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ABSTRACT    

Collective transmission via structures containing several virions has recently emerged as a highly 

efficient mode of viral spread. Here, we demonstrate that HIV-1 spreads between T lymphocytes in 

the form of viral particles colonies that are concentrated and sheltered in an extracellular matrix 

(ECM) lattice enabling their collective transmission upon cell contacts. Intrinsically, ECM-clustered 

viruses infect T lymphocytes more efficiently than individual viral particles. They preserve HIV-1 

transmission from antiretroviral treatment (ArT) and potent broadly neutralizing antibodies. We also 

show that collagen induced by HIV-1 infection controls the clustering of virions and their collective 

spread, thereby enhancing infectivity. CD4+ T cells from HIV-1-infected patients produce and 

transmit ECM-virus clusters, supporting that they could be involved in vivo. This study provides new 

insights into modes of HIV-1 transmission and identifies a novel fundamental role for collagen in this 

process. HIV-1 spread via ECM-virus clusters may have important implications for viral 

dissemination and persistence, including during therapy. 

 

 

 

 

Keywords: HIV-1, collective spread of viruses, extracellular matrix (ECM), collagen, cell-to-cell 
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INTRODUCTION 

HIV-1 dissemination relies both on cell-free and cell-to-cell spread, the latter mode being more 

efficient in vitro (Chen et al., 2007; Dimitrov et al., 1993; Mazurov et al., 2010; Sourisseau et al., 

2007). To date, the contribution of both modes to HIV-1 spreading in vivo remains unclear and likely 

depends on the course of infection and the anatomy of the body compartment colonized by the virus 

(Law et al., 2016b; Sewald et al., 2016). Cell-to-cell spread requires physical contacts between a donor 

cell (an infected cell producing viral particles or a cell carrying previously captured viral particles) and 

an uninfected target cell. By avoiding the dispersion of newly formed virions, cell-to-cell transmission 

increases the efficiency of HIV-1 spread, favors co-infection of target cells (Boulle et al., 2016; Del 

Portillo et al., 2011; Duncan et al., 2014; Law et al., 2016a) and reduces effectiveness of some 

antiretroviral treatments (ArT) as well as potent, broadly neutralizing antibodies (bNAbs)(Agosto et 

al., 2015; Malbec et al., 2013; McCoy et al., 2014; Reh et al., 2015; Titanji et al., 2013; Zhong et al., 

2013). Thus, contact-mediated transmission may contribute to HIV-1 spread and persistence during 

therapy (Costiniuk and Jenabian, 2014; Titanji et al., 2013).  

The spread of HIV-1 among CD4+ T cells, which serve both as vectors for HIV-1 dissemination 

and as the main site of viral replication in vivo (Haase, 1999; Murooka et al., 2012), is greatly 

enhanced by intercellular contacts in vitro (Chen et al., 2007; Dimitrov et al., 1993; Mazurov et al., 

2010; Sourisseau et al., 2007). Different types of close intercellular contacts, referred as virological 

synapses (VS) here, as well as thin membrane extensions bridging infected and uninfected T cells, 

have been shown to enable HIV-1 transfer between T cells (Hubner et al., 2009; Jolly et al., 2004; 

Sherer et al., 2007; Sowinski et al., 2008). VS were initially described as long lasting junctions where 

viral particles accumulated during transfer from infected to non-infected T cell (Hubner et al., 2009; 

Jolly et al., 2004; Jolly et al., 2011; Rudnicka et al., 2009; Zhong et al., 2013). Infected T cells, either 

mononucleated or plurinucleated (syncitia), indeed transmit HIV-1 material through long-lasting 

junctions as initially described, but also through migrating junctions transiently formed with 

uninfected T cells (Chen et al., 2007; Hubner et al., 2009; Law et al., 2016a; Murooka et al., 2012; 

Symeonides et al., 2015). Thus, contact-mediated HIV-1 spread between T lymphocytes likely occurs 
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in different forms - types of and dynamics of contacts- in vivo. 

The way in which HIV-1 travels to efficiently spread between T cells remains unclear. Local 

concentration of individual virions at the VS, either cell-free or membrane-bound, is thought to be the 

main mechanism enabling the simultaneous transfer of multiple virions per target cell, therefore 

enhancing HIV-1 spread (Jolly, 2010; Mothes et al., 2010). However, it recently emerged that virus-

induced structures that simultaneously transport groups of virions and enables their “en bloc” 

transmission greatly enhance viral infection by comparison with individual viral particles (Altan-

Bonnet and Chen, 2015; Chen et al., 2015; Sanjuan, 2017). In the case of the Human T Cell Leukemia 

Virus type-1 retrovirus, which spreads almost exclusively via cell-cell contacts, the formation of a 

« viral biofilm » - colonies of virions embedded within a virus-induced scaffold of extracellular matrix 

(ECM) components and linker proteins - plays a crucial role in its transmission (Pais-Correia et al., 

2010; Thoulouze and Alcover, 2011). Concentrating virions within such an adhesive and protective 

microenvironment may not only contribute to viral propagation in vivo but may also influence its 

persistence. In the case of HIV-1, diffusible infectious virions are massively released from infected T 

lymphocytes (Tsai et al., 1996). However, in co-culture systems, large patches of HIV-1 (Gag capsid 

protein) have been shown to reach the VS by lateral movements, at the surface of infected cells, prior 

to their capture by target T lymphocytes (Chen et al., 2007; Hubner et al., 2009). Within lymphoid 

tissues in humanized mice models, clusters of fully budded virions have been observed at the surface 

of infected T cells and along the track of migrating infected cells (Kieffer et al., 2017; Ladinsky et al., 

2014; Symeonides et al., 2015). More importantly, in biopsies from non-treated HIV-1-infected 

patients, clusters of mature HIV-1 particles have been described together with isolated viruses within 

several lymphoid tissues (Orenstein, 2008). This opens up new interpretations regarding the 

participation of viral particle clusters in HIV-1 transmission.  

To date, clustering and retention of HIV-1 at the surface of infected cells has been mainly 

considered as a cellular mechanism to restrict viral spread by limiting viral particle release. Indeed, the 

only cellular factor implicated in this process is tetherin/BST2, which notably prevents virus release by 

physically bridging nascent virions together and to the cell membrane (Andrew and Strebel, 2011; 

Martin-Serrano and Neil, 2011; Sauter, 2014; Strebel, 2013). Upon infection however, the HIV-1 
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accessory protein Vpu limits tetherin exposure on the surface of infected cells, and thereby favors the 

release of individual virions (Neil et al., 2008; Van Damme et al., 2008). Transmission via cell-cell 

contacts seems to partially overcome the inhibitory effects of tetherin (Jolly et al., 2010; Zhong et al., 

2013), further suggesting that membrane-bound and/or clusters of viruses could participate in HIV-1 

spread. Regulating cell surface retention and clustering of HIV-1 particles could be a mean to adjust 

the mode and the efficiency of viral spread during the course of infection.  

Here, we explored the role of membrane-bound HIV-1 in the infectivity of T cells by using a 

combination of cutting-edge imaging techniques along with functional approaches. We identified cell-

surface-bound viruses clusters organized as biofilm-like structures as a major infectious pool involved 

in HIV-1 spread. As described for HTLV-1, infectious HIV-1 “biofilm” is composed of extracellular 

matrix (ECM) components (collagen, agrin) and linker proteins that physically hold together viral 

particles originated from a unique infected cell. CD4+ T cells isolated from HIV-1-infected patients 

produce and transmit ECM-enriched viral particle clusters, supporting their involvement in vivo. We 

show that Virus-ECM pools are intrinsically more infective than individual virions because they 

enable the “en bloc” spread of HIV-1 among T lymphocytes. We also demonstrate that ECM 

components composing these structures, and in particular collagen, control both the organization of 

viral particles at the cell surface and the resulting infectivity. Finally, we provide evidence that 

collective HIV-1 transfer in the form of virus-ECM clusters (VEC) accounts for most of the 

characteristics of contact-mediated transmission, including increased infectivity and reduced 

sensitivity to ArT and bNAbs. Thus, our findings identify ECM-linked HIV-1 colonies as new, highly 

infectious pools of virions, which must be taken into account in the design of therapeutic strategies.  
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RESULTS 

 

Infectivity of HIV-1-infected T cells is largely attributable to membrane-bound pools of virions 

We first assessed the quantitative contribution of cell-surface viral material to HIV-1 transmission 

between CD4+ T lymphocytes. T lymphocytes chronically infected with HIV-1 (ACH2 cells) were 

subjected to gradual mechanical washes by extensive pipetting and were subsequently examined for 

remaining cell-associated viral capsid (CAp24, by flow cytometry) and virus transmission in co-

culture with reporter Jurkat T cells (LTR-Luc). Repeated mechanical washes led to up to a 40% 

reduction in cell-associated CAp24 and resulted in as much as a 55% decrease in cell-associated 

infectivity (Fig. 1A & Supplementary Fig. 1A). Mechanical treatment decreased cell-associated 

CAp24 to the same extent than subtilisin treatment commonly used to enzymatically remove the 

surface-bound viral material (Fig. 1A, left panel), without affecting neither the viability of infected 

cells (Supplementary Fig. 1B) nor their adhesive properties to fibronectin (Supplementary Fig. 1C). 

We ensured that luciferase activity was caused by actual HIV-1 infection of reporter target cells by 

using the reverse transcription inhibitor 3TC (Supplementary Fig. 1D). Surface-associated infectivity 

appeared to reside in firmly adhering extracellular viral material, as a single round of gentle pipetting 

of infected cells (single wash) only slightly decreased cell-associated CAp24 and did not significantly 

impact infectivity (Fig. 1A & Supplementary Fig. 1A). Regardless of the intensity of mechanical 

washes, the decrease in cell-associated CAp24 correlated with the decrease in cell-associated mature 

HIV-1 matrix protein (MAp17) (Supplementary Fig. 1E), confirming that surface-associated viral 

material included mature viral particles. The contribution of T cell surface-associated viral material to 

HIV-1 spread was even more pronounced with primary CD4+ T cells infected in vitro with HIV-1 

laboratory strain NL4-3. Milder mechanical washes were used in order to preserve the viability of 

infected primary T cells (not shown), leading to a 20% decrease in cell-associated CAp24 and 

corresponding to an 80% decrease in cell-associated infectivity (Fig. 1B). Thus, the reduction in cell-

associated infectivity was mostly attributed to the removal of HIV-1 extracellular material from the 

surface of infected T cells. 
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Membrane-bound HIV-1 particles cluster as viral colonies at the surface of infected T cells 

We then characterized HIV-1 viral material at the surface of infected CD4+ T lymphocytes by 

confocal and electron microscopy in several types of HIV-1-infected T cell cultures. T cell lines 

chronically infected with HIV-1 (ACH2 and J1.1) and primary CD4+ T cells infected in vitro with 

either laboratory strains (NL4-3 and BaL), as well as primary virus isolates (DH12, Bx08 and W132), 

were examined. Confocal microscopy revealed bright extracellular clusters of HIV-1 Gag (HIV-1-

MAp24+ or CAp17+) at the surface of about 70% of HIV-1-infected T cells, that were identified by 

their diffuse cytoplasmic CAp24+ staining (Table 1). X4-tropic NL4-3, R5-tropic BaL, Bx08 and 

W132 and dual-tropic DH12 viruses similarly accumulated at the surface of infected T cells, 

indicating that HIV-1 retention at the surface of infected CD4+ T cells is independent of co-receptor 

tropism. Membrane-bound HIV-1 clusters sometimes localized within membrane invaginations or 

were attached to membrane protrusions and extensions (Fig. 1C & Supplementary Fig. 2A,B). 

Similar clusters were also found at the surface of T cell syncytia formed in infected T cell cultures 

(shown for DH12 primary isolate; Supplementary Fig.  2C). HIV-1 viral material accumulating at the 

T cell surface was immunostained for HIV-1 Gag CAp24 and MAp17, as well as HIV-1 Env 

glycoprotein gp120 (Supplementary Fig. 2D), indicating that mature and potentially infectious viral 

material was present in the clusters. Indeed, scanning electron microscopy (SEM) and immunogold 

staining of HIV-1 Env glycoprotein (gp120) unveiled aggregates of Env+ viral particles (Fig. 1D). 

Transmission electron microscopy (TEM) unambiguously showed the viral material to be 

heterogeneous assemblies of enveloped viral particles, some of them appearing as empty vesicles but 

most of them displaying a classical dense-core morphology of mature viral particles (Fig. 1E, 

arrowheads). The clusters of HIV-1 virions were surrounded by electron-dense material (Fig. 1E, 

arrow) morphologically reminiscent of the “cocoon” of ECM components previously described for 

biofilm-like HTLV-1 assemblies (Pais-Correia et al., 2010).  

 

Membrane-bound HIV-1 colonies are embedded within a virally-induced ECM-rich network 

We next examined ECM components forming HIV-1 viral clusters at the T cell surface. Confocal 

microscopy of infected T cells revealed HIV-1 extracellular aggregates to be especially enriched in 
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both collagen and agrin (Figure 2A-B; Supplementary Fig. 3A-B). Tetherin, intermingled with viral 

aggregates and at their contact site with the plasma membrane (Fig. 2C), was also identified. 

Depending on the cell type and on the virus used, collagen, agrin and tetherin accumulated in 49 to 

69%, 47 to 65% and 49 to 82% of HIV-1 extracellular assemblies, respectively (Fig. 2D). We 

observed a strong correlation between the size of HIV-1 clusters and their enrichment in tetherin, 

collagen and agrin (Fig. 2E), suggesting a crucial role of these ECM components in cell-surface 

retention and clustering of viral particles. Infected CD4+ T cells, including primary T cells, had higher 

collagen surface expression (Fig. 2F), supporting that HIV-1 infection triggered an increase in 

collagen synthesis by CD4+ T lymphocytes as previously reported with other cell types (Smith et al., 

2010; Tuyama et al., 2010; Vigneault et al., 2011). Agrin was reorganized at surface of infected T cells 

to accumulate in the HIV-1 clusters (Fig. 2B), while its production was globally unaffected (Fig. 2G). 

Broader characterization of other ECM components by immunofluorescence showed that HIV-1 

extracellular clusters were also enriched in α-dystroglycan/cranin, a glycoprotein displaying agrin-

binding capacities (Zhang et al., 2006), and in syndecan-4, a heparan sulfate proteoglycan upregulated 

upon HIV-1 infection and previously reported to bind HIV-1 virions (Supplementary Fig. 3C) 

(Bobardt et al., 2003; Vigneault et al., 2011). In contrast, syndecan-3, a dendritic-cell-specific 

attachment receptor for HIV-1 (de Witte et al., 2007) was clearly excluded from HIV-1 clusters 

(Supplementary Fig. 3D). Thus, HIV-1-infected T cells produce and retain at their surface 

extracellular aggregates of viral particles specifically enriched in ECM proteins such as collagen and 

agrin.  

 

T cells from HIV-1-infected individuals produce ECM-enriched viral particle clusters  

We then assessed the formation of cell-membrane-bound HIV-1 clusters by CD4+ T lymphocytes 

from six HIV-1-infected individuals with detectable viremia. About 50% of infected CD4+ T cells 

detected ex vivo carried extracellular CAp24+ and MAp17+ viral clusters at their surface (Fig. 3A & 

Table 1). Structured illumination microscopy (SIM) confirmed that HIV-1 extracellular aggregates 

from infected patients were enriched in both collagen and agrin (Fig. 3B). Similar results were 
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obtained with CD4+T lymphocytes sorted from PBMC of all HIV-infected individuals analyzed, but 

not with samples from HIV-negative persons (Fig. 3C). We then performed correlative light 

confocal/electron microscopy (CL/EM) combined with immunogold labeling of T cells from HIV-1-

infected patients. Both conventional and focused ion beam (FIB)-scanning electron microscopy (SEM) 

showed membrane-bound HIV-1 viral assemblies that stained positive for collagen in fluorescence, 

and for agrin and HIV-1 Env in both fluorescence and immunogold labeling (Fig. 3C-D). CL/FIB 

SEM confirmed the 3D localization of agrin and HIV-1 Env immunogold labeling along dense-core 

viral particle clusters (Fig. 3D). These results strongly suggest that ECM-enriched HIV-1 clusters are 

produced in vivo (in infected individuals) and can be relevant to the pathophysiology of HIV-1 

infection. 

 

HIV-1 regulates the formation of membrane-bound HIV-1 clusters  

We then investigated the role of viral proteins in the regulation of ECM-embedded HIV-1 clusters. We 

particularly focused our study on the viral glycoprotein HIV-1 Env, with well-known heparan sulfate-

binding properties (e.g. (Alfsen et al., 2005)), and on the viral accessory proteins Vpu and Nef. Both 

Vpu and Nef modulate intracellular trafficking and secretory pathways and, in the case of Vpu, favor 

the release of viral particles by reducing tetherin exposure at the cell surface (Strebel, 2013; Sugden et 

al., 2016). Primary CD4+ T cells were infected with the pseudotyped wild-type virus NL4-3 (WT) or 

the same virus lacking viral protein Vpu, Nef or Env (Supplementary Fig. 4). Formation of 

membrane-associated HIV-1 assemblies was analyzed by confocal microscopy (Fig. 4A insets) and by 

SIM (Fig. 4A). In the absence of Nef, HIV-1 CAp24+ and MAp17+ clusters appeared significantly 

less compact than with the WT virus, in agreement with a 2-fold decrease in total extracellular CAp24 

intensity per cell (Fig. 4B-C). In contrast, the absence of Vpu led to the formation of larger and more 

compact extracellular CAp24+ aggregates, resulting in a 3-fold increase in membrane-bound CAp24 

intensity per cell as compared to WT infection (Fig. 4B-C), consistent with the role of Vpu in viral 

particle release from the cell surface (Neil et al., 2008; Van Damme et al., 2008). Most markedly, the 

absence of Env led to the formation of few very, if any, small CAp24+ aggregates per cell (Fig. 4A); 

the fluorescence intensity of CAp24 spots fell below the specific detection limit of our quantification 
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procedure (Fig. 4B; N.D. = non detectable). Thus, the formation of ECM-embedded virus aggregates 

at the cell surface is dependent on HIV-1 Env and is regulated by Vpu and Nef, each of which 

modulates, in opposite ways, the quantity and architecture of HIV-1 clusters at the cell surface. 

 

HIV-1-induced collagen determines architecture and infectivity of membrane-bound HIV-1 

clusters  

We then analyzed the role played by the different components of membrane-bound HIV-1 clusters in 

cell-associated infectivity. We first assessed the contribution of tetherin by using a previously 

described tetherin shRNA CEM T cell line (Casartelli et al., 2010) (Supplementary Fig. 5). CAp24+ 

extracellular viral clusters were found in 68% of control shRNA CEM cells infected with HIV-1, 

which was comparable to other T cells (Table 1). 70% of clusters had detectable tetherin contents 

(Supplementary Fig. 5A, left), and both tetherin-negative and tetherin-positive HIV-1 assemblies 

accumulated collagen (Supplementary Fig. 5B). Tetherin knock-down did not significantly impact 

either membrane-bound HIV-1 cluster formation (63% versus 68% of HIV-1-producing cells; 

Supplementary Fig. 5A) or HIV-1 spread in our T cell-based assay (Supplementary Fig. 5C). 

Aggregation of extracellular CAp24+ was similar in tetherin and control shRNA conditions 

(Supplementary Fig. 5D), although some slight changes in the organization of mature viral particles 

(MAp17+) at the cell surface were frequently observed by SIM in shRNA conditions (Supplementary 

Fig. 5E). This indicated that tetherin present in HIV-1 clusters is not strictly required for their 

formation, further suggesting that other components are playing this role. 

We then assessed the role of virus-induced collagen on cell-associated infectivity by 

subjecting HIV-1-producing cells (ACH2) to collagenase digestion. Clostridium collagenase D 

(CollD) affected neither cell viability (Supplementary Fig. 6A) nor the infectivity of viral particles 

released in the culture supernatant (Supplementary Fig. 6B). Notably, CollD digestion reduced cell-

associated infectivity by up to 55% (Fig. 5A, right), further supporting the participation of collagen in 

HIV-1 spread. However, CollD digestion did not result in efficient detachment of cell-associated viral 

material, with a maximal reduction in total CAp24+ material of 15% (Fig. 5A, left). Contrary to what 

was observed after mechanical washes (Supplementary Fig. 6C), cell-associated infectivity did not 
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correlate with the quantity of cell-associated material upon CollD treatment, suggesting that collagen 

might not only play a role in cell surface retention. We therefore examined whether CollD modified 

the architecture of HIV-1 clusters and/or viral particle distribution at the cell surface. Confocal 

imaging of HIV-1-producing T cells revealed that CollD digestion triggered a complete reorganization 

of HIV-1 clusters, leading to a dotted pattern of small viral aggregates scattered over the surface of 

infected T cells (Fig. 5B). These viral clusters were significantly smaller and highly homogeneous in 

size as compared to HIV-1 clusters exposed at the surface of untreated cells or at the surface of the 

remaining MAp17+ fraction of mechanically washed cells (Fig. 5C). Thus, collagen present within 

surface-bound HIV-1 clusters makes a key contribution to the efficiency of HIV-1 transmission 

between T cells, by mediating the clustering and specific spatial organization of viral particles at the 

cell surface. 

 

ECM-enriched HIV-1 clusters enable the “en bloc” spread of HIV-1 between cells 

We then monitored the fate of membrane-bound HIV-1 clusters and associated ECM components 

during cell-to-cell HIV-1 transfer. Confocal and SIM imaging of virological synapses (VS) between 

ACH2 cells and target CEM T cells revealed that membrane-associated HIV-1 assemblies were 

transferred at the VS and to non-infected target T cells as cohesive entities, i.e. clusters of HIV-1 

MAp17+ material embedded in agrin and collagen (Fig. 6A & Supplementary Fig. 7A). ECM-

associated HIV-1 clusters accumulated at the interface between infected and target T cells in 55% of 

the junctions studied (Fig. 6A). Further, we observed the capture and retention of HIV-1 assemblies 

with ECM components at the surface of target T cells (Supplementary Fig. 7B). Transfer of ECM-

associated HIV-1 colonies between T cells appeared to be quite rapid, as 5% of target T cells carried 

HIV-1 MAp17+ collagen+ agrin+ patches after only 10 min of coculture with HIV-1-infected cells, 

and 17% after 90 min (Supplementary Fig. 7B). In cultures of CD4+ T cells from HIV-1-infected 

patients, clusters of HIV-1 virions embedded in ECM components (collagen and agrin) were similarly 

observed during transfer via the VS formed between infected and non-infected lymphocytes (Fig. 

6B&C), together with evidence of capture of ECM-virus clusters by non infected T lymphocytes (Fig. 

6C right & Supplementary Fig. 7C). HIV-1 colonies embedded in ECM components are thus 
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adhesive structures that enable efficient and collective transfer of HIV-1 to target cells. 

We then examined whether local accumulation of HIV-1 particles at the contact site, and viral 

transfer, were affected when CollD-treated ACH2 cells contacted target cells. CollD treatment did not 

alter the formation of contacts (VS) between infected and target cells (Fig. 6D-E). However, the 

concentration of viral particles at the contact site was drastically reduced as compared to untreated 

cells (Fig. 6D, arrows). Only a few, smaller HIV-1 clusters were transferred to target cells (Fig. 6D, 

arrowheads & Fig. 6F), in agreement with the observed 55% decrease in cell-associated infectivity 

(Fig. 5A). Thus, collagen contained within surface-bound HIV-1 clusters provides a scaffold that 

supports collective and efficient transmission of HIV-1 between T cells.  

 

HIV-1 in ECM-enriched virus clusters is more infectious than is cell-free individual virion 

We then investigated the contribution of the Virus-ECM clusters (VEC) to the observed increase in the 

infectivity of HIV-1 during cell-cell contacts (Chen et al., 2007; Dimitrov et al., 1993; Mazurov et al., 

2010). In the same assay, we measured the capacity of cell-associated HIV-1 clusters to infect T cells, 

by comparison with cell-free viral particles released in cell-culture supernatants (coculture with Jurkat 

LTR-Luc). We mechanically washed VEC-producing T cells, quantified by ELISA the amount of 

CAp24 released by the washes (Q), and complemented VEC-depleted (mechanically washed) cells 

with an equal amount of CAp24 Q’ (Q’=Q) of cell-free viruses (FV) collected from corresponding 

cell-culture supernatants (Fig. 7A). Complementation of MW cells with an equal amount of cell-free 

viruses (MW+FV; Q’=Q) significantly increased the infection of target cells (1.6-fold increase in Luc 

activity), but did not rescue the infectivity of T cells carrying VECs (2.6-fold higher infectivity as 

compared to NT cells) (Fig. 7B). This indicated that viral particles accumulating in VECs at the T cell 

surface are more infectious than their cell-free counterparts.  

We then investigated whether this increased infectivity is an intrinsic property of ECM-

enriched HIV-1 clusters, independently of the carrier cell. Therefore, cell-surface viral material was 

detached from cells before analysis (see Methods). Correlative Env confocal-SEM of these samples 

unveiled viral aggregates of heterogeneous size, some composed of several hundred viral particles 

(Fig. 7C). The viral particles were organized along fibers, forming a large connective framework 
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likely composed of ECM components. When normalized for the amount of CAp24 protein, HIV-1 

clusters displayed a 6-fold increase in infectivity as compared to cell-free viral particles (Fig. 7D), 

indicating that VEC-associated viral particles are more infectious than their cell-free counterparts, and 

that this property does not depend on the carrier cell. Western blot analysis of the two viral particle 

pools showed no obvious differences in Gag or Env content or maturation (Fig. 7E). Thus, the 

intrinsic features of HIV-1 clusters likely result from ECM-mediated clustering or organization of 

viral particles rather than qualitative differences between VEC-associated and cell-free virions. 

Accordingly, CollD treatment of pre-adsorbed membrane-associated HIV-1 material unpacked the 

HIV-1 clusters and fractionated the network clustering virions (Supplementary Fig. 8A-C), with a 

significant 3.8-fold decrease in infectivity (Supplementary Fig. 7D). Hence, ECM components, and 

notably the collagen scaffold, provide HIV-1 colonies with a specific organized architecture, 

independently of HIV-1 retention at the surface of infected cells, contributing to the increased 

infectivity of ECM-associated HIV-1 pools as compared to cell-free individual virions. 

Spread via membrane-bound HIV-1 clusters reduces the effectiveness of antiretroviral drugs 

We then analyzed if virus-ECM cluster spread could impact the effectiveness of ArT in blocking HIV-

1 infection. In all co-culture conditions, the nucleoside analog reverse-transcriptase inhibitor 3TC 

blocked HIV-1 transmission at high concentrations (95% inhibition at 10 mM), showing that 3TC 

inhibits all modes of HIV-1 spread. However, at suboptimal drug concentrations, the residual 

infectivity of VEC-producing cells remained higher than that of washed cells, complemented (W+FV) 

or not complemented (W), with equivalent amounts of CAp24 free virus (Fig. 8A, left).  

We postulated that the increased efficiency of cell-to-cell spread and the decreased effectiveness of 

3TC might be caused by the ability of the ECM-embedded HIV-1 clusters to simultaneously transfer a 

large number of viral particles to target cells and thereby to locally increase the multiplicity of 

infection (MOI). We tested this hypothesis by repeating the same type of experiment at equivalent 

infectivity rather than equal CAp24. Mechanically washed cells were complemented with a large 

excess of cell-free viral particles (Q’>>Q; range 2 to 10 depending on the experiment) in order to 

reach the same infectivity as that of VEC-producing cells in the absence of the drug. At any 3TC 
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concentration, the residual infectivity of untreated cells and mechanically washed cells complemented 

with cell-free viral particles remained identical (Fig. 8A, right & Fig.  8B). Accordingly, the relative 

inhibition of infection by 3TC was similar in non-treated and complemented cells  (Fig. 8B; 45% 

inhibition at 1 mM), showing that the reduced 3TC effectiveness on cell-to-cell transmission may be 

due mainly to the increased efficiency of VEC spread in the absence of drugs.  Similar results were 

obtained with the entry inhibitor AMD3100 that targets the CXCR4 co-receptor (Supplementary Fig. 

9A-B). This demonstrated that membrane-bound HIV-1 clusters locally generate a high multiplicity of 

infection and favor productive infection of target cells through a local quorum effect. Hence, by 

locally concentrating virions and enabling the simultaneous transfer of multiple viral particles per 

target cell, ECM-enriched HIV-1 clusters enhance transmission efficiency and decrease ArT 

effectiveness on HIV-1 spread.  

 

HIV-1 in ECM-virus clusters is less sensitive to neutralization by bNAbs than is cell-free 

individual HIV-1 

We used a similar approach to study the role of ECM-embedded HIV-1 clusters in the reported 

decreased sensitivity of cell-to-cell transmission to bNAbs. The potent 3BNC117 bNAb, which targets 

the CD4 binding site of the HIV-1 envelope spike protein gp160 (Mouquet, 2014), suppresses both 

viremia and viral rebound during cART interruption (Caskey et al., 2015; Scheid et al., 2016; Schoofs 

et al., 2016). We also used two other gp160-specific bNAbs, namely PG16 (recognizing N-glycan 

V1/V2 loops) (Walker LM, 2009), which partially blocks NL4-3 cell-free infection but not cell-to-cell 

transmission, and PGT121 (binding to the N-glycan V3 loop) (Walker LM, 2011), which blocks 

neither mode of NL4-3 spread (Malbec et al., 2013). 3BNC117 strongly inhibited HIV-1 transmission 

in all co-culture conditions, at the highest concentration (up to 95% inhibition at 10 µg/ml) (Fig. 8C, 

left panel). However, at suboptimal concentrations of 3BNC117 (below 10 µg/ml), the residual 

infectivity of VEC-producing cells remained higher than the infectivity of mechanically washed cells, 

whether complemented or not with cell-free virus, indicating that VEC contribute to reducing the 

effectiveness of 3BNC117. As previously shown, PG16 and PGT121 were unable to inhibit NL4-3 
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cell-to-cell transmission, even at high concentrations (Fig. 8C). PG16 only partially inhibited the 

effect of cell-free HIV-1, with 25% inhibition at 20 µg/ml. Notably, 3BNC117 was also significantly 

less effective at inhibiting VEC versus cell-free transmission at all suboptimal concentrations (below 

10 µg/ml), with 25% inhibition at respectively 0.1 and 1 µg/ml (Fig. 8D & Supplementary Fig. 9B), 

suggesting that ECM-embedded virus clusters may not only concentrate HIV-1 but also shield viral 

particles from 3BNC117 neutralization. Thus, by concentrating viral particles in a protective 

microenvironment, virus-ECM clusters reduce the capacity of the highly potent bNAb 3BNC117 to 

inhibit HIV-1 transmission.  

 

DISCUSSION 

 

Here, we show that HIV-1 spread between T lymphocytes is predominantly due to colonies of 

virions physically linked together by an ECM network, the composition and architecture of whose are 

controlled by HIV-1. Most importantly, we provide new insights into how HIV-1 hijacks the ECM, 

and particularly collagen, to travel efficiently and collectively between cells in a stealthy manner, 

which likely participates in the seeding and maintenance of replicative sites in the host.  

Although previous studies have suggested that surface-retained clusters of viruses could 

participate in HIV-1 cell-to-cell transmission (Hubner et al., 2009; Kieffer et al., 2017; Symeonides et 

al., 2015), HIV-1 spread between T lymphocytes was thought to result mainly from transmission of 

individual virions, locally concentrated at the viral synapse (VS) through polarized budding during 

contact-mediated spread (Alvarez et al., 2014; Chen, 2012; Jolly, 2010). Viral particles clustered and 

retained at the surface of infected T cells were considered to be poorly infective, owing to residual 

tetherin-mediated encystment observed in the absence of Vpu (Casartelli et al., 2010; Neil et al., 2008; 

Van Damme et al., 2008). Their contribution to HIV-1 spread has not previously been specifically 

evaluated or properly compared to that of individual viruses released in culture supernatants. Our work 

identifies the HIV-1 pool contained in ECM-enriched structures as a major source of infectivity. The 

major contribution of ECM-embedded viral colonies to spread does not, however, exclude release and 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 27, 2021. ; https://doi.org/10.1101/2021.09.27.461933doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.27.461933


 

 16 

spread of individual viral particles, including at the VS. The relative contribution of each mode of 

spreading most probably depends on the time course of the infection and on the architecture of the 

organ in which HIV-1 infection takes place. Importantly, our work reveals that part of the HIV-1 

progeny travels collectively between cells. The recent discovery of biofilm-like HTLV-1 clusters 

(Pais-Correia et al., 2010) and of vesicles containing multiple infectious enteroviruses (Chen et al., 

2015) further supports the concept that viruses have developed sophisticated strategies to bundle 

virions originating from a single infected cell into extracellular infectious structures that promote their 

collective transport, most probably contributing to successful infectious propagation in vivo. This may 

contribute to the multicopy and micro-compartmentalized infection observed in lymph nodes (Law et 

al., 2016a) and provide selective advantages in terms of replication kinetics and genetic diversity 

compared to spread of independent viral particles (Boulle et al., 2016; Sanjuan, 2017). ECM-enriched 

HIV-1 clusters physically hold together newly formed virions at the surface of infected cells, and these 

virions are subsequently transferred upon interaction with uninfected cells, at the VS or via thin 

membrane extensions. These infectious structures are likely to be relevant in vivo, as suggested by the 

production and transmission ex vivo of ECM-embedded HIV-1 clusters between CD4+ T cells isolated 

from all HIV-infected individuals tested in our study. Our data also demonstrate that HIV-1 spread via 

ECM-virus pools confers a fitness benefit compared to individual viral particle and increases the 

ability of HIV-1 to spread under adverse conditions. We show that the increased infectivity associated 

with ECM-associated HIV-1 assemblies is mainly due to a mass effect: “en bloc” transmission of 

virus-ECM clusters locally increases the MOI and favors infection of target cells through a quorum 

effect. This increased infectivity reduces the apparent sensitivity, at suboptimal doses, of cell-to-cell 

transmission to the effects of antiretroviral drugs (3TC and AMD3100) and to neutralization by the 

potent bNAb 3BNC117. In addition, clustering of HIV-1 within ECM appears to shelter viral particles 

from recognition at antibody concentrations sufficient to neutralize isolated viral particles. Highly 

glycosylated ECM proteins embedding HIV-1 clusters may limit the accessibility of anti-Env 

neutralizing antibodies to viral particles and complement the protective effect of the HIV-1 Env 

glycosylated canopy.  This combination of properties makes ECM-embedded viral particle clusters an 

ideal mechanism for HIV-1 spread and persistence in the host, potentially even during therapy.  
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Whether HIV-1 spread in vivo involves ECM-embedded viral particle colonies (or fragments) 

remains to be investigated. We show that the composition and the architecture of ECM-enriched viral 

particle clusters provide an optimal scaffold that promotes HIV-1 infection independently of the 

producing cell. Intrinsically, ECM-associated viral particle clusters are substantially more infectious 

than cell-free virions, an attribute at least partially due to the aggregative properties conferred by 

collagen. The strong adhesiveness of ECM-enriched HIV-1 clusters, and fragments, enables their 

efficient capture not only by target T cells but also by other surfaces (e.g. glass coverslips coated with 

polylysin or fibronectin), strongly suggesting that they could be easily released and captured by 

surrounding structures or cells in vivo. Indeed, transmission electron microscopy (TEM) studies of 

biopsies from non-treated HIV-infected patients showed the existence of clusters of mature HIV 

particles together with isolated viruses in lymph nodes and in GALT (Orenstein, 2008). Recent live-

imaging and CryoTEM studies of humanized mouse models showed hundreds to thousands of fully 

budded virions accumulating in pools together with coiled fibrils of collagen surrounding infected 

cells (Kieffer et al., 2017). Deposits of HIV-1 clusters strongly reminiscent of VEC fragments along 

the track of infected T cells in lymph nodes were also observed, together with evidence of direct and 

indirect transmission via such cell-free pools of virus (Ladinsky et al., 2014; Murooka et al., 2012; 

Sewald et al., 2015; Symeonides et al., 2014).  

 

 Our work also provides new insights into how HIV-1 regulates viral particle clustering and cell-

surface retention, thereby controlling infectivity and mode of spread. Apart from tetherin, the action of 

which is partially counteracted by Vpu during HIV-1 infection (for reviews, see (Martin-Serrano and 

Neil, 2011; Neil, 2013), the mechanisms regulating these processes have never been fully investigated. 

Our data show that viral particle clustering and cell-surface retention result from the complex interplay 

between viral proteins including Vpu, Nef and Env, and several cellular factors. Our work highlights 

the crucial contribution of ECM components to these processes, broadening our vision of the role of 

the ECM in HIV-1 dissemination. In particular, we uncovered a novel role of collagen in HIV-1 

spread. The main known role of collagen in the pathophysiology of HIV-1 infection was in fibrotic 

damage induced by collagen deposition in lymphatic tissues, limiting CD4+ T cell repopulation and 
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impairing the immune function of secondary lymphoid organs (Beghini et al., 2015; Estes, 2009; 

Schacker et al., 2002; Zeng et al., 2011). We now provide evidence that (i) HIV-1 infection of T 

lymphocytes increases collagen secretion/production, possibly through a Tat-dependent mechanism 

that has been reported in other cell types (McArthur et al., 2001; Taylor et al., 1992; Tuyama et al., 

2010); (ii) virally induced collagen confers a specific organized architecture on surface-bound HIV-1 

colonies, creating threads that connect virions with one another and thus forming a 2D and 3D 

meshwork; (iii) the collagen scaffolding enables collective transmission of part of the viral progeny 

and increases HIV-1 infectivity. HIV-1 adjusts cohesiveness and cell-surface retention of viral 

particles colonies by fine-tuning the composition of ECM-virus clusters in tetherin but also in ECM 

molecules such as collagen, thereby controlling viral infectivity and the mode of spread. The specific 

use of some ECM components, such as collagen, by HIV-1 to collectively traffic between cells may 

have additional significant implications for viral pathogenesis. ECM components might also provide a 

protective microenvironment that preserves viral particles, ensuring optimal maturation. Isolated cell-

free HIV-1 has a very short lifespan (0.3 days for plasma virions (Perelson et al., 1996)), and ECM 

sheltering would prolong its infectivity, as already reported for some syndecans (Bobardt et al., 2003), 

which we found to accumulate in ECM-rich HIV-1 clusters. Specific ECM components have the 

potential to provide VEC with additional features enhancing HIV-1 capture and infectivity, potentially 

increasing the panel of target cells. This includes alternative entry pathways such as endocytosis of 

ECM-HIV-1 clusters prior to viral envelope fusion (Dale et al., 2011), which ultimately seems to 

occur through the canonical pathway (Env/CD4-dependent and CXCR4-dependent fusion process in 

the case of NL-4.3). ECM-embedded HIV-1 colonies could also be grabbed by non-permissive cells 

such as DCs, thus disseminating HIV-1 infection in vivo, and contribute to amplifying the infection in 

the host (Cameron et al., 1992; Dahabieh et al., 2015; Sewald et al., 2015). ECM components of HIV-

1 clusters, and particularly collagen, may also undermine the establishment of efficient antiviral 

immune responses and assist with viral escape. 

 

 In summary, our work identifies ECM-embedded HIV-1 clusters as novel, highly infectious 
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extracellular structures that concentrate, shelter and disseminate colonies of viral particles. Formation 

of Virus-ECM clusters appears to be a common strategy employed by human retroviruses for efficient, 

collective and protected spread of virions originating from the same infected cell. Notably, some 

components that are specifically and consistently enriched in membrane-bound HIV-1 clusters are also 

present in HTLV-1 clusters (Pais-Correia et al., 2010), suggesting that these two human retroviruses 

hijack similar cellular pathways and processes for collective travel between cells. Our study provides a 

rationale for developing novel strategies to limit retroviral spread by targeting components of 

membrane-associated HIV-1 clusters, including ECM components such as collagen. This mode of 

transmission, which promotes infection and ensures viral replication despite immune responses and 

therapies, may not only contribute to successful propagation in vivo but also favor viral persistence 

and, probably, immune evasion.  
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METHODS 

Antibodies and reagents 

Rabbit anti-HIV-1 CAp24 Ab and human Ab anti-HIV-1 gp120 2G12 were obtained through the NIH 

AIDS Reagent Program. Mouse mAbs to HIV-1 MAp17 (18-A), to CAp24 (25-A) and to HIV-1 

gp120 (110H) were from Hybridolabs, Institut Pasteur. Note that the 18-A anti-HIV-1 MAp17 

antibody detects only the cleaved matrix protein MAp17 and therefore labels only mature virus 

particles present at the T cell surface, as confirmed by colocalization between MAp17 and Env (Sup 

Fig 2). FITC-conjugated anti-p24 Ab KC57 was from Becton-Dickinson. Mouse IgG2a mAb to CD45 

(GAP 8.3) was from ATCC and mouse anti-CD98 mAb was from R&D Systems. Rabbit antibodies 

(Ab) to agrin (707T and 204) were kind gifts from Dr M. Rüegg. Rabbit polyclonal antibody to human 

collagens I, II, III, IV and V was from AbD Serotec. The versatile collagen probe Ace (Boerboom et 

al., 2007) was produced in a bacterial system using a plasmid given by Dr. M. Hook and was 

subsequently coupled to Alexa488 (Molecular Probes). Polycolonal mouse anti-Cranin Ab was from 

Chemicon. Mouse polyclonal anti-Tetherin Ab and rabbit anti-Syndecan 4 and anti-Galectin 3 Abs 

were from Abcam. Rabbit anti-Syndecan 3 Ab was from Atlas. DAPI was from Invitrogen. FITC-

coupled Abs to mouse IgG1, IgG2a and IgG2b were from Southern Biotechnology. Cy3-coupled Ab 

to rabbit IgG and to mouse IgG1, IgG2b and IgG as well as Alexa647-coupled Ab to mouse IgG2a 

were from Jackson Immunoresearch. Cy5-coupled Ab to rabbit Ig was from GE Healthcare. 

Alexa488-coupled Ab to fluorescein was from Life technologies. Annexin V/PI and Cell Trace Violet 

were from (Life technologies). 20-nm colloidal gold protein A was from the University Medical 

Center Utrecht, 10 nm colloidal gold anti-mouse IgG+IgM Ab was from British Biocell International. 

3BNC117, PG16 and PGT121 bNAbs were provided by H. Mouquet. The plasmid encoding firefly 

Luciferase under the control of HIV-1 Long Terminal Repeat (pLTR-Luc) (Reynolds et al., 2003) was 

a kind gift from Dr. S. Emiliani.  

Cells, viruses and infections 
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TZMbl reporter cells and the chronically HIV-1-infected T cell line (J1.1, ACH2 and its parental cell 

line CEM) were obtained through the NIH AIDS Reagent Program. CEM shControl and shTetherin 

were a kind gift from Dr N. Casartelli (Casartelli et al., 2010). Cells lines were cultured in RPMI-1640 

(Gibco) containing 10% FCS, 10 IU/mL penicillin and 10 µg/mL streptomycin and the selection agent 

hygromycin (400 ug/mL) or puromycin (0.5 ug/mL) when required. Expression of the HIV-1 genome 

in J1.1 and ACH2 cells was induced by culture in the presence of TNF-α (10 ng/ml) for 48 h and 

PMA (10 ng/ml), respectively. 

Peripheral blood mononuclear cells from healthy donors or from HIV-1-infected patients were isolated 

by Ficoll-Hypaque centrifugation. CD4+ T cells were isolated by negative selection with magnetic cell 

sorting (Miltenyi Biotec) and the CD4+-enriched T cell population was cultured in AIM-V medium 

complemented with 40 U/mL IL-2 (Chiron) and 5 ng/mL IL-7 (R&D systems). Blood samples from 

HIV-1-infected patients were obtained in the context of the Biomedical Research Program 

TRANSBioHIV promoted by the French National Agency for AIDS and Hepatitis (ANRS) and 

approved by the Ile-de-France VII ethics committee, Hôpital de Bicêtre, Kremlin-Bicêtre (ANRS 

FR01 TransBioHIV - ID-RCB: 2013-A010651-44). All individuals gave their informed consent. 

Clinical characteristics of the study subjects are shown in Table 2. 

Primary CD4+ T cells were infected with laboratory adapted strains (HIV-1 BaL (R5) and 

NL4.3 (X4)) or primary isolates, (HIV-1 132W (R5), subtype E; DH12 (dual tropic) and BX08 (R5), 

subtype B) by spinoculation and used for further experiments after 3 to 5 days, when the infection rate 

reached 20% to 45%. Primary CD4+ T cells were infected with VSV-G-pseudotyped NL4-3 virus 

wildtype (WT) or lacking viral proteins Vpu, Nef or Env, in order to reach comparable levels of 

productive infection on day 3 post-infection (20-50% of CAp24+ cells; Sup Fig 4) before the 

occurrence of major virus-induced cytopathic effects (Thoulouze et al., 2006).  

 

Mechanical washes and collagenase D and subtilisin treatment of infected cells 

HIV-1–infected cells were left unwashed, rinsed once to remove virions loosely adhering to the 

surface of the cells, or submitted to one to four rounds of extensive pipetting followed by a rinse in 
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RPMI-1640 serum-containing medium. Alternatively, infected cells were treated with Subtilisin (5 

mg/mL, Sigma-Aldrich) or Collagenase D (2 to 10 mg/mL, Sigma-Aldrich) at 37°C in serum-

containing medium, for 5 min and 12 h respectively. Subtilisin treatment was stopped by adding an 

excess of Protease Inhibitor (Roche). Cells were gently rinsed three times in order to remove 

contaminating enzymes. Cells were then processed for immunofluorescence analysis, flow cytometry 

and coculture with a reporter cell line. Viral antigens were detected in cell culture supernatants or 

detachment supernatants by Gag p24 ELISA according to the manufacturer's instructions 

(Zeptometrix). When indicated, mechanically washed cells (W) were complemented with Free Virus 

(FV) collected from cell culture supernatants. The amount of p24 added corresponded to 3 to 5 times 

the amount of p24 detached from the mechanically washed cells, as assessed by p24 ELISA. Cell-free 

viral particles released in culture supernatants and cell-surface viral material detached by mechanical 

washes were first clarified by a short centrifugation step (400g for 10 min) and concentrated by 

ultracentrifugation (2000g for 10 min) before analysis by CAp24 ELISA and infectivity assay. An 

additional ultracentrifugation step (2000g for 2h) was performed before analysis by western blotting. 

Alternatively, membrane-bound HIV-1 material was isolated from HIV-1 infected cells through 

transient adhesion to polylysin-coated coverslips, and the cells were subsequently detached by several 

rinses with PBS supplemented with EDTA. 

 

Treatment with antiretroviral drugs and neutralizing antibodies 

Luciferase reporter T cells were preincubated for 1 h with increasing concentrations of 

antiretroviral drug (ArT: 3TC and raltegravir) prior to coculture with HIV-1–infected cells in the 

presence of ArT. Conversely, HIV-1-infected cells were preincubated for 1 h with increasing bNAb 

concentrations prior to coculture with the luciferase reporter T cell line in the presence of bNAbs. 

 

Flow cytometry 
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Cells were fixed with 4% paraformaldehyde for 10 min at 25°C, followed by Gag CAp24 and 

MAp17 staining as previously described (Pais-Correia et al., 2010) using KC57-FITC (Becton-

Dickinson) and 18-A (Hybridolabs, Pasteur) respectively. Cells were analyzed on a BD Bioscience 

FacsCalibur. 

 

Luciferase reporter gene assay 

To assess HIV-1 infection of target cells, we generated a luciferase reporter Jurkat cell line. Jurkat 

J77cl20 cells were stably transfected with the plasmid pLTR-Luc (Reynolds et al., 2003) as previously 

described (Pais-Correia et al., 2010). Luciferase reporter cells were cocultured, in 96-cell round-

bottom plates, with HIV-1–infected cells at a cell ratio of 1:1 and 3:1 for infected cell lines and 

primary infected CD4+ T cells, respectively. After 18 or 30 h respectively, luciferase activity was 

quantified with the Promega luciferase kit and read in a TR717 microplate luminometer (Berthold 

Technologies). 

 

Adhesion assay 

Cells were loaded with CFSE (Invitrogen) and incubated for 40 min in wells coated with 

fibronectin (R&D systems). After several washes, adhering cells were lysed and fluorescence was 

measured with a Tecan fluorimeter. 

 

Immunofluorescence, confocal microscopy and structured illumination microscopy (SIM) 

Immunofluorescence experiments were performed as previously described (Pais-Correia et al., 2010). 

Cells were fixed in 4% paraformaldehyde for 15 min, rinsed with PBS, and treated with 50 mM 

NH4Cl in PBS for 10 min to quench aldehyde groups. Surface staining (for example, CD98 or CD45) 

was performed in the absence of detergent. Intracellular protein and Gag staining was performed by 

incubating fixed cells in solutions containing 0.05% saponin. For collagen labeling, living cells were 

preincubated with the collagen probe Ace-Al488 (0.5 µM) for 12h in serum-containing medium, and 
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non-fixed probe was washed 3 times with medium containing 10% FCS prior to 4% PFA fixation and 

further immunostaining. Alternatively (Sup Fig. 2), cells were immunostained after fixation, using 

anti-collagen Abs, as previously reported (Pais-Correia et al., 2010). For imaging of ECM-associated 

HIV-1 cluster transfer at the VS, HIV-infected T cells were prestained with the Ace collagen probe 

and cocultured at a ratio of 1:1 with target non-infected CEM cells pre-loaded with CellTrace Violet 

according to the manufacturer's instructions (Invitrogen). Cocultures were then fixed in an equal 

volume of 8% PFA at 10, 30 and 90 min before immunostaining. Confocal images were obtained with 

an LSM 700 microscope (Carl Zeiss) with a 63× objective. Z stack optical sections were acquired at 

0.2-µm depth increments, and green and red laser excitations were intercalated to minimize cross-talk 

between the acquired fluorescence channels. Structured illumination microscopy used a Zeiss LSM780 

ELYRA system with a 63× objective.  

Confocal image post-treatment. Complete image stack deconvolution was performed with Huygens 

Essential (version 3.0, Scientific Volume Imaging), and 3D images were generated from a maximum 

intensity projection of the stack.  

Quantitative analysis of extracellular viral aggregates. The plasma membrane of CD4 T cells was 

surface labeled with anti-CD98 or anti-CD45 mAbs. Confocal images were acquired at 0.2-µm 

increments in the z-axis. We developed image analysis tools to automatically and unbiasedly quantify 

viral aggregates (number of aggregates, size/intensity and spread) at the surface of cells in 3D confocal 

acquisitions. For this, we designed a protocol in Icy (http://icy.bioimageanalysis.org, De Chaumont et 

al. Nat. Methods 2012) that performs sequential image analysis. A first series of operating blocks open 

images sequentially in the selected folder and detect the plasma membrane (labeled with anti-CD98 or 

anti-CD45) and the viral antigen fluorescence signal (CAp24 or MAp17) that is significantly brighter 

than the background noise. The automatic detection algorithm is based on wavelet transformation of 

fluorescence images, statistical thresholding of wavelet coefficients and denoised image reconstruction 

(Olivo-Marin, 2002). We then extracted each individual spot (viral particle aggregate) and measured 

its intensity and size. We then designed a specific analysis block (viral spread analysis) to analyze the 

distribution of viral aggregates at the cell surface. In this block, we first estimated the coordinates of 
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the center of the cell by computing the barycenter of membrane spot coordinates. We then computed 

the spherical coordinates (radius, polar and azimuth angles) of viral spots, the origin being taken at the 

cell’s center. To estimate the spread of viral aggregates around the cell, we used a greedy algorithm 

where we first chose the brightest (or biggest spot). Then the second spot was selected such that it 

minimized the ratio between the angle amplitude and total intensity (size) of the selected spots. The 

algorithm stops when the intensity (size) of selected aggregate spot reaches x% (user-defined 

parameter, we used 80%) of the total intensity (size) of spots covering the cell membrane. The 

protocol (Analysis of viral aggregates at the cell membrane) is publicly available on the Icy website 

(http://icy.bioimageanalysis.org/protocol/list). 

Quantitative analysis of viral particle accumulation at the VS. Confocal images were 

acquired at 0.2-µm increments in the z-axis. Image analysis and quantification were done using Icy 

software. Two regions of interest were drawn, one around the entire infected cell and one restricted to 

the contact area with the target cell (VS); for each optical slice, the fluorescence intensity was 

measured for each region. The percentage of mature viral particles (MAp17+) located within the 

contact area was calculated as the ratio between the total intensities inside the smaller (contact) and 

larger (cellular) regions. 

Correlative Confocal/Scanning Electron Microscopy (CL/SEM) and Focused Ion Beam-

Scanning Electron Microscopy (CL/FIB-SEM) 

Live HIV-1-infected cells (ACH2 cells or CD4+ T lymphocytes from HIV-1-infected patients) were 

labeled with the collagen probe Ace-Alexa488 prior to being fixed (4% PFA) on alphanumerically 

coded, grid-patterned glass (MatTek dishes)(106 cells/coverslip). Surface staining was then performed 

with saturating concentrations of primary antibodies targeting HIV-1 Env (110H) and agrin, followed 

by secondary anti-mouse IgG1-Cy3 and anti-mouse coupled to 10 nm gold to detect Env, and anti-

rabbit-Cy5 and protein A gold 20 nm to detect agrin. Cells were first imaged by confocal microscopy 

as described above. For further analysis by SEM, samples were then fixed by immersion in 2.5% 

glutaraldehyde, and post-fixed with 1% OsO4, dehydrated through an increasing graded ethanol series 
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and subjected to critical point drying with carbon dioxide as transitional medium. The glass coverslips 

were mounted on a specimen stub using colloidal silver paint (Electron Microscopy Sciences) and 

sputter-coated with 2-nm carbon nanoparticles. SEM imaging was carried out with a ZEISS Auriga 

Crossbeam system (Carl Zeiss NTS) using a secondary electron (SE2) detector. Immunogold labeling 

was detected by a back-scattered electron detector (YAG) on a Jeol JSM 6700F microscope with a 

field emission gun operating at 5 kV. For FIB-SEM, cells were then processed using a procedure 

adapted from the OTO fixation protocol (Seligman et al., 1966). Briefly, cells were first fixed by 

immersion in 2.5% glutaraldehyde and then subjected to two-step post-fixation treatment using a mix 

of 1% OsO4 with 1.5% K4Fe(CN)6 (potassium ferrocyanide – reduced osmium), followed by 1% 

tannic acid in order to increase membrane contrast, and an additional post-fixation step in 1% OsO4.  

Samples were then dehydrated through an increasing graded ethanol series and embedded in epoxy 

resin (Electron Microscopy Sciences) at 60°C for 48 h. The embedded resin block was mounted on a 

specimen stub using colloidal silver paint (Electron Microscopy Sciences) and sputter-coated with 

200-nm gold/palladium. Focused ion beam milling and SEM imaging were carried out with a ZEISS 

Auriga Crossbeam system (Carl Zeiss NTS) equipped with Atlas3D software (Fibics Inc., Ottawa) 

(Heymann et al., 2009; Murphy et al., 2011). A focused ion beam (30 kV, 500 pA) removed serial 

slices (thickness 10 nm). The scanning electron beam was used to record images at pixel sizes of 5 nm 

in the xy plane. The SEM images were recorded using an energy selective back-scattered electron 

(ESB) detector. Individual 2D images were merged, cropped, and aligned using customized scripts 

based on the	 image processing programs ImageJ (Girish and Vijayalakshmi, 2004) and ICY (de 

Chaumont et al., 2012). Output images were then loaded into the Amira 5.0.1 (Visage Imaging, Berlin, 

Germany) software package. Structures of interest were manually segmented and reconstructed.  

Transmission electron microscopy  

HIV-1 genome expression was induced in J1.1 T cells with TNF-α (10 ng/ml for 48h). Cells  

were fixed with 2% glutaraldehyde in 0.1M Hepes, pH 7.2 for two hours at RT. Cells were then 

pelleted and washed once with PBS. The cells were taken up into cellulose capillary tubes and high-

pressure-frozen with an HPM 010 (Abra Fluid, Widnau, Switzerland) as previously described 
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(Hohenberg et al., 1994)(Hohenberg et al., 1994). Freeze substitution was done in dry acetone 

containing 2% osmium tetroxide (Merck, Darmstadt, Germany) and 2% water with an AFS (Leica 

microsystems, Vienna, Austria). After bringing the cells to RT they were washed in acetone and 

gradually infiltrated with epoxy resin (Agar Scientific, Stanstad, Great Britain). Thin sections were 

prepared with a Leica Ultracut UCT (Leica microsystems, Vienna, Austria) and stained with 4% 

aqueous uranylacetate and Reynold’s lead citrate. Images were acquired with a JEOL 1010 

microscope operated at 80 kV and equipped with a Keenview camera (Softimaging). 

Statistical analysis. Depending on the experiment/quantification, the Mann–Whitney nonparametric 

test or Spearman correlation test was implemented with Prism software (GraphPad). 

 

LEGENDS   

Figure 1. Infectivity of HIV-1-infected T cells is mostly due to membrane-bound clusters of 

virions.  

A-B: T cells chronically infected by HIV-1 (ACH2, A) or primary T cells infected in vitro with NL4-3 

(B) were left non treated (NT), washed once, or subjected to gradual mechanical washes (extensive 

pipetting) (Mechanical wash 1-3). Left: Flow cytometric quantification of cell-associated CAp24. 

MFI: Mean Fluorescence Intensity. Right: Cell-associated infectivity: luciferase assay after 18h of 

coculture with LTR-Luc reporter cells. Means + SEM from respectively eleven (A) and three (B) 

independent experiments. p values are calculated versus NT (Mann-Whitney test). 

C: Confocal fluorescence imaging of HIV-1-infected T cells showing aggregates of mature HIV-1 

material (MAp17) tightly bound to the plasma membrane (PM, CD45 labeling). Upper panel: ACH2 

cells, Lower panel: primary T cells infected in vitro with NL4-3, scale bars: 5 µm.  

D: Scanning Electron Micrographs of HIV-1 clusters bound to the surface of HIV-1-infected T cells 

(J1.1 T cells chronically infected by HIV-1). Extracellular aggregates of 100-nm spherical viral 

particles are stained positive for anti-Env immunogold. Scale bar: 5 µm, Insets: 500 nm.  
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E: Transmission Electron Micrograph of HIV-1 clusters bound to the surface of infected T cells (J1.1). 

Aggregates of 100-nm dense-core mature viral particles (arrowheads) are embedded in an electron-

dense material (arrow). Scale bar: 100 nm. 

 

Figure 2. Membrane-bound HIV-1 colonies are embedded within a virally-induced ECM-rich 

network 

A-B: Confocal fluorescence imaging of ACH2 cells, showing collagen (A) and agrin (B) enriched in 

extracellular mature viral aggregates (MAp17+) at their surface (PM, CD98 labeling), scale bars: 5 

µm.  

C: Confocal fluorescence imaging of ACH2 cells, showing simultaneous collagen and tetherin 

enrichment in viral aggregates (HIV-1 Env gp120+) at the surface of an infected T cell. Plasma 

membrane in yellow (dashed line). Scale bar: 2 µm. 

D: Quantification of the fraction of HIV-1 extracellular clusters (MAp17+ or CAp24+) accumulating 

collagen (black), agrin (dark gray) and tetherin (light gray) at the surface of infected cells. Means + 

SEM of at least 150 cells from 3 independent experiments. na = not available.  

E: Quantification of tetherin, collagen and agrin content in cell-associated HIV-1 clusters (ACH2 

cells). Each dot represents a cell-associated HIV-1 cluster (CAp24+ or MAp17+) plotted according to 

its volume (µm3) and its fluorescence intensity value in tetherin, collagen or agrin. Spearman R2 

coefficients and corresponding p values are indicated. This experiment is representative of at least 

three experiments. 

F-G: Quantification of cell-surface collagen (F) and agrin (G) contents of HIV-1-infected cells. 

Primary CD4+ T cells infected in vitro with primary isolate DH12 were surface-stained for collagen 

and agrin. Total fluorescence intensity in infected (CAp24+ or MAp17+) and non-infected cells 

(CAp24- or MAp17-) was automatically quantified on confocal images. The Mann-Whitney test (p 

< 0.0001) was used for statistical analysis. Similar results were obtained with ACH2 cell line. 

 

Figure 3. CD4+ T cells from HIV-1-infected patients produce ECM-embedded HIV-1 clusters. 
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A: Confocal fluorescence imaging of a naturally infected CD4+ T cell (isolated from an HIV-1-

infected patient) showing aggregates of mature viral material (MAp17) tightly bound to the plasma 

membrane (PM, CD45 labeling). 

B: Structured Illumination Microscopy (SIM) showing collagen (top panel) and agrin (bottom panel) 

enriched in HIV-1 aggregates (CAp24+ or Map17+) on the surface of the plasma membrane (PM, 

CD45 labeling). Scale bar: 5 µm, inset: 1 µm. 

C: Correlative Confocal-Scanning Electron Microscopy of an infected CD4+ T cell isolated from an 

HIV-1-infected patient. Note the viral particle cluster enriched in ECM (Arrow). Top left panel: 

confocal fluorescence images showing HIV-1 Env, collagen, and agrin immunostaining and the 

transmission image. Scale bar: 5 µm. bottom left panel: Scanning Electron Micrograph of the same 

cell. Scale bar: 2 µm. Right top panel: enlargement. Scale bar: 300 nm. Bottom right panel: same 

enlargement showing HIV-1 Env (10 nm, red arrowheads) and agrin (20 nm, white arrowhead) 

immunogold labeling.  

E: Correlative Confocal-Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) of an infected 

CD4+ T cell isolated from an HIV-1-infected patient. Note the viral particle cluster enriched in ECM 

(Arrow). Top left panel: confocal fluorescence image showing HIV-1 Env, collagen, and agrin 

immunostaining and the transmission image. Other panels: FIB-SEM of the same cell. Single thin 

section (bottom left & upper right) and projection of three thin sections (3D; bottom right) displaying 

dense-core viral particles (arrow) stained positive for HIV-1 Env (10 nm, red arrowhead) and 

surrounded by agrin (20 nm, white arrowhead). Scale bars: 500 nm.  

 

Figure 4. HIV-1 regulates formation and architecture of membrane-bound HIV-1 clusters.  

Primary CD4+ T cells were infected with VSV-G-pseudotyped NL4-3 virus, wildtype (WT) or 

deficient in viral proteins Vpu, Nef or Env, in order to reach comparable levels of productive 

infection on day 3 post-infection (25-50% of CAp24+ cells; sup Fig 4) before the occurrence of 

major virus-induced cytopathic effects (Thoulouze et al., 2006), and were then immunostained.  
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A: Structured Illumination Microscopy showing HIV-1 MA-p17 distribution at the surface of infected 

cells. Inset: Confocal micrograph of the same cell showing membrane-bound HIV-1 clusters  (MA-

p17) on the surface of the plasma membrane (PM: CD45 labeling) Scale bars: 5 µm. 

B: Automated quantification of the mean intensity (top) and the number (bottom) of HIV-1 

extracellular clusters per infected cell (N= 15 to 20 cells). 

C: Automated quantification of the mean intensity (top) and degree of compaction (= 

Intensity/volume; bottom) of each HIV-1 extracellular cluster.  

 

Figure 5. Virally induced collagen influences architecture and infectivity of membrane-bound 

HIV-1 clusters. 

HIV-1-infected T lymphocytes (ACH2) were left untreated (NT), mechanically washed (W), or treated 

overnight with a range of collagenase D (CollD) concentrations.  

A: Left. Flow cytometric quantification of cell-associated HIV-1 (CAp24). MFI: Mean Fluorescence 

Intensity. Right. Cell-associated infectivity (Luc activity) after 18h coculture with reporter T cells. NI 

= Non infected. Means + SEM from three independent experiments. 

B: Confocal fluorescence microscopy of untreated (NT), mechanically washed (W) and collagenase 

D-treated (CollD; 10 mg/ml) cells. Left: 3D projections of MA-p17 fluorescence on the plasma 

membrane (CD45 labeling). Right-hand panels represent the density profiles of MA-p17 fluorescence. 

Right: Quantification of the fraction of HIV-1 producing cells with a reorganized dotty MAp17 

pattern.  

C: Automated quantification of HIV-1 CA-p24+ extracellular clusters at the cell surface. Top: 

Number (left) and distribution at the cell surface (“spherical spread”; right) of CA-p24+ clusters. Each 

dot represents an infected cell. Bottom: Quantification of the mean size, mean intensity and mean 

compaction index (intensity/volume) of CA-p24+ extracellular clusters on each cell. N=20 

cells/condition. (Mann-Whitney test). 
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Figure 6. Viral particles accumulated in membrane-bound HIV-1 clusters are transferred “en 

bloc” to target T cells along with ECM components  

A: Confocal fluorescence microscopy of a virus-ECM cluster transferred between an ACH2 T cell 

chronically infected by HIV-1 (labeled with Ace collagen probe prior to coculture) and a target T cell 

(CEM cells labeled with CellTrace Violet prior to coculture, * cyan). ECM-associated HIV-1 clusters  

stains positive for HIV-1 MAp17, collagen and agrin.  

B-C: Transfer of ECM-enriched HIV-1 clusters between T cells from an HIV-1-infected patient.  

B: SIM showing HIV-1 MAp17+ agrin+ clusters at the cell interface. Scale bar: 1 µm.  

C: Scanning Electron Micrograph showing the co-transfer of viral particle clusters (Env+, 10 nm) 

associated with agrin (20 nm) on the side of the junction. HIV-1-infected T lymphocyte and target T 

cell (*) can be identified both by agrin immunogold labeling (homogeneous on the target T cell 

surface but concentrated in HIV-1 clusters on the infected cell) and by cell shape (plasma membrane 

elongations characterizing infected T lymphocytes (Nobile et al., 2010)). Scale bar: 2 µm. Inset: scale 

bar 100 nm.   

D-E: Impact of CollD treatment on HIV-1 spread via cell-cell contacts. HIV-1-infected T lymphocytes 

(ACH2) were left untreated (NT) or treated overnight with a range of collagenase D (CollD) 

concentrations prior coculture with CellTrace Violet-labeled CEM cells (* target cells cyan), then 

fixed and stained for MA-p17 (red).  

D: Representative 3D projection of T cell conjugates (confocal microscopy). Arrows point to 

polarized MA-p17 staining at the intercellular junction. Arrowheads point to MA-p17+ virions 

transferred to the target cell. Scale bar, 5 µm. 

E: Quantitative analysis of conjugate formation by Gag+ cells with target T cells. A total of about 300 

infected cells were analyzed in each condition. The mean +/-SD of three independent experiments is 

shown.  

F: Quantitative analysis of HIV-1 MA-p17 clustering at the cell–cell junction. The intensity of MA-

p17 fluorescence at the cell interface was measured. A total of 20 conjugates were analyzed in each 

condition. Mean +/- SEM (Mann-Whitney test). 
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Figure 7. HIV-1 in virus-ECM clusters is more infectious than free viral particles 

A: Schematic representation of the experimental set-up. HIV-1-producing ACH2 cells were left 

untreated (NT) or subjected to mechanical washes (W). CAp24 released by mechanical washes (Q) 

was measured by ELISA. Mechanically washed cells were then complemented (W+FV) with an 

equivalent amount (Q=Q’) of cell-free viral particles (CAp24) collected from the corresponding cell 

culture supernatant (SN) prior to coculture with reporter cells.  

B: Infectivity of NT, W and W+FV cells (Luciferase activity). Means +/- SEM of triplicates from 12 

independent experiments (Mann-Whitney test) 

C: Correlative Confocal-Scanning Electron Micrograph of membrane-bound HIV-1 material from 

ACH2 cells adsorbed to a glass coverslip. Top left panel: confocal fluorescence image. HIV-1 Env 

and agrin immunostaining overlaid with the transmission image. Scale bar: 5 µm. Top right panel: 

Scanning Electron Micrograph of the same ECM-associated HIV-1 cluster. Scale bar: 2 µm. Left 

panels: enlargements showing viral particles forming a large connective framework. Immunogold 

HIV-1 Env 10 nm (red arrow); agrin 20 nm (blue arrow) Scale bar: 100 nm.  

D-E: Comparative analysis of membrane-bound HIV-1 clusters detached from infected cells and cell-

free HIV-1 collected from corresponding cell culture supernatants.  

D: Luciferase assay determining the infectivity of cell-free viral particles and detached ECM-

associated viral particle clusters, normalized by the amount of CAp24 (mean +/- SEM of triplicates 

from 4 independent experiments).  

E: Gag and Env composition by western blotting. Representative of 6 independent experiments. 

 

Figure 8.  Virus-ECM clusters protect HIV-1 spread from 3TC and bNAbs  

A-D: The same experimental set-up as in Figure 7A&B was used, except that reporter T cells were 

pre-incubated for 1 h with a range of 3TC concentrations prior to coculture (A-B), or that infected 

cells (NT, W or W+FV) were pre-incubated for 1 h with bNabs (C-E). Means + SEM of 3 independent 

experiments (Mann-Whitney test). 
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A: Residual infectivity of NT (red), W (blue) and W+FV (purple) and non infected (NI, gray) cells in 

the presence of a range of 3TC concentrations at equivalent CAp24 amounts (Q=Q’; left) and at 

equivalent infectivity in the absence of drug (Q’>>Q; right).  

B: % inhibition of HIV-1 spread by 3TC.  

C-D: At equivalent infectivity in the absence of drug (Q’>>Q). (C) Residual infectivity of NT (red), 

W (blue) and W+FV (purple) and non infected (NI, gray) cells in the presence of the indicated bNAbs. 

(D) % inhibition of HIV-1 spread by 3BNC117.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1 

A: Flow cytometric quantification of cell-associated CAp24 

B: Quantification (flow cytometry) of the fraction of AnnexinV-PI- viable ACH2 cells 24h after 3 

successive mechanical washes  

C: Quantification of cell adhesion to fibronectin after 3 successive mechanical washes , means + SEM 

of three independent experiments.  

D: Luciferase assay after 18h of coculture of ACH2 cells with LTR-Luc reporter cells, in the presence 

or absence of 3TC or Subtilisin. Subtilisin treatment (Subt) of infected cells prior to coculture with 

reporter cells was used to control for cell surface stripping, and treatment of reporter cells with 3TC 

was used to control for the specificity of Luc activity to HIV-1 infection. Means + SEM from five 

independent experiments.  P values versus non-treated cells NT (Mann-Whitney test). 
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E: Left: Confocal imaging of ACH2 cells subjected or not to a mechanical washes. 3D projections of 

MA-p17 fluorescence and plasma membrane labeling of the cell (CD45). Right: Correlative decrease 

in cell-associated CAp24 and MAp17 material upon mechanical washes. 

 

Supplementary Figure 2 

Confocal fluorescence images of: 

A: Aggregates of HIV-1 mature viral particles (MAp17, red) at the surface of T cells chronically 

infected with HIV-1 (J1.1) and primary CD4+ T cells infected in vitro with HIV-1 BaL or the primary 

isolate DH12 (labeling of the plasma membrane in green: CD98 in upper panel, CD45 labeling in 

lower panels).  

B: MAp17 clusters on thin membrane extensions bridging CD4+ T cells. 

C: MAp17 clusters at the surface of infected DH12 primary T cells forming a syncytium. 

D: Extracellular aggregates of HIV-1 mature particles (MAp17, green) produced by T lymphocytes 

chronically infected with HIV-1 ACH2 are positive for HIV-1 Env immunostaining (2G12 antibody, 

red). NI = Non infected. Scale bars: 5 µm.  

 

Supplementary Figure 3 

Confocal fluorescence imaging 

A: Aggregates of HIV-1 mature material (MAp17 red) at the surface of T cells chronically infected 

with HIV-1 J1.1 (CD98 labeling of the plasma membrane in green) accumulate collagen 

(immunostained with a pan anti-collagen I-IV Ab, blue). Scale bars: 5 µm.  

B: Aggregates of HIV-1 mature material (MAp17) at the surface of a primary CD4+ T cell infected 

with HIV-1 primary isolate Bx08 (CD45 labeling = plasma membrane) accumulate agrin (blue). Scale 

bars: 5 µm.  

C-D:  ECM-associated HIV-1 clusters (MAp17+ or CAp24+, green) at the surface of primary CD4+ T 

cells infected with HIV-1 primary isolates DH12 and Bx08 (CD45 = plasma membrane, grey). 
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Membrane-bound HIV-1 clusters are enriched in α-dystrogycan/cranin and syndecan 4 (red) (C). 

Syndecan 3 is excluded from HIV-1 clusters (D). NI = Non infected cells. Scale bars: 5 µm   

 

Supplementary Figure 4 

% infection of primary CD4+ T lymphocytes by VSV-pseudotyped HIV-1 NL4-3 mutants. The % of 

infected cells was determined by confocal microscopy (cytoplasmic CAp24 labeling). Means + SEM 

of three independent experiments. P values versus non-treated cells NT (Mann-Whitney test). 

 

Supplementary Figure 5 

ShControl (shCtl) and shTetherin (shTet) CEM cells were infected in vitro with VSVG-pseudotyped 

NL4-3 virus and analyzed 3 days later (30%–50% of CAp24+ cells). 

A-B: Confocal fluorescence images of ECM-enriched HIV-1 clusters produced by infected ShControl 

and shTetherin cells. Cells were stained for (A) tetherin (green) and HIV-1 CAp24 (red), (B) collagen 

(Ace probe, green), HIV-1 Env-gp120 (2G12 antibody, red) and tetherin (blue). Scale bar: 5µm 

C: Infectivity of shControl (shCtl) and shTetherin (shTet) CEM cells infected with HIV-1 (Luciferase 

assay).  Means + SEM of three independent experiments. 

D: Automated quantification of number of membrane-bound HIV-1 clusters per infected cell, the 

mean intensity and the mean degree of compaction (= mean intensity / volume) of HIV-1 extracellular 

clusters. Each dot represents an infected cell.  

E: Structured Illumination Microscopy (SIM) showing HIV-1 MA-p17 distribution at the surface of 

ShControl and shTetherin T cells infected with HIV-1. Scale bar: 2 µm. 

 

Supplementary Figure 6 

ACH2 cells were treated overnight with the indicated collagenase D concentrations.  

A: Fraction of viable cells measured by flow cytometry (FSC/SSC) (Thoulouze et al., 1997).  
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B: Infectivity of cell-culture supernatants (Luciferase assay) normalized by the amount of CAp24 

determined by ELISA. Cell-culture supernatants were concentrated by ultracentrifugation prior to 

analysis. Means + SEM of triplicates from three independent experiments. 

C: Correlation analysis of cell-associated HIV-1 (CAp24) and cell-associated infectivity after 

mechanical washes (black) and collagenase D (grey) treatment of infected cells.  The rate of decrease 

in infectivity (Luciferase activity) and the rate of decrease in CAp24 fluorescence intensity (flow 

cytometry) were calculated. Each dot represents one experiment; Spearman R2 coefficients and 

corresponding p values are indicated. 

 

Supplementary Figure 7 

A: Structured Illumination Microscopy (SIM) showing transfer of HIV-1 MAp17+ collagen + clusters 

at the interface between T cells infected by HIV-1 (ACH2) and a target T cell (CEM cells *, grey). 

Scale bars: 5 µm.  

B: Left: Confocal fluorescence image of a target CEM T cell (prestained with Cell Trace Violet, grey) 

carrying a ECM-associated HIV-1 cluster staining positive for HIV-1 MAp17 (red), collagen (green) 

and agrin (blue). Virus-ECM cluster was captured after 30 min of coculture with HIV-1-infected 

ACH2 cells prestained with the Ace collagen probe. Scale bar: 5 µm.  

Right: Fraction of target CEM cells carrying ECM-associated HIV-1 clusters after 10, 30 and 90 min 

of coculture with ACH2 cells.  

A: Structured Illumination Microscopy (SIM) of a target CD4+ T cell isolated from a HIV-infected 

patient (CD45 = plasma membrane, grey; no diffuse cytoplasmic CAp24+ staining) carrying a ECM-

associated HIV-1 cluster staining positive for HIV-1 CAp24 (red) and collagen (green).  

 

 

Supplementary Figure 8 

Membrane-bound HIV-1 clusters from ACH2 cells were adsorbed to a glass coverslip and treated 

(CollD) or not treated (NT) with collagenase D for 7 h prior fixation and immunostaining. 
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A: Pattern of Env gp120 immunostaining (red) observed by confocal microscopy and quantification of 

Env patterns (N= 50 cells/condition). 

B: Correlative Confocal-Scanning Electron Micrograph of HIV-1 clusters. Top left panel: confocal 

fluorescence image of Env gp120 immunostaining (red). Scale bar: 5µm. Top right panel: Scanning 

Electron Micrograph of the same VEC.  

C: Enlargements illustrating changes in architecture of membrane bound HIV-1 cluster after CollD 

treatment. Scale bars: 1 µm and 100 nm. Representative of 2 independent experiments. 

D: Infectivity of membrane-bound HIV-1 clusters adsorbed to a glass coverslip, treated or untreated 

with CollD (Luciferase assay). Means + SEM from 2 independent experiments. 

 

Supplementary Figure 9 

A: Inhibitory effect of AMD3100 on Virus-ECM cluster (VEC) spread: The same experimental set-up 

as in Figure 8A was used, except that reporter T cells were pre-incubated for 1 h with a range of 

AMD3100 concentrations prior to coculture with infected cells. Residual infectivity of NT (red), M 

(blue) and M+FV (purple) cells in the presence of a range of AMD3100 concentrations.  Means + 

SEM of 3 independent experiments (Mann-Whitney test). Left panel: at equivalent CAp24 amounts 

(Q=Q’). Right panel: at equivalent infectivity in the absence of drug (Q’>>Q).  

B: Inhibitory effects of AMD3100 and of bNAbs on HIV-1 VEC-mediated (cyan) and cell-free 

virus (pink) spread, at equivalent infectivity in the absence of drug (Q’>>Q). The inhibitory effect on 

the HIV-1 VECs was calculated by subtracting the residual infectivity of untreated and washed cells 

(NT-W), and the inhibitory effect on cell-free HIV-1 was calculated by subtracting the residual 

infectivity of washed cells complemented or not complemented with cell-free virus ((W+FV)-W 

cells). Means + SEM of 3 independent experiments (Mann-Whitney test) 

See Fig. 7A for complementary information. 
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Cell type Virus Coreceptor 
usage % p24+ cells % p24+ cells carrying 

extracellular viral material 
Laboratory strains 

ACH2 NL4-3 CXCR4 89 ± 8 64 ± 13 

Primary 
CD4+ T cells 

NL4-3 CXCR4 26 ± 9 71 ± 3 

BaL CCR5 46 ± 18 72 ± 2 
Virus primary isolates 

Primary 
CD4+ T cells 

Bx08 CCR5 26 ± 13 71 ± 3 
DH12 Dual tropic 35 ± 13 74 ± 7 
W132 Dual tropic 18 ± 4 69 ± 9 

CD4+ T cells from 
HIV-1 infected patients Unknown 5 ± 3 49 ± 8 

!

Table	1	



Table	2	

TransBioHIV cohort 
 

HIV-1- infected viremic patients were selected in Bicêtre Hospital 
 

Patient Sex Age CD4 count 
/mm³ 

RNA 
copies/ml 

 
Treatment 

Time under 
treatment 

before sampling 
(weeks) 

 01 M 30 426 24649 FTC +TDF + 
RVP  4  

02 M 54 280 232 
 FTC + TDF+ 

ATZ/rtv 6 

03 M 48 70 189,980 FTC + TDF + 
RAL  1  

04 M 27 456 41,450 0 0  

05 M 35 782 37,490 0 0  

06 M 28 531 27,638 0 0  

At the time of blood sampling, CD4 counts and HIV-1 RNA viral loads were available for patient 2, 5 and 6. For 
patient 1, 3 and 4 only CD4 counts and HIV-1 RNA viral loads before the time of blood sampling were 
available. .FTC: Emtricitabine,TDF: Ténofovir, RPV: Rilpivirine, ATZ: Atanazavir, Rtv: Ritonavir,RAL: 
Raltégravir 
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