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ABSTRACT

Macrophage infection is considered to play an important role in HIV-1 pathogenesis and persistence. Using a primary cell-based
coculture model, we show that monocyte-derived macrophages (MDM) efficiently transmit a high-multiplicity HIV-1 infection
to autologous CD4" T cells through a viral envelope glycoprotein (Env) receptor- and actin-dependent virological synapse (VS),
facilitated by interactions between ICAM-1 and LFA-1. Virological synapse (VS)-mediated transmission by MDM results in high
levels of T cell HIV-1 integration and is 1 to 2 orders of magnitude more efficient than cell-free infection. This mode of cell-to-
cell transmission is broadly susceptible to the activity of CD4 binding site (CD4bs) and glycan or glycopeptide epitope-specific
broadly neutralizing monoclonal antibodies (-NMAbs) but shows resistance to bNMADbs targeting the Env gp41 subunit mem-
brane-proximal external region (MPER). These data define for the first time the structure and function of the macrophage-to-T
cell VS and have important implications for bBNMAD activity in HIV-1 prophylaxis and therapy.

IMPORTANCE

The ability of HIV-1 to move directly between contacting immune cells allows efficient viral dissemination with the potential to
evade antibody attack. Here, we show that HIV-1 spreads from infected macrophages to T cells via a structure called a virological
synapse that maintains extended contact between the two cell types, allowing transfer of multiple infectious events to the T cell.
This process allows the virus to avoid neutralization by a class of antibody targeting the gp41 subunit of the envelope glycopro-
teins. These results have implications for viral spread in vivo and the specificities of neutralizing antibody elicited by antibody-

based vaccines.

Human immunodeficiency virus-1 (HIV-1)-infected macro-
phages are found in infected patients (1) in antiretroviral
sanctuaries and contain lower intracellular antiretroviral drug
concentrations than CD4 ™ T cells (2). Long-lived HIV-1-infected
macrophages resist viral cytopathic effects and shelter replication-
competent virions in surface-accessible (3—6), but antibody-oc-
cluding (7, 8), virus-containing compartments (VCCs) (6) for
several weeks (9), which strongly implicates macrophages in
HIV-1 persistence (10, 11). Moreover, by efficiently spreading
HIV-1 to uninfected CD4™ T cells through direct cell-to-cell con-
tact (4, 12), macrophages may actively contribute to viral patho-
genesis (10). Despite the potential importance of cell-to-cell
transmission by macrophages to T cells (7, 13), the molecular
organization and function of this intercellular interaction remains
unknown (13).

Cell-to-cell transmission is the dominant mode of retroviral
dissemination in vitro (14) and has been recently reported in vivo
in murine models (15, 16). HIV-1 can spread directly from mac-
rophages to CD4™ T cells in a contact-dependent manner (4, 12,
17-19), but the functional consequences of this for viral multiplic-
ity of infection and for potential evasion of neutralizing antibody
(NADb) attack are not known (20, 21). Over the past 4 years, a series
of potent and broad-spectrum monoclonal antibodies, termed
broadly neutralizing monoclonal antibodies (bNMAbs), have
been isolated from infected individuals. These include MAbs
against the CD4 binding site (CD4bs), a quaternary V1V2-depen-
dent epitope and a high-mannose region on gp120, and the mem-
brane-proximal external region (MPER) on gp41 (22-24). The
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ability of bBNMADs to inhibit HIV-1 replication is central to cur-
rent HIV-1 prophylactic vaccine design and also may influence
viral replication in an established infection (25). While NAb in-
hibit cell-free virus spread efficiently, there are conflicting reports
regarding their relative activity in cell-to-cell transmission, in part
due to heterogeneous experimental approaches (21, 26). Thus,
cell-to-cell spread of HIV-1 between T cells at the virological syn-
apse (VS) has been proposed to either have no significant effect on
neutralization efficacy (20), selective effects on CD4bs-specific
bNMAD (27), or a more generalized impact (28). No data are
currently available on the activity of bNMADs against macro-
phage-initiated cell-to-cell transmission of HIV-1 (21). There-
fore, we sought to define the organization and function of the
macrophage-T cell VS and to address the implications for bNMAb
inhibition in a physiologically relevant model of primary mono-
cyte-derived macrophages (MDM) and autologous CD4 " T cells
(18).
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MATERIALS AND METHODS

Cell isolation, infection, and HIV-1 preparation. Peripheral blood
mononuclear cells (PBMC) were isolated from heparinized blood samples
from healthy HIV-1-uninfected donors by density gradient centrifugation
(Histopaque; Sigma), and monocytes were enriched to high purity
(>95% CD14™") by untouched magnetic selection (MACS monocyte iso-
lation kit IT; Miltenyi Biotech) as previously described (18). Monocytes
were seeded in 24- or 96-well plates at 2.5 X 10° to 5 X 10> cells/ml and
differentiated to monocyte-derived macrophages (MDM) for 7 days in
X-VIVO 10 (Lonza) medium supplemented with 1% heat-inactivated fil-
tered human serum as previously described (4, 18). Autologous CD4* T
cells were enriched from PBMCs by untouched magnetic selection
(MACS CD4™ T cell isolation kit; Miltenyi Biotech) to high purity (>95%
CD3" CD4") and stimulated for 3 days with 1 pg/ml phytohemaggluti-
nin (PHA) and 10 IU/ml interleukin-2 (IL-2; Centre for AIDS Reagents
[CFAR], NIBSC, United Kingdom) in RPMI medium with 10% fetal bo-
vine serum and 1% penicillin-streptomycin (RPMI-10) (4, 18).

MDM were infected for 7 days (4) at various multiplicities of infection
(MOI; from 10° to 10~ %) (18) with either the primary CCR5-using HIV-1
Bal (4) or one of several recombinant infectious molecular clones:
pNL4.3-Gag-GFP (29) bearing the mac-tropic Env JRFL (kindly provided
by B. Chen), Renilla luciferase expressing pNL4.3-LucR-T2A-BaL.ecto
and pNL4.3-LucR-T2A-YU2.ecto (30), or diffusible green fluorescent
protein (GFP) expressing pNL4.3-eGFP-BaL.ecto. Viral stocks were pre-
pared by 293T transfection with polyethyleneimine, and titers were deter-
mined on TZM-bl (JC53) cells (20).

Antibodies and inhibitors. Cytoskeleton inhibitors (Sigma) were di-
luted to nontoxic working concentration in serum-free RPMI: jasplakino-
lide (2 wM; F-actin), nocodazole (10 wM; microtubule), colchicine (10
wM; microtubule), paclitaxel (10 wM; microtubule), dynasore (80 wM;
dynamin), dimethylamiloride (DMA; 100 wM; endocytosis), and blebbi-
statin (100 wM; myosin II). Toxicity in the presence of inhibitors was
assessed on primary MDM using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) via-
bility assay (Promega) as previously described (31). bNMADs tested in
neutralization assays were gp120-specific VRCO01, b12,2G12,and PGT121
and gp41 MPER-specific 2F5, 4E10, 10E8 (all human IgG1; obtained from
the International AIDS Vaccine Initiative [IAVI] Neutralizing Antibody
Consortium or transiently expressed in 293T cells under serum-free con-
ditions essentially as previously described [32]), and anti-human IgGl
isotype control (kindly provided by H. Waldmann). 10E8 Fab was pro-
duced according to the manufacturer’s instructions using the Pierce Fab
preparation kit (Pierce). For functional assays, blocking antibodies all
were purified mouse IgG1 used at 10 pg/ml unless otherwise stated: CD4
(13B.8.2; Beckman-Coulter), CCR5 (2D7; BD Biosciences), ICAM-1
(LB-2 IgG,,; BD Biosciences or Santa-Cruz), LFA-1 (L130; BD Biosci-
ences), ICAM-2 (B-T1; AbD Serotec), and ICAM-3 (101-1D2; Santa-
Cruz). For laser scanning confocal microscopy (LSCM), we used the fol-
lowing primary MAb: CD4 (nonblocking; clone L120; mouse IgGl;
CFAR), CD81 (clone 454720; mouse IgG,,; R&D Systems), anti-gp120
(2G12-biotin), and mouse anti-p18 Gag IgG,,, together with the appro-
priate isotype controls. The following secondary antibodies were used:
goat anti-mouse Alexa-488 IgG,,, Alexa-488, Alexa-647 IgG,,, Alexa-647
IgG1, goat anti-rabbit Alexa-488 IgG (Invitrogen), streptavidin-tetram-
ethyl rhodamine isothiocyanate (TRITC) (Jackson), or directly conju-
gated phalloidin-TRITC (Sigma). For flow cytometry staining, we used
directly conjugated mouse anti-CD3 (clone UCHT1; IgG1)-fluorescein
isothiocyanate (FITC) or -allophycocyanin (APC) (BD Biosciences) and
mouse anti-Gag (clone KC57; IgG1)-FITC or -phycoerythrin (PE; Beck-
mann) together with fluorochrome-conjugated isotype controls at the
same concentration.

Live-cell microscopy. Live-cell time-lapse imaging of MDM and
CD4™ T cell cocultures was performed in 35-mm glass-bottomed imaging
dishes (MakTec) with a 40 X oil immersion objective Axiovert 200 mi-
croscope with an Axiovision MRm charge-coupled-device (CCD) camera
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and Colibri illumination. Image analysis was performed using AxioVision
v 4.8.2. For short-term analysis of transfer, images were acquired every 2
min for up to 6 h. For longer-term conjugate analysis comparing GFP™
MDM to GFP~ MDM, images were acquired every 5 min for up to 12 h.
Image analysis of conjugate duration (min) and frequency (number of
conjugates formed per MDM) were performed for 10 MDM for each
condition (GFP™ and GFP ). Conjugates were scored if they persisted >5
min (i.e., were present in two sequential images).

LCSM. CD4™ T cells were prelabeled with the nonblocking CD4 MAb
L120 as previously described (4) and cocultured with HIV-1 BaL-infected
MDM on glass coverslips for 2 to 3 h to allow VS formation. Nonadherent
T cells were gently removed in warm RPMI, and MDM-CD4" T cell
conjugates were fixed and stained for LSCM as described previously (4),
with minor modifications. Briefly, cells were fixed in 4% paraformalde-
hyde for 1 hat room temperature (RT) and washed in phosphate-buffered
saline (PBS) containing 0.5% bovine serum albumin (BSA), and nuclei
were stained with 1 pg/ml Hoechst in PBS (for 8 min), washed in PBS, and
surface stained for 1 h at RT. They were then permeabilized using 0.1%
saponin—0.5% BSA with 10% pooled human/goat serum to block
Fc-receptor binding, and intracellular staining was performed for 1 h at
RT. Coverslips were mounted in Mowiol 4-88 (Calbiochem) and analyzed
using an Olympus FV1000 microscope. Images were acquired with 63X
and 100X oil immersion objectives and processed in Olympus Fluoview
2.0b.

HIV-1 transfer assay. CD4" T cells were cocultured in duplicate with
HIV-1-infected MDM for 3 h in RPMI-10. Nonadherent cells were gently
aspirated in warm RPMI-10, washed, fixed, stained for CD3, permeabilized,
stained for intracellular Gag, and analyzed by flow cytometry on a FACS-
Calibur (BD Biosciences) (4). Transfer was expressed relative to the percent
CD3™ Gag™ cellsin isotype or vehicle (dimethylsulfoxide [DMSO] or RPMI)
control conditions: transfer (%) = 100 X [(transfer;po,)/ (transfer. . .o1)]-

Luciferase infectivity assay. Target CD4™ T cells were cocultured for
24 and 48 h at a 2:1 ratio with donor HIV-1* MDM (7 days postinfection
[dpi] with Renilla luciferase-expressing pNL4.3-LucR-T2A-BaL.ecto). In
parallel conditions, cocultures were also gently shaken at 75 rpm at 37°C
with 5% CO, (20, 33), and CD4™" T cells were separated from HIV-1*
MDM by a 3.0-pm transwell membrane (Costar) or were incubated with
virus-containing cell-free supernatants from HIV-1" MDM (collected at
7 dpi). At the relevant time point, CD4 ™" T cells were gently removed (with
<0.1% MDM contamination in coculture conditions determined by flow
cytometry staining for CD3 and CD14), washed in PBS, and lysed with
Glo-Lysis buffer (Promega). For luciferase quantification, cell lysates were
mixed 1:1 with Ren-Glo assay solution (Promega) at room temperature,
and luminescence was measured at 1,000 ms ™' integration on a Spectro-
Max M5 plate reader. Background values from uninfected wells were sub-
tracted.

Neutralization assays. Renilla luciferase-expressing HIV-1-infected
MDM were untreated or preincubated with 10 pg/ml pooled purified
human IgG to block Fc receptors for 1 h at 37°C before removal and
preincubation with bNMAD or isotype control for 1 h at 37°C. In parallel,
cell-free virus stocks were preincubated with bNMAbs or isotype control.
We tested 5-fold dilutions of bNMAD from the starting concentration of
50 pwg/ml (MPER, b12, and 2G12), 16.67 p.g/ml (10E8 Fab), or 10 pg/ml
(VRCO1and PGT121). Autologous CD4 ™ T cells were cultured with HIV-
1-infected MDM or cell-free viral stocks (the MOI was titrated to achieve
equivalent luciferase expression in both conditions) for 48 h in RPMI-10
with 10 TU/ml IL-2, followed by gentle aspiration, lysis, and luciferase
analysis as described above. After subtracting background values, data
were normalized to the isotype control as described above. Inhibitor titra-
tion data were fitted to a variable-slope sigmoidal dose-response curve in
GraphPad Prism 5.0 (bottom constrained to 0), and the significance of
differences in the 50% inhibitory concentration (ICs,) was compared by
an extra sum-of-squares F test.

qPCR for pol. Target CD4" T cells in duplicate wells were gently
removed following coculture with HIV-1,_; -infected MDM as described
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above, washed in PBS, pelleted, and frozen at —80°C for later extraction
with the DNeasy blood and tissue kit (Qiagen) according to the manufac-
turer’s protocol. Primers and probes for the detection of HIV-15,; poland
the cell reference human B-globin gene have been previously described
(20). Singleplex PCRs were performed in triplicate in a 20-pl total vol-
ume, with 2X Agilent brilliant III fast master mix, 375 nM each primer,
125 nM probe, 0.3 pl ROX, and 2 pl of sample DNA. A standard curve for
pol and B-globin was generated for each quantitative PCR (qPCR) by
5-fold titration of single VDNA copy/cell standards prepared from ACH2
cells (20). Reactions were performed on a StepOne plus (ABI) gPCR ma-
chine with the following steps: one cycle at 95°C for 3 min, followed by at
least 40 cycles of 95°C for 5 s and then 60°C for 10 s. The results of
triplicate technical replicates per sample for pol and (-globin were aver-
aged, and the ratio of pol to B-globin was calculated to determine the
relative abundance (expressed as VDNA copies/cell) (20).

qPCR for total gag. Cell copy number was quantified in triplicate at
two dilutions using an adapted albumin qPCR as described previously
(34). The master mix contained 2X Roche LightCycler 480 probe MM,
200 nM probe (6-carboxyfluorescein [FAM]-CCTGTCATG CCCACAC
AAATCTCTCC-black hole quencher 1 [BHQ-1]), 250 nM Albumin_F
(GCTGTCATCTCTTGTGGGCTGT), and 250 nM Albumin_R (AAACT
CATGGGAGCTGCTGGTT) (Eurofins MWG Operon) with 10 pl DNA
sample in a total volume of 25 pl. Input cells (2 X 10*) in 10 pl were
assayed in triplicate for total HIV using 500 nM probe (FAM-AGTRGTG
TGTGCCCGTCTGTTG-BHQ-1),500 nM LTR_OS (GRAACCCACTGC
TTAASSCTCAA), 500 nM LTR_AS (TGTTCGGGCGCCACTGCTAG
AGA) (Eurofins MWG Operon), and 2X Roche LightCycler 480 probe
MM in a total volume of 25 pl. Both qPCR amplifications were performed
with one cycle of 95°C for 10 min and then 45 cycles of 95°C for 15 s and
60°C for 1 min. Data were analyzed using Roche LightCycler software.
ACH?2 cells (8 X 10°) containing one integrated copy of HIV-1 per cell
were used in duplicate as standards with cell and HIV copy numbers
ranging in serial 10-fold dilutions from 1 X 10°to 1 X 10° DNA copies/
reaction.

qPCR for alu-gag integrated DNA. Integrated HIV-1 provirus was
quantified using an adapted alu-PCR assay (35). Briefly, 5 replicates of
7,500 cells underwent a first-round PCR amplification (95°C for 2 min; 20
cycles of 95°C for 155, 50°C for 15 s, and 72°C for 150 s) using 100 nM alu
(GCCTCCCAAAGTGCTGGGATTACA) and 600 nM gag (GTTCCTGC
TATGTCACTTCC) reverse primers (Eurofins MWG Operon), 1.5 U
platinum Tagq (Invitrogen), 1.5 mM MgCl, (Invitrogen), 300 wM deoxy-
nucleoside triphosphate (ANTP; Appleton Woods), and 10X master mix
(Invitrogen) in a total volume of 50 pl. Ten pl of the first-round product
was amplified in a nested protocol using the total gag assay described
above. A first-round PCR with 3 replicates using only the gag reverse
primer (gag only) acted as a background unintegrated control. Serially 3 X
diluted integration site standards (36) (ranging from 3,750 to 15 copies
per 7,500 cells in duplicate) were used to construct a standard curve for
each plate. Integration levels per cell were calculated only if the alu-gag
and gag-only signals were statistically significantly different by Student’s ¢
test (P < 0.05).

Statistical analysis. Pairwise comparisons were done with Student’s ¢
test, and comparisons of more than two groups were done by analysis of
variance (ANOVA) with Dunnett’s posttest correction on log-trans-
formed or normalized data. Comparison of IC5,s was performed by an
extra sum-of-squares F test. Analyses were performed in Prism version
5.0, and unless otherwise stated it was performed on experimental repli-
cates from a minimum of 3 independent donors. An alpha value of <0.05
after correction for multiple comparisons was considered statistically sig-
nificant.

RESULTS

Efficient contact-mediated HIV-1 infection from MDM to T
cells. To investigate HIV-1 spread from infected MDM to T cells
under the most physiological in vitro conditions, we established a
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model in which infected MDM were cocultured with autologous
activated primary CD4™ T cells for various times. We first wished
to image in real time the contacts formed between infected
MDM and CD4" T cells to determine whether uninfected and
HIV-1-infected MDM interacted with T cells with different kinet-
ics. For this we used a GFP reporter virus (JRFL Env-bearing HIV-
IN1-Gag-Grp-jrrr) to infect MDM over 7 days and then imaged the
cocultures immediately after adding the T cells. We observed
HIV-1 transfer from a strongly GFP-positive compartment with
characteristics of the macrophage VCC to the interface with the T
cell within 30 to 40 min. This rapid transfer resulted in a large
quantity of Gag-GFP deposition on the T cell surface (Fig. 1A; also
see Movie S1 in the supplemental material), much of which we
suppose to be virions. Following transfer, T cells were observed to
detach from MDM but retained the GFP signal (Fig. 1B; also see
Movie S2). These data support our previous hypothesis regarding
the transient nature of the macrophage-T cell VS (4). To quantify
the frequency and duration of cell-cell interactions between in-
fected MDM and CD4™ T cells, we performed live-cell coculture
experiments with a mac-tropic GFP reporter infectious molecular
clone (pNL4.3-GFP-BaL). We observed frequent transient cell-
to-cell interactions (“scanning” of MDM by T cells [37]), and
image analysis revealed that the frequency of interactions of CD4 ™"
T cells with infected MDM was significantly higher than that with
uninfected MDM (means, 5.5 and 1.5, respectively; P = 0.007 by ¢
test) (Fig. 1C, upper). Average conjugate duration was statistically
indistinguishable between infected and uninfected MDM (me-
dian, 35 min for each; P = 0.268 by t test) (Fig. 1C, lower), but
there were significantly more long-lived (>200 min) interactions
(8/54 versus 0/15; P < 0.001 by Fisher’s exact test) (Fig. 1C, lower).
We explored the kinetics of HIV-1 transfer to T cells using a flow
cytometry-based Gag transfer assay. Transfer was rapid and sig-
nificantly above background levels at all time points compared to
t = 0 (Fig. 1D). The efficiency of transfer did not appear to be due
to high-multiplicity cell-free virion diffusion from infected
MDM, since cocultures separated by a transwell (TW) membrane,
which permits cell-free virion diffusion but not direct cell-to-cell
contact (20), did not result in a significant signal above back-
ground at 24 h (Fig. 1D). However, we reasoned that viral transfer
measured by Gag staining of permeabilized cells did not necessar-
ily imply productive transmission, since it could also correspond
to uptake of Gag protein or virions into nonproductive compart-
ments (14). Therefore, to assess whether efficient virion transfer
led to productive T cell infection, we gently aspirated CD4™ T cells
(yielding <0.1% MDM contamination [18]) at various time
points postcoculture and measured the production of HIV-15,,
late reverse transcripts by quantitative PCR for HIV-1 pol or HIV-
INL-Lucr-T24.Bar, luciferase expression. Both assays confirmed that
the rapid kinetics of Gag transfer measured by flow cytometry
corresponded to similar time-dependent increases in CD4 ™ T cell
infection (Fig. 1E and F).

HIV-1 transfer to T cells requires actin remodeling in the
infected MDM. HIV-1 has been observed to colocalize with sev-
eral tetraspanin molecules, such as CD81, within the VCC of in-
fected MDM (reviewed in reference 38). To probe the localization
of HIV-1 within infected MDM in our system, we carried out
LSCM of permeabilized, infected MDM. HIV-1 Gag colocalized
substantially with CD81 but was significantly reduced in regions
labeled with lysosomal marker Lamp-1, consistent with the re-
ported VCC-like location of virus (Fig. 2A and B) (3, 39, 40).
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FIG 1 Rapid HIV-1 transfer from the VCC results in productive T cell infec-
tion. (A) Live-cell time-lapse imaging of HIV-1y; .4 grp_jrer-infected MDM
and autologous CD4 ™ T cell cocultures. Images were acquired every 2 min for
up to 6 h, and minutes after initiation of coculture are shown above stills from
time-lapse series. HIV-1 Gag transfer from an MDM (labeled “M”) toa T cell
(labeled “T”) at the VS is arrowed. Gag-GFP, signal from Gag-GFP infecting
virus; BF, bright-field illumination; Merge, merged Gag-GFP and BF signals.
(B) Detachment of a Gag™ T cell following VS-mediated transfer at 54 min.
Scale bar, 10 pm. (C) Image analysis of conjugate frequency (number of con-
jugates formed per MDM,; left) and duration (min; right) was performed with
long-term imaging (every 5 min for 12 h) of HIV-1; _gpp_gar -infected MDM
(n = 10 MDM for each condition, MDM™ and MDM ™). Green circles, in-
fected MDM; open squares, uninfected MDM. Conjugates were scored if they
persisted >5 min and were present in two sequential images. **, P << 0.01; ***,
P < 0.001 (¢ test). (D) Kinetics of Gag transfer measured using a flow cytom-
etry transfer assay. Bars, means = standard errors of the means (SEM) for 10
independent donors (n = 4 for transwell). **, P < 0.01; ***, P < 0.001
(ANOVA with Dunnett’s posttest compared to t = 0). TW, cell-free exposure
through a virus-permeable 3.0-um transwell membrane. (E and F) CD4* T
cells were gently aspirated after coculture with infected MDM at a 1:1 ratio and
analyzed for productive infection by qPCR for HIV-1 pol (HIV-1g,; -infected
MDM; means * SEM from 4 independent donors) (E) or luciferase expression
(HIV-1x1 Lucr-T24.8ar -infected MDM; means = SEM from 3 independent do-
nors) (F). *, P < 0.05; ***, P < 0.001 (ANOVA with Dunnett’s posttest com-
pared to t = 0). An arbitrary value of 0.1 (D) or 1 (E) was added to all data to
permit log transformation prior to analysis. RLU, relative light units.
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FIG 2 HIV-1 transfer from the macrophage VCC is actin dependent. (A)
LSCM of permeabilized HIV-1;,, -infected MDM showing colocalization of
HIV-1 p18 Gag with CD81 but not with the lysosomal marker LAMP-1. (B)
Colocalization with p18 Gag was quantified in 10 positive MDM. ***, P <
0.001 by ¢ test. (C) Gag p18 and CD81 colocalized at the synaptic junction with
autologous CD4™" T cells 3 h postcoculture. T, T cell nuclei. Scale bar, 20 p.m.
(D) F-actin proximal to HIV-1 p18 Gag in the VCC of HIV-1,, -infected
MDM. Scale bar, 20 wm. (E) F-actin copolarized to the synaptic junction with
autologous CD4 ™ T cells (nuclei labeled “T”) 3 h postcoculture. Scale bar, 10
pm. Nuclei were stained with Hoechst. (F) Toxicity of inhibitors on MDM was
assessed after 1 h of treatment with the dynamin inhibitor dynasore (80 wM),
the endocytosis inhibitor DMA (100 wM), the F-actin inhibitor jasplakinolide
(2 wM), the microtubule inhibitors nocodazole (10 wM), paclitaxel (10 pM),
and colchicine (10 wM), and the myosin II inhibitor blebbistatin (100 wM) in
serum-free medium by MTS assay. Viability was expressed as a percentage of
the DMSO/medium control. Data are means = SEM from 3 donors. (G) HIV-
15, -infected MDM were pretreated with these inhibitors, washed three times
in warm medium, and incubated with autologous CD4™ T cells for 3 h, and
HIV-1 transfer was measured in T cells stained for CD3 and HIV-1 Gag by flow
cytometry and expressed as a percentage of the CD3" Gag™ cells in DMSO
control wells. Bars, means = SEM from 3 independent donors. *, P < 0.05 by
ANOVA with Dunnett’s posttest compared to the DMSO control.

Following coculture of infected MDM with CD4 ™" T cells for 3 h,
CD81 and HIV-1 Gag were polarized to the VS, suggesting at least
partial relocation/reorganization of components of the VCC to
the intercellular interface (Fig. 2C). Since this process was rela-
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FIG 3 HIV-1 transmission requires Env receptor- and actin-dependent inter-
actions. (A) Preincubation of CD4™" T cells with blocking anti-CD4 (13B8.2)
or anti-CCR5 (2D7) antibody (10 pg/ml) or preincubation of HIV-1g,; -in-
fected MDM with anti-gp120 (2G12 or b12; 10 pg/ml) after Fc block resulted
in a significant reduction in HIV-1 transfer to CD4" T cells during 3 h of
coculture. All MAbs were maintained during coculture. Transfer was mea-
sured by flow cytometry (FACSCalibur) of aspirated CD4 ™ T cells stained for
CD3 and HIV-1 Gag, expressed as a percentage of the CD3" Gag™ cells in
relevant isotype (mouse or human) control wells. (B) Preincubation of CD4™
T cells with blocking anti-LFA-1 (L130 n = 5 donors) or preincubation of
HIV-1g,; -infected MDM with anti-ICAM-1 (LB-2; n = 5 donors), ICAM-2
(B-T1;10 pg/ml), or ICAM-3 (101-1D2; 10 pg/ml; both n = 2 donors) after Fc
block followed by assessment of HIV-1 transfer to CD4 " T cells during 3 h of
coculture with HIV-1y,, -infected MDM. All MAbs were maintained during
coculture. Transfer was measured as described for panel A and expressed as a
percentage of the CD3" Gag™ cells in isotype control wells. Bars, means *
SEM. ***, P < 0.001 by ANOVA with Dunnett’s posttest.

tively rapid, we suspected it to be active and cytoskeleton depen-
dent. LSCM of permeabilized cells revealed F-actin proximal to
the VCC in HIV-1y,, -infected MDM (Fig. 2D) that was polarized
toward the interface with contacting CD4™ T cells (Fig. 2E). To
investigate a functional role of actin in this process, we preincu-
bated MDM for 1 h with nontoxic concentrations (Fig. 2F) of
various inhibitors of cytoskeletal remodeling: the dynamin inhib-
itor dynasore, the amiloride endocytosis inhibitor DMA, the F-ac-
tin remodeling inhibitor jasplakinolide, the myosin II motor in-
hibitor blebbistatin, and inhibitors of microtubule remodeling,
nocodazole, colchicine, and paclitaxel, alongside appropriate ve-
hicle controls. Inhibitors were washed out prior to coculture with
T cells to avoid confounding effects on the T cell cytoskeleton. We
observed a significant (P < 0.05 by ANOVA) reduction in transfer
to T cells over 3 h in jasplakinolide-treated MDM, whereas there
was only a partial, nonsignificant reduction for microtubule or
myosin inhibitors, implicating actin rearrangement in the reorga-
nization of the VCC and subsequent viral transfer across the VS
(Fig. 2QG).

HIV-1 transmission requires Env receptor and adhesion
molecule interactions. The T cell-to-T cell HIV-1 VS has been
previously reported to depend both on Env-CD4 and Env-core-
ceptor interactions and interactions between integrins and ICAMs
(41, 42; reviewed in reference 37). To examine the molecular or-
ganization of the VS governing viral transfer, we quantified the
impact of potential VS inhibitors in the flow cytometry-based
functional assay of V'S transfer. Preincubation of CD4* T cells for
1 h with anti-CD4 or anti-CCR5 blocking MAb significantly in-
hibited transfer (P < 0.001 by ANOVA) (Fig. 3A), suggesting that
transfer is dependent on Env binding to the target cell receptors on
CD4™" T cells (4). This hypothesis was further tested by inclusion
of the anti-gp120 NMAbs 2G12 and b12 with infected MDM both
prior to and during T cell coculture. These bNMADbs, which block
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CD4-gp120 engagement and also prevent the conformational
changes required for CCR5 engagement, strongly inhibited HIV-1
transfer (P < 0.001) (Fig. 3A). A functional role of ICAM-1-
LFA-1 interactions was confirmed using a blocking ICAM-1 MAb
that incompletely but significantly (50 to 60%) inhibited VS-me-
diated HIV-1 transfer (P < 0.001 by ANOVA) (Fig. 3B). The de-
gree of inhibition by the ICAM-1 MAb was mirrored by the activ-
ity of a blocking MAb against LFA-1 (P < 0.001) (Fig. 3B). In
contrast, neither anti-ICAM-2 nor anti-ICAM-3 blocking MAbs
showed significant inhibition. These results are consistent with
previous studies indicating that the ICAM-1-LFA-1 interaction
dominates both physiological interactions between activated T
cells and antigen-presenting cells and cell-to-cell transmission of
HIV-1 (42, 43).

MDM transmit a high-multiplicity infection to T cells across
VS. Although MDM cell-to-cell transmission of HIV-1to CD4" T
cells appears considerably more efficient than cell-free transmis-
sion (4, 17, 19) (Fig. 1D), the relative efficiency of infection re-
mains poorly defined. Various methods have been reported to
isolate cell-free infection in coculture models to allow compari-
sons to cell-to-cell transmission, including the use of transwell
membranes that permit viral diffusion without cell contact (4, 20),
incubation with infected donor cell supernatant (20), or gentle
shaking of cocultures to prevent sustained contacts (33). We com-
pared all of these methods of cell-free infection to VS-mediated
transmission by MDM infected 7 days previously with HIV-
INL-Luck.T24.Ba1» Observing 20- to 250-fold higher CD4" T cell
infection by VS-mediated transmission at 24 and 48 h (Fig. 4A).
The greater infection of T cells in the shaking system compared to
the transwell or supernatant cell-free infection systems most
probably reflects a proportion of contacts of sufficient duration in
the former system to mediate some VS-mediated T cell infection
and will overestimate the implied contribution of cell-free infec-
tion. The increased T cell infection across VS compared to cell-free
infection may result from a high proportion of infectious virions
with infection kinetics faster than those of cell-free infection, lead-
ing to a greater proportion of infected T cells, a higher multiplicity
of individual T cell infections, or both. To directly quantify the
levels of T cell integration following VS-mediated transmission,
we used alu-gag qPCR to measure total VDNA and integrated pro-
viral DNA levels in T cells infected by VS-mediated transmission
from MDM compared to transwell or cell-free virus inoculation at
an MOI of 0.1 at 48 h. VS-mediated transmission achieved a ro-
bust, high level of target cell integration with a mean of 1.98 inte-
grated vDNA copies per cell (95% confidence intervals [CI], 0.12,
3.80) (Fig. 4B). In contrast, high-MOI supernatant infection re-
sulted in 0.06 integrants per cell (95% CI, 0.04, 0.08) (Fig. 4B), and
transmission across a transwell produced integration levels below
the limit of detection of the assay. To confirm that this high level of
VS-mediated integration was not the result of contamination by
infected MDM, we pretreated T cells with the HIV-1 integrase
inhibitor raltegravir (RAL; 2 wM), which significantly reduced the
number of integrated vDNA copies per cell (by 40-fold), indicat-
ing de novo integration (Fig. 4B). When we compared the effi-
ciency of integration for VS-mediated and cell-free infections ex-
pressed as the ratio of integrated to total vDNA (Fig. 4C), we
found that this was equivalent for both transmission routes. These
data indicate that the level of viral integration is governed primar-
ily by the magnitude of the initial viral inoculum rather than any
qualitative differences between cell-to-cell and cell-free viral in-
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FIG 4 VS transmission is more efficient than cell-free infection. (A) Luciferase expression levels in aspirated CD4 ™ T cells after 24 and 48 h of coculture with
HIV-1x1 Lucr-T24.8ar-infected MDM (cell-to-cell), coculture across a 3.0-um transwell membrane (transwell), or exposure to cell-free supernatants collected
from HIV-1y; 1 ucrt24.par-infected MDM 7 dpi HIV-1 (supernatant) or cocultured with HIV-1y; 1 ucr-124.5ar-infected MDM under gentle shaking conditions
(75 rpm). Cell-to-cell infection levels were 250-, 100-, and 20-fold higher than those of the transwell, supernatant, and shaking controls, respectively, at 48 h.
Means = SEM are shown for 5 independent donors. ***, P < 0.001 by ANOVA with Dunnett’s posttest compared to the cell-to-cell condition. (B) Total (white
bars) and integrated (black bars) HIV-1 vDNA in CD4™ T cells was quantified by gag qPCR and alu-gag qPCR relative to human albumin, respectively.
Conditions analyzed were coculture with HIV-1;,; -infected MDM for 48 h alone, in the presence of 2 uM raltegravir (RAL), or across a 3.0-pm transwell
membrane or with cell-free infection of CD4™ T cells with HIV-15,; (MO, 0.1). Transwell integrated vDNA levels were below the limit of detection (represented
by the dotted line). Means = SEM are shown from 4 independent donors. **, P < 0.01 by ANOVA with Dunnett’s posttest compared to the cell-to-cell condition.
(C) Integration efficiency was expressed as the ratio of integrated to total HIV-1 Gag DNA (VDNA,,cgraed/ VDNA ). *, P < 0.05; n.s., nonsignificant (ANOVA
with Dunnett’s posttest compared to the cell-to-cell condition). Means = SEM from 4 independent donors are shown.

fections. The incomplete effect of raltegravir against VS-mediated
transmission is due to the high MOT of cell-cell transmission, as we
have previously reported (18).

VS transmission selectively restricts bBNMADb activity. Al-

(relatively neutralization resistant) Envs BaL and YU2, respec-
tively (44). To avoid the confounding effects of differential MOI
transmission between cell-to-cell and cell-free infection routes, we
titrated down MDM infection levels and increased CD4™ T cell

though inhibitors of gp120-receptor interactions robustly inhibit
VS-mediated transfer at saturating concentrations (Fig. 3A),
bNMAbs may be differentially active in the cell-to-cell context
compared to cell-free inhibition (27, 28). Therefore, we compared
the efficiency of BNMAD inhibition over approximately one cycle
of VS-mediated and cell-free infection of CD4 " T cells (18) using
the clade B mac-tropic tier 1 (neutralization sensitive) and tier 2

cell-free inocula to achieve equivalent T cell infection levels in
both conditions at 48 h as previously described (18) (Fig. 5A and
B). We compared bNMAD targeting three main epitope clusters
on Env: the CD4bs (VRCO01 and b12) and glycan (2G12) or glyco-
peptide (PGT121) epitope regions of gp120 and the MPER of
gp41. The activity of 2G12, PGT121, and VRCO1 was unaffected
by route of transmission (Fig. 5C and D). In contrast, we observed
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FIG 5 Neutralization of cell-free- and cell-to-cell-mediated infection. HIV-1-infected MDM and cell-free inocula were adjusted to produce equivalent infection levels
at 48 h postinfection by the cell-to-cell (CTC; black bars) and cell-free (CF; open bars) routes for HIV-1g 1 cr-gar. (A) and HIV-1; ;wcryus (B). Means = SEM are
shown for 6 (BaL) and 4 (YU2) donors. The activity of bNADbs targeting the CD4bs (VRCO1 and b12) and the glycan shield (PGT121 and 2G12) were tested against
cell-to-cell (filled circles) and cell-free (open circles) infection of CD4 ™ T cells with HIV-1y; 1 ueror2a sar, (C) and HIV-1; 1 v a4 yuz (D). Means = SEM from 3 to 6
donors are shown. The significance of differences in IC,, was assessed by F test. A significant difference was observed for b12 (P = 0.002) against BaL. 2G12 was not tested
against YU2.
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FIG 6 MDM to T cell VS-mediated transmission is resistant to MPER
bNMAD neutralization. The activity of bBNMADbs targeting the MPER re-
gion (10E8, 2F5, and 4E10) were tested against cell-to-cell (CTC; filled
circles) and cell-free (CF; open circles) infection of CD4" T cells with
HIV-Ixptuer-t2aar (A) and HIV-1y; g ycreroayu: (B). Means = SEM
from 3 to 6 donors are shown. The significance of differences in IC,, was
assessed by F-test. A significant difference was observed for 10E8 (P <
0.001) against BaL. IC5,s could not be fitted for 2F5and 4E10 (BaL) or 10E8
and 2F5 (YU2). 4E10 was not tested against YU2.

a significant 16-fold reduction in the activity of the CD4bs NAb
b12 against BaL (P = 0.002) (Fig. 5C) but not against YU2 (P =
0.612) (Fig. 5D). However, there was a striking reduction in the
activity of MPER-directed bNMAbs 2F5, 4E10, and 10E8 against
VS-mediated viral transmission, resulting in reductions in po-
tency of >100-fold (Fig. 6). Indeed, the activity of 10E8 and 2F5
was negligible against YU2 Env even at the highest concentration
used (50 pg/ml). The reduced activity of MPER bNMAbs against
VS-mediated transmission was unchanged in experiments using a
commercially available Fc blocking reagent (data not shown), sug-
gesting thatloss of function was not related to Fc receptor binding,
in line with previous data (45). We hypothesized that steric inhi-
bition reduces the on-rate of MPER bNMADs for their epitopes,
since they are sandwiched between the base of gp120 and the viral
lipid envelope. If the virus is contained within an antibody-inac-
cessible compartment (the VCC) until the T cell contacts the
MDM, then the time window available for antibody to bind gp41
will be limited, and slow on-rates might prevent most antibodies
binding prior to virus entry. To investigate this, we tested inhibi-
tors of gp41 fusion of smaller size than intact IgG molecules with
the hypothesis that increased access to the MPER region reduces
the differential. In agreement with this hypothesis, the Fab frag-
ment of 10E8 showed a difference in inhibition of only 14-fold on
BaL (compared to ~100-fold for the IgG) and no significant dif-
ference on YU2 (Fig. 7A and B). Similarly, the activity of the 4.5-
kDa peptide gp41 fusion inhibitor T20, although significantly re-
duced against VS compared to cell-free transmission on BaL (P =
0.001), was only 18-fold less effective and showed equivalent in-
hibitory activity against YU2 (P = 0.154) (Fig. 7C and D). Thus,
the MPER region appears to be particularly susceptible to steric
restriction at the macrophage-to-T cell VS, although Env se-
quence-dependent effects on neutralization efficacy also need to
be taken into account (45).
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FIG 7 Inhibitor activity is dependent on size. Cell-to-cell (CTC; filled circles)
and cell-free (CF; open circles) neutralization experiments were carried out
with 10E8 Fab against HIV-1y; [ roroapar (A) and HIV-1 [ romoayus
(B).There was a significant difference in 10E8 Fab IC, for HIV-1y; | ucr_gar
(P =0.013, F test, n = 3 donors) but not HIV-1y; | ucr-t24.yu2 (P = 0.400, F
test, n = 5 donors). The activity of T-20 was tested against cell-to-cell (CTC;
filled circles) and cell-free (CF; open circles) infection of CD4™ T cells with
HIV-11 tuer-r2apar (C) and HIV-1g;_pycr r2a.yu2 (D). Means = SEM from 3
donors are shown. The significance of differences in IC5, was assessed by F test.
A significant difference was observed for BaL (P = 0.001) but not YU2 (P =
0.154).

DISCUSSION

Here, we have defined for the first time the principal molecular
components of the VS formed by contact between HIV-1-infected
primary MDM and CD4™" T cells that results in infectious spread
of HIV-1 to T cells that is 20- to 250-fold more efficient than
cell-free infection. This mechanism of intercellular transfer results
in high levels of T cell viral integration and provides an environ-
ment that substantially reduces the efficiency of neutralization by
certain bNMAbs. These findings have implications for viral dis-
semination in vivo and may help to explain several facets of HIV-1
pathogenesis. High-multiplicity transmission of HIV-1 by di-
rected cell-to-cell transfer has important implications for host-
mediated and therapeutic antiviral strategies for the following rea-
sons. (i) It overcomes antiretroviral inhibition in a probabilistic
manner, potentially contributing to viral persistence by facilitat-
ing intermittent HIV-1 replication during antiretroviral therapy
(46) and/or permitting ongoing dissemination in antiretroviral
sanctuary sites (18, 47). (ii) It reduces the efficacy of NAD. In the
current study, MPER bNMADs were particularly affected, but a
modest effect was also seen with the gp120 CD4bs bNMAb b12 on
the neutralization-sensitive virus strain BaL, in accord with a pre-
vious study (27). (iii) Host restriction factors, such as tetherin/
BST-2, may also be saturated by the magnitude of viral transmis-
sion at VS (48).

Efficient cell-to-cell transmission is likely to be the dominant
mode of viral spread in densely packed primary and secondary
lymphoid tissues (14) where intense HIV-1 replication occurs
(49). Recent progress with intravital imaging using murine mod-
els shows that retrovirally infected cells frequently engage unin-
fected cells (15, 16) and suggests that T cells are important vectors
for HIV-1 dissemination (15). Despite this, few studies have at-
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tempted to directly quantify the multiplicity of cell-to-cell trans-
mission by measuring viral integration in target cells, and none
have reported the multiplicity of macrophage-vectored transmis-
sion. Our finding of approximately 2 integrated copies of HIV-1
per target CD4" T cell overall is comparable to studies of VS-
mediated transmission between T cells using fluorescence in situ
hybridization (FISH)-based measurements in highly permissive T
cell lines (~3 to 4 per infected cell) (50, 51). Interestingly, by
examining the ratio of total DNA to integrated forms, we observed
no difference compared to high-multiplicity cell-free infection of
primary CD4™ T cells, suggesting that the enhanced efficiency of
synaptic transmission derives from the quantity of infectious viri-
ons transferred rather than postentry effects on the target cell fa-
voring nuclear trafficking and/or integration. This is an important
insight in keeping with our previous observations (18) and sup-
ports efforts to target the entry pathway in cell-to-cell transmis-
sion.

The efficiency of this transmission route relates to the structure
of the macrophage VS, which shares features of both the T cell VS
and the dendritic cell (DC) infectious synapse (IS). In infected
MDM, virions are principally sequestered in the VCC (38), and
the modest effect of microtubule inhibitors, in contrast to the
robust action of actin paralysis, suggests that transmission does
not depend on polarized secretion of virions involving the micro-
tubule organizing center (MTOC), as has been shown for T cells
(52), but rather upon actin-mediated rearrangement of the VCC.
However, these data do not exclude a role for the tubulin cytoskel-
eton in VCC regulation (53), and the molecular signaling involved
in this active reorganization is an important area of future work.
Unlike the DC IS, the macrophage VS is formed by productively
infected cells, and as we show here, it remains dependent on
gp120-CD4 interactions for viral transfer.

There are conflicting data in the literature regarding whether
VS transmission represents a mechanism of dissemination that
evades NAD attack (reviewed in reference 21). The conclusions of
several studies appear to depend upon the cell-to-cell model sys-
tem tested. We first demonstrated that transfer of HIV-1 from
chronically HIV-1-infected Jurkat T cells to uninfected primary
CD4" target T cells was equivalently susceptible to NAb inhibi-
tion compared to cell-free infection (20). We concluded, based
upon confocal and electron tomographic imaging and functional
analyses, that this was because the VS formed between T cells was
fully permissive for IgG entry; therefore, there was no kinetic bar-
rier for NAb engagement with virus (20). However, another sys-
tem based principally on cell-to-cell transmission of HIV-1 from
T cells to the immortalized epithelial cell line HeLa expressing
high levels of transgenic HIV-1 entry receptors (TZMbl [54])
showed loss of CD4bs-specific neutralization but preserved
MPER antibody function (27). This result agrees with one recent
report of DC-mediated transfer (45) but not another (55). Other
studies, in which acutely transfected T cell lines transmit imma-
ture virions expressing Env in conformations that are unable to
initiate immediate cell-membrane fusion (56), report more global
resistance to bNMADb inhibition (28). Interestingly, deletion of the
cytoplasmic tail of gp41 restores Env fusogenicity (28), resulting
in enhanced neutralization by gp120-directed bNMAbs such as
b12, but with considerably less impact on the MPER antibody
4E10 (28). Our data relating to macrophage VS-mediated transfer
show that MPER-directed NAD suffer the most loss of activity, and
results with 10E8 Fab and T20 suggest this is at least partially
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mediated by steric hindrance (28). This would be consistent with
limited access of IgG to virus within the VCC (7, 8), to the rapid
transfer of infectious HIV-1 from the VCC to contacting T cells
(Fig. 1) (4), and with electron microscopic imaging which shows
tight apposition of MDM and T cell membranes at the synaptic
junction (4). MAb access to the VCC is likely to be limited by very
low rates of diffusion through the narrow surface-connecting con-
duits (38). However, MAbs specific for cellular molecules may be
actively trafficked to the VCC, as demonstrated by CD36-specific
MAD binding to its cognate antigen on macrophages leading to
internalization into the VCC and inhibition of virus release (39).

In contrast with MPER bNMAbs that most likely would act on
virus transferring from MDM to T cells across an assembled func-
tional VS, inhibition by CD4bs and 2G12 may occur largely by
preventing VS assembly, similar to that observed for the T cell-T
cell VS (20) and consistent with the significantly reduced number
of Gag™ T cells recovered from MDM cocultures (Fig. 3A). Here,
we have tested bBNMADs representing three major epitope clusters:
the gp120 CD4bs, the glycan/glycopeptide supersite of vulnerabil-
ity (57), and the MPER for comparative inhibition of cell-free and
cell-to-cell infection. A fourth epitope cluster containing the
V1V2 quaternary bNMAbs of which PG9 and PG16 are proto-
types should also be evaluated in these systems.

As others have noted (45), we observed subtle but nevertheless
potentially important Env strain-dependent effects on viral neu-
tralization, which suggests that more than one Env should be
tested in this type of study, as we have done here. Transmitted/
founder virus Envs should also be investigated in this respect (58,
59). Such effects on neutralization are likely to relate both to
global neutralization sensitivity (tier 1- versus tier 2-type viruses
[44]) and to other features, such as glycan proximity to antibody
binding sites. The impact of such glycans will be influenced not
only by the env amino acid sequence but also by the producer cell
type (60, 61). However, our data on the function of gp120-di-
rected bNMADbs, particularly the glycan-dependent antibodies
2G12 and PGT121, which display equivalent activity against cell-
cell and cell-free primary cell infection, are encouraging for vac-
cine developers. These data are consistent with reports that gp120-
directed bNMADbs control established viral infection in a
humanized mouse model of HIV-1 (62).

A number of recent studies, both in vitro and in vivo, are con-
sistent with cell-to-cell spread of HIV-1 being the dominant mode
of viral dissemination. Recent data, including those presented
here, also highlight the potential importance of this mode of
spread in allowing viral escape from antiretroviral therapy and
some, but not all, NAb. The ability of the macrophage to survive
for extended periods after infection and to store virus that can
then be released across VS to efficiently infect T cells suggests that
this cell type is more important to HIV-1 dissemination and
pathogenesis than originally suspected.
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