of the virological
synapse (43, 44, 66), but whether these adhesive contacts are sufficiently strong to
restrain motile T cells is not known. HIV gp120 engagement of the CD4 molecule could
deliver a stop signal to arrest T cell motility and induce VS assembly on planar lipid
bilayers, but these responses were dependent on gp120 density (46). Whether the cell
surface expression/density of gp120 on infected macrophages is sufficient to cause T
cell arrest has not been tested. The preferential assembly and budding of HIV within
intracellular compartments could mean that less gp120 is available on the cell surface
than on infected T cells (20, 21). Our imaging studies showed that HIV infection
significantly enhanced T cell dwell times, where approximately 60% of T cells analyzed
displayed either scanning or stopping behavior upon contact with an infected
macrophage. When Env expression was abolished, a marked reduction in contact
duration and frequency of arrested T cells was observed, suggestive of destabilized
macrophage-T cell contacts. Pretreatment with anti-CD4 antibodies prior to coculture
similarly led to contact destabilization, implying that sufficient cell surface gp120 was
present to engage and restrain motile T cells. The ability of gp120 to induce T cell arrest
is reminiscent of antigen-induced T cell arrest mediated by calcium signaling down-
stream of the T cell receptor (TCR). A clear difference is the duration of the resulting
contacts; unlike cell-cell contacts after TCR engagement, which last for hours (4, 67), the
HIV-induced contacts observed here were more transient. This is in line with the
transient nature of MDM-T cell (25, 28) and T cell-T cell (68) VSs in cocultures and on
lipid bilayers (46) but contrast with studies that show T cell-T cell VSs lasting for hours
to days (49). Whether sustained cell-cell contacts would persist under conditions where
cell motility is considered was not addressed in these studies. There are also conflicting
data regarding the signals that cause T cell arrest: soluble gp120 could induce Ca2™ flux
in a chemokine receptor-dependent manner (69), but not in another study using bound
gp120, even though T cells were arrested (70). These data seem to indicate that calcium
flux may be dependent on the nature of gp120-CD4 binding and that other signaling
pathways regulate cell-cell interactions during infection. Cell surface molecules known
to be enriched at the VS, including CD81 tetraspanin (26), GM1 ganglioside (71), and
integrins (44, 47), can further regulate cell-cell interactions and fine-tune signals across
the VS. Receptors involved in antigen recognition, such as MHC-Il, CD80/CD86, and
CD28, may facilitate both priming and infection of HIV-specific CD4 T cells through
cell-cell contacts (72, 73). Finally, chemokine binding has been shown to disrupt
gp120-CD4 interactions, indirectly modulating macrophage-T cell conjugate formation
(46). Interestingly, a recent study demonstrated that motile kinapse formations, defined
as mobile scanning contacts, were sufficient to prime human CD4* T cells in vitro,
arguing that stable APC-T cell conjugates are not an absolute requirement for antigenic
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priming (74). It is plausible, then, that macrophage-T cell scanning behaviors are similar
to motile kinapses and are facilitated by signals generated through gp120-CD4 inter-
actions. Together, HIV takes advantage of physiological macrophage-T cell interactions
to maximize access to a large number of susceptible T cells, mainly through expression
of cell surface gp120.

The virological and immunological synapses are both stabilized by an LFA-1-ICAM-1
ring that surrounds the central TCR-MHC and gp120-CD4 clusters, respectively (45, 75,
76). While gp120-mediated T cell arrest facilitates the formation of stable macrophage-T
cell conjugates, LFA-1 is also enriched at the VS (44, 47). Upon ligand binding, the
cytoplasmic tail of the B2 subunit contributes to outside-in signaling to fully activate
the high-affinity conformation of LFA-1 (77). Antibody blockade of the B2 subunit had
no impact on 3D T cell migration (data not shown) but led to a reduction in the
proportion of stable macrophage-T cell contacts, suggesting their partial role in stabi-
lizing cell-cell contacts. Strikingly, we observed an increase in MDM-T cell-tethering
events after LFA-1-ICAM-1 dual blockade, where a thin membranous extension from
macrophages could be seen to remain attached to the uropodia of migrating T cells
after contact disengagement, some reaching over 40 wm in length. Our imaging studies
also clearly showed that tethers were not formed between stable MDM-T cell contacts,
but rather, they became visible when T cells appeared to dissociate contact with
infected macrophages. This resulted in motile T cells creating membranous tethers that
became “stretched” between T cells and infected macrophages, followed by a sudden
release of contact. We found that tether formation was dependent on Env expressed by
infected macrophages. We also noted that the observed tethers were GFP positive,
indicating that the membranous tethers were derived from infected, GFP-expressing
macrophages. These data, together with the fact that both Env-CD4 and LFA-1-ICAM-1
interactions facilitate prolonged MDM-T cell contacts, suggest that tethering events are
the result of macrophages being unable to “restrain” migratory T cells. Blockade of
LFA-1-ICAM-1 contacts while leaving Env-CD4 contacts intact may reduce the ability of
macrophages to restrain T cells, which in our 3D setting contributed to cell-cell tethers.
This is also supported by the fact that LFA-1 blockade led to a significant reduction in
T cell infection in MDM-T cell cocultures. LFA-1-ICAM-1 integrins (and ICAM-3) are
enriched at the VS (44, 47), and disrupting their binding reduces VS assembly and
cell-cell viral transmission (28, 47, 66). LFA-1 ligation promotes T cell polarization and
microtubule-organizing center (MTOC) reorganization toward the cell-cell contact site
(78), further supporting the idea that integrins function to regulate the nature of
cell-cell interactions during VS formation. Macrophage-T cell tethers are reminiscent of
previously described membrane nanotubes (79) and filopodial bridges (80) between
infected and uninfected cells, which can facilitate the transfer of HIV particles. Similar
tethers between macrophages and B cells have been described as a conduit for Nef
exchange in vivo (81). However, the MDM-T cell tethers observed here are unlikely to
facilitate viral transfer, since they were associated with reduced HIV spread. While the
anti-ICAM-1 antibody has been shown to reduce infection by cell-free HIV that bears
host-derived ICAM-1 on the cell surface (82), we rule out this possibility, since antibody
access into VCCs is very limited, given the very low rate of diffusion through the narrow
surface-connected conduits (19). It is important to also mention that some tethering
events, albeit at very low frequencies, were observed in the absence of Env and integrin
binding (Fig. 4E and F). It is possible that other adhesive contacts also play a role in
MDM-T cell tethering or, alternatively, that binding of anti-LFA-1 (or ICAM-1) antibody
may induce signaling through receptor cross-linking and directly modulating T cell be-
haviors. Future genetic approaches will be used to further refine the molecular aspects
of MDM-T cell interaction dynamics.

The simultaneous transfer of virus at a high multiplicity of infection (MOI) at the site
of cell contact is a central feature of cell-cell HIV transmission, lowering the efficacy of
some classes of ARVs when given as monotherapies (29, 83-85). Reduced potency of
nucleoside analog reverse transcriptase inhibitors (NRTIs) is also observed when T cells
are infected with cell-free virus at a high MOI, which seems to suggest that the large
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number of incoming viruses, rather than the physical requirements of cell-cell contacts,
are the main determinant of NRTI monotherapy potency (83). However, cell-cell inter-
actions can initiate specific signaling pathways that enhance VS formation, increase
viral spread, and help establish latent T cell infection, even in the absence of cognate
antigen recognition (86-88). These data argue that the molecular architecture of the
viral synapse provides signals that impact the context in which target cells encounter
transmitted virus and alter their susceptibility to infection. Our imaging studies high-
light the importance of assessing ARV potency within a 3D setting, especially as
combination therapy, where physiological on/off contact dynamics between infected
macrophages and T cells may impact viral spread kinetics and ARV efficacy. We
assessed whether combining the NRTIs tenofovir (TFV) and emtricitabine (ETC), which
are less effective at blocking cell-cell HIV spread, with an integrase inhibitor, raltegravir,
would enhance viral suppression in our 3D model. TFV, ETC, and raltegravir, given
individually at concentrations that completely inhibited cell-free HIV infection, exhib-
ited reduced potency in MDM-T cell cocultures, where T cell infection rates of 5 to 10%
were detected at the highest doses tested, in line with a previous study (24). In contrast,
complete suppression was achieved when MDM-T cell cocultures were treated with
TDF-FTC-Ral, consistent with the notion that combination therapy significantly im-
proves drug efficacy against efficient cell-cell transmission (83, 84). Combining nucle-
otide analogs has been shown to enhance their ability to terminate the growing DNA
chain (89), while suppressive activity against cell-cell spread of HIV was further en-
hanced with an antiretroviral drug from another therapeutic class. Thus, our data show
that the combination regimen tested was sufficient to overcome the high multiplicity
of cell-cell infection observed in our 3D model. Additionally, blocking LFA-1-ICAM-1
interactions had an additive effect on TDF-FTC activity, albeit a modest one, indicating
that, in principle, ARV efficacy can be further enhanced by disrupting prolonged
contacts between infected and uninfected cells. This has implications for our under-
standing of cell-cell transmission events in vivo, where immune cells are in nearly
constant contact with one another within lymphoid tissues, where lower drug pene-
tration has been documented (16, 17).

In conclusion, our imaging studies presented here contrast with previous studies by
taking into account the dynamic aspects of macrophage-T cell interactions during HIV
infection within a confined 3D matrix environment. We show that infected macro-
phages promote both prolonged scanning and stable contacts with motile T cells that
are stabilized by gp120-CD4 and LFA-1-ICAM-1 interactions and that such stable
contacts are a prerequisite for efficient T cell infection. While Nef-induced morpholog-
ical changes were not responsible for enhancing cell-cell interactions or viral spread,
complete inhibition of macrophage-to-T cell viral spread was achieved with combina-
tory ARV regimens tested in our model. The fact that macrophages can be infected by
engulfing infected T cells (90) or through transcytosis (91), in addition to their ability to
capture virions from surrounding cells (92, 93), strongly argues that lymph node
macrophages are important players in HIV dissemination through their propensity to
contact numerous susceptible T cells in vivo.

MATERIALS AND METHODS

HIV and lentiviral plasmids. The lentiviral vector construct pHAGE-CMV-GFP (94) was packaged
with standard helper and vesicular stomatitis virus G protein (VSVg)-encoding plasmids to obtain
GFP-expressing lentiviral stocks. The construction of HIV-nGFP has been described previously (40). The
SIV3+ plasmid was used to generate VLP-Vpx. The proviral plasmid pBR-NL43-IRES-EGFP-nef* (pleG-
nef*) was obtained from the NIH AIDS Research and Reference Reagent Program (catalog no. 11349). The
V3 loop of env was modified to resemble that of HIV BaL and to confer R5 tropism and was designated
HIV-GFP (40). To generate a strain with nef deleted, HIV-GFP was digested with Mlul and Xhol and
religated using T4 DNA polymerase and quick ligase (NEB; catalog no. E0542L) (designated HIV-GFP Anef).
The HIV plasmid with env deleted was constructed by digesting the HIV-GFP plasmid with Psil to
generate a frameshift mutation, as described previously (40).

Preparation of HIV and lentiviral stocks. All HIV-1 stocks were produced by transient transfection
of HEK 293T cells (ATCC; CRL-3216) using calcium phosphate. An expression plasmid encoding VSVg was
used to produce VSVg-pseudotyped HIV. Viral supernatants were collected 48 h after transfection and
centrifuged at 32,000 rpm for 1.5 h using an SW70Ti rotor (Beckman Coulter) over a 20% sucrose cushion.
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Viral stocks were titrated using MAGI.CCR5 and expressed as bfu per milliliter. To produce ANef and AEnv
HIV, their respective proviral plasmids were constructed and transfected into HEK 293T cells. To ensure
one round of infection, the AEnv HIV strain was pseudotyped with VSVg.

Cell culture and HIV infection. Human CD14* monocytes and CD4* T cells (Stem Cell Technologies)
were isolated from the peripheral blood mononuclear cell (PBMC) fraction of healthy donors (NetCAD;
Canadian Blood Services). Cell purities for both populations were routinely >95%. Monocytes were
differentiated into macrophages by seeding into tissue culture (Thermo Fisher; catalog no. 174951) with
50 ng/ml human recombinant macrophage colony-stimulating factor (hrM-CSF) (Biolegend; catalog no.
574808) in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) (VWR Seradigm; catalog
no. 1500-500), 2 mM GlutaMAX (Gibco; catalog no. 3050-061), 1 mM sodium pyruvate (Corning; catalog
no. 25-000-Cl), and 10 mM HEPES (Sigma-Aldrich; catalog no. H4034) for at least 5 days. In some cases,
MDMs were detached using Accutase (Biolegend; catalog no. 423201) and further cultured in ultra-low-
attachment culture flasks (Thermo Fisher; catalog no. 174951). Naive CD4* T cells were activated by
adding Dynabeads coated with anti-human CD3¢/CD28 antibody (1:1 bead/cell ratio; Life Technologies;
catalog no. 11131D) in complete RPMI 1640. After 2 days, the beads were removed, and the cells were
cultured for another 6 to 8days in medium containing 50 IU/ml human recombinant IL-2 (rlL-2)
(Peprotech; catalog no. 200-02), keeping cell density close to 2 X 10° cells/ml. The cells were used for all
experiments between days 7 and 10. To infect MDMs, cells were first preincubated with VLP-Vpx for 3 h
at 6 X 10° cells/ml in the presence of 8 wg/ml Polybrene, 100 ng/ml rhM-CSF and infected under the
same conditions with HIV for an additional 2 to 3 h. The cells were kept in culture in the presence of
25 ng/ml rhM-CSF for the specified times. Infection was measured by GFP expression using flow
cytometry. In some studies, an inhibitor of Nef-mediated Hck activation was used at 20 mM concentra-
tions (Calbiochem; catalog no. 500653). All work with human blood was approved by the University of
Manitoba Biomedical Research Ethics Board (BREB).

Flow cytometry. Phenotypic characterization of T cells and MDMs was performed on the LSRII
(Becton, Dickinson) using FlowJo software (Tree Star) for analysis. T cells and MDMs were washed,
counted, and stained with a panel of directly conjugated anti-human monoclonal antibodies (MAbs):
MHCI-APC (allophycocyanin) (W6/32), CD4-APC (RPA-T4), and CD3-APC/Cy7 (HIT3a). Intracellular p24
staining (Beckman Coulter; KC57) was used to measure HIV infection within GFP-positive cells. HIV-
infected cells were fixed with 2.5% PFA for 30 min before flow cytometry analysis.

Live-cell imaging in 3D collagen chambers. Collagen type I, which is a major constituent of most
interstitial tissues, was used to recreate the 3D fibrillar networks in SLOs. Glass slide chambers were
constructed as previously described (95). MDMs were either infected with HIV-GFP or transduced with
GFP-expressing lentivirus before resuspension in a collagen-medium solution. Bovine collagen (PureCol;
catalog no. 5005) was used to achieve a final concentration of 1.7 mg/ml in each chamber. In some
experiments, T cells were labeled with Celltracker Blue (CMAC; 15 uM) prior to coculture with macro-
phages in collagen at an MDM/T cell ratio of 1:2. For blockade studies, cells were pretreated with 3 ug
of either isotype or blocking antibodies per 10¢ cells prior to embedding into collagen gels. For blocking
antibodies, anti-LFA-1 3-chain (BD Biosciences; L130), anti-CD4 (Biolegend; RPA-T4), and anti-ICAM-1 (BD
Biosciences; LB-2) were used. To prevent FcR-mediated opsonization, MDMs were pretreated with FcR
blocker (Biolegend; catalog no. 422302). The chambers were allowed to solidify for 45 min at 37°C-5%
CO, and placed onto a custom-made heating platform attached to a temperature controller apparatus
(Werner Instruments). A multiphoton microscope with two Ti-sapphire lasers (Coherent) was tuned to
between 780 and 920 nm for optimized excitation of the fluorescent probes used. For four-dimensional
recordings of cell migration, stacks of 12 optical sections (512 by 512 pixels) with 4-um z-spacing were
acquired every 15 (or 30) seconds to provide imaging volumes 44 um in depth. Emitted light was
detected through 460/50-nm, 525/70-nm, and 595/50-nm dichroic filters with nondescanned detectors.
All images were acquired using a 20X 1.0-numerical-aperture (NA) Olympus objective lens (XLUMPLFLN;
2.0-mm working distance [WD]).

Image analysis. Data sets were transformed in Imaris 8.3 (Bitplane) to generate maximum-intensity
projections (MIPs) for export as Quicktime movies. Automated 3D tracking of T cell centroids was
performed for motility analyses. Further cell track parameters (arrest coefficient and mean displacement)
were analyzed in Matlab (Mathworks). To measure the macrophage surface area and cell perimeters,
image data sets were imported into ImageJ (NIH), and each cell was traced using the wand (tracing) tool
after color thresholding. Circularity (on a scale between 0 and 1, where 0 is a straight line and 1 indicates
a perfect circle) measurements were performed using ImageJ. Contact duration, cell migration speeds
during contacts, and tethering lengths were all analyzed using ImageJ. Tether length was defined as
the longest distance from which a visible membranous tether from the cell body of infected MDMs
to a contacting T cell could be observed. ImageJ was used to categorize HIV clusters as near the cell
surface (<2 pwm from the cell surface), intracellular (>2 um from the cell surface), or on podosomal
extensions.

Cell-free and cell-associated HIV spread in 3D collagen matrix. One million HIV-infected MDMs
and 2 X 106 T cells were embedded into 270 ul of collagen gel supplemented with rhIL-2 and rhM-CSF
and placed into 48-well plates. After 4 to 5 h, 150 ul of complete RPMI 1640 medium supplemented with
IL-2 and M-CSF was overlaid on the solidified gel and incubated for 24 h. The collagen gels were digested
with collagenase D, and then the cells were washed and resuspended in medium with IL-2 in a 6-well
plate. In order to remove MDMs, T cells in suspension were removed after 2 to 3 h and placed in a new
6-well plate, while the adherent MDMs remained on the plate (which removed >95% of the MDMs). The
T cells were incubated for another 24 h before flow cytometric analysis for productive HIV infection. To
assess infection by cell-free virus, 1.5 X 10> to 2.5 X 10> IU of HIV-GFP was incubated with T cells

September 2019 Volume 93 Issue 18 e00805-19

Journal of Virology

jviasm.org 15


https://jvi.asm.org

Lopez et al.

immediately prior to collagen embedding. This represented an infecting virus dose of more than 10 times
the viral titer produced by infected macrophages over 2 days in culture (data not shown). In some
experiments, cells were pretreated with either isotype control or blocking antibodies prior to and during
cocultures in collagen. When antiretroviral drugs were used, T cells were pretreated with the specified
concentrations of Ral, TDF, and/or FTC for 30 min prior to and during coculture with MDMs in collagen.

Immunohistochemistry in 3D collagen gels. Collagen gels containing 1 million HIV-infected MDMs
alone or cocultured with 4 X 106 CMAC-labeled T cells were embedded and solidified in a 24-well plate
for 2 to 3 h in a 37°C incubator. The collagen block was fixed with prewarmed 4% PFA-5% sucrose in
phosphate-buffered saline (PBS) solution overnight at 37°C. Excess PFA was quenched using 0.1 M
glycine solution (Sigma) and then permeabilized using 0.5% Triton X-100 (Sigma) for 48 h. To prevent
nonspecific binding, the collagen block was incubated with 1% bovine serum albumin (BSA) and Fc
blocker overnight. A monoclonal antibody against HIV-1 p17 (ATCC; HB-8975) was added to the gels for
24 h, followed by an Alexa Fluor 568-labeled secondary antibody (Thermo Fisher; catalog no. 1793903).
The labeled gel block was mounted onto a glass slide and imaged with a Zeiss spinning-disk confocal
microscope using ZEN software.

Statistical analysis. The unpaired Student t test and Mann-Whitney U test were used for comparison
of data sets with normal and nonnormal distributions, respectively, using Prism 6 (GraphPad). Medians
and P values from statistical analyses are indicated in each graph. When P values were larger than 0.05,
differences were considered not significant.
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