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Abstract

The human immunodeficiency virus (HIV) spreads more efficiently in vitro when infected cells 

directly contact uninfected cells to form virological synapses. A hallmark of virological synapses 

is that viruses can be transmitted at a higher multiplicity of infection (MOI) that, in vitro, results in 

a higher number of proviruses. Whether HIV also spreads by cell-cell contact in vivo is a matter of 

debate. Here we discuss recent data that suggest that contact-mediated transmission largely 

manifests itself in vivo as CD4+ T cell depletion. The assault of a cell by a large number of 

incoming particles is likely efficiently sensed by the innate cellular surveillance to trigger cell 

death. The large number of particles transferred across virological synapses has also been 

implicated in reduced efficacy of antiretroviral therapies. Thus, antiretroviral therapies must 

remain effective against the high MOI observed during cell-to-cell transmission to inhibit both 

viral replication and the pathogenesis associated with HIV infection.
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Contact-mediated spread of HIV

Viruses can spread by infecting cells in a cell-free form or via cell-cell contacts. Both modes 

of transmission offer distinct advantages and disadvantages for viral spread [1–3]. Given the 

high mutation rate of HIV and the resulting increased capacity to adapt, it is prudent to 

assume that HIV has found a way to balance out the advantages and disadvantages of either 

mode of transmission and efficiently spread from cell to cell, tissue to tissue, and person to 

person. While the contribution of both modes to virus spreading in vivo is unknown, there is 
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overwhelming evidence that HIV spreads more efficiently by utilizing direct cell-cell 

contact in vitro [4–9]. In tissue culture, contact-mediated spread of HIV can be orders of 

magnitude more efficient than cell-free transmission [4, 7–11]. This contact-dependent 

mode of transmission, known as cell-to-cell transmission, involves the formation of a 

virological synapse between an infected donor cell and an uninfected target cell [5, 12]. 

Virological synapses owe their name due to some similarities with immunological synapses 

[5, 13, 14]. In the case of HIV, the formation of virological synapses depends on the 

interaction between CD4 and HIV envelope glycoprotein (Env) along with several cellular 

adhesion molecules characteristic of immunological synapses, such as LFA-1 and ICAM-1 

[5, 15, 16] (Figure 1). Once a stable interaction between donor and target cells is established, 

large numbers of infectious particles can be assembled and released at the sites of cell-cell 

contacts [17–22].

The efficient coordination of the viral life cycle at virological synapses allows HIV to 

overcome barriers that would normally hinder the spread of cell-free particles. For example, 

an infected cell may not express sufficient levels of viral gene products needed for effective 

assembly and release or the actin cytoskeleton of the target cell may represent a barrier for 

infection by cell-free virus. Yet both barriers can be overcome when virus assembly and 

entry are coordinated at virological synapses [10]. Virological synapses have also been 

observed to provide some level of protection from neutralizing antibodies. This protection 

depends on whether antibodies are present prior to the formation of virological synapses [11, 

23–26], the specific epitopes recognized [4, 10, 27, 28], and the type of antibodies used [29]. 

Furthermore, this mode of transmission has also been observed to lower the effectiveness of 

innate restriction factors such as rhesus TRIM5α and tetherin [10, 30–32]. Although several 

studies document inhibition of HIV cell-to-cell transmission by tetherin [10, 31, 33–35], the 

level of inhibition is lower compared to conditions when cells do not contact each other [10, 

31]. The higher efficiency of HIV cell-to-cell transmission also permits the transfer of 

mutant viruses that are not sufficiently fit to spread as cell-free virions [36]. While all these 

observations suggest that cell-to-cell transmission may contribute to HIV pathogenesis, it 

remains to be determined how relevant these observations are in vivo.

High MOI in HIV cell-to-cell transmission

The single most important feature of HIV cell-to-cell transmission is likely the generation of 

a high local multiplicity of infection (MOI) at the site of cell-cell contact that results in the 

integration of multiple proviruses in target cells in vitro [10, 23, 37–39]. Two studies 

conducted with splenic tissue from untreated infected patients found that infected cells can 

carry multiple proviruses [40, 41]. In contrast, Josefsson, et al. suggests that the majority of 

lymphocytes in circulating blood and in peripheral lymphoid tissue carry only a single 

provirus [42, 43]. To reconcile the apparent contradictory evidence, it is important to 

consider the possibility that the observation of a very large number of proviruses per cell 

may be limited to in vitro studies because highly infected cells may die in vivo. Many 

primary cell types, particularly in tissues, contain multiple innate sensing pathways that may 

be triggered by an assault with a high number of retroviral particles and can lead to the death 

of the cell. Innate sensing pathways likely detect every step of the retroviral life cycle [44] 

(Figure 2). A high number of virus fusion events with cellular membranes may already be 
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recognized as a danger signal by the targeted cell [45]. Viral nucleic acids of degraded or 

defective particles can be sensed by endosomal Toll-like receptors (TLRs) [46–49]. The 

delivery of many retroviral particles into the cytoplasm may be sensed by cellular factors 

that recognize ‘foreign’ patterns associated with retroviral capsids [50, 51]. The RNA 

contents of the virion and complete or incomplete reverse transcribed viral DNA products 

may be sensed by cytoplasmic nucleic acid sensors [52–56]. Lastly, the invasion into the 

nucleus by many pre-integration complexes and their subsequent integration into 

chromosomal DNA may trigger the DNA damage response pathway mediated by DNA-PK 

[57]. As a response to these immune sensing pathways, there is evidence that HIV evolved 

counter measures to cloak incoming capsids or excess reverse transcribed DNA by 

recruiting the host factors cyclophilin A and CPSF6, or by exploiting the natural nucleic acid 

degradative pathway involving TREX-1 [54, 58]. Recent work by the Warner Greene and 

Gary Nabel laboratories suggest that some of these innate sensing pathways can indeed 

recognize retroviral DNA and trigger cell death by pyroptosis or apoptosis [55, 57, 59, 60]. 

Human tonsil cells, when infected with an X4-tropic HIV, were observed to undergo 

caspase-1-dependent pyroptosis [55, 59, 60]. Given that pyroptosis leads to cell death, as 

well as a strong inflammatory response, these data suggest that the transfer of a high viral 

MOI at sites of cell-cell contact can drive the resulting CD4+ T cell depletion and chronic 

inflammation observed in HIV-infected patients. Thus, innate immune responses may be 

selecting for target cells that carry a small number of proviruses. It is critical that these 

proposed models and the relative contribution of apoptosis and pyroptosis to CD4+ T cell 

depletion be tested directly in vivo.

The effectiveness of ART against HIV cell-to-cell transmission

These considerations emphasize that antiretroviral therapies (ART) must remain active 

against a potentially high MOI during HIV cell-to-cell transmission to not only suppress 

viral replication but to also effectively suppress HIV pathogenesis. Work from the Baltimore 

laboratory suggests that a high local number of viral particles requires a higher local 

concentration of antiretroviral inhibitors [61] (Figure 3). The study showed that the 

nucleoside analog inhibitor (NRTI) tenofovir and the non-nucleoside analog inhibitor 

(NNRTI) efavirenz, while potent against cell-free virus infection, were far less effective in 

suppressing replication of cell-to-cell transmitted HIV due to the transfer of large number of 

viral particles [61]. These observations have been largely reproduced in several laboratories 

[23, 24, 62–65]. However, the data appears to contradict years of clinical observations, 

which indicate that ART effectively suppresses HIV replication in patients [66–69]. 

Although the ability of HIV to replicate deep within tissues despite suppressive ART due to 

incomplete drug penetration remains a topic of debate [70–72], strong evidence from blood 

and tissues supports that viral replication is mostly suppressed [69, 73, 74]. If ART is indeed 

effective against cell-free HIV infection in vivo, then the failure of therapy to suppress HIV 

cell-to-cell transmission in vitro must mean that the spread of virus in vivo must be solely 

due to cell-free virus. In other words, if viral spread occurs in vivo via cell-cell contacts, 

ART would fail to suppress HIV in patients. Given the success of ART in patients, some 

groups, including ours, doubted the accuracy of this interpretation and systematically tested 

the effectiveness of single and combination therapies against HIV cell-to-cell transmission 
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[23, 65]. While the observations by Sigal et al. [61] were largely reproduced, this 

phenomenon appears to apply only to a small number of NRTIs and the integrase inhibitor 

raltegravir [23, 24, 62–65]. NNRTIs, protease inhibitors (PIs), and entry inhibitors appear to 

be more effective in suppressing HIV cell-to-cell transmission compared to NRTIs [23, 65]. 

Furthermore, the resistance of HIV cell-to-cell transmission to some inhibitors was also less 

apparent when a clinical viral isolate was studied [23], indicating variability among viral 

isolates. Interestingly, when two NRTIs were combined, the combination became highly 

efficient compared to the each inhibitor alone [23]. Since common ART regimens include a 

combination of multiple inhibitors [2 NRTI and 1 NNRTI or PI or integrase inhibitor (http://

aidsinfo.nih.gov/contentfiles/lvguidelines/AdultandAdolescentGL.pdf)], these results 

reaffirm the effectiveness of ART in vivo even if cell-to-cell transmission would occur in 

patients. These data are also consistent with observations that ART is effective in 

suppressing CD4+ T cell depletion [75]. The ineffectiveness of some NRTIs but the 

effectiveness of NNRTIs against cell-to-cell transmission also matches the signature 

phenotypes during bystander cell death by pyroptosis [59, 60].

Some contradiction still remains on how resistant HIV cell-to-cell transmission is to 

antiretroviral inhibitors. While most reports agree that NRTIs such as zidovudine and 

tenofovir are less effective, the effectiveness of NNRTIs, such as nevirapine and efavirenz, 

has been debated [23, 61, 63, 65]. This may in part be explained by variable levels of 

infection achieved when directly comparing both modes of viral transmission. This point is a 

critical issue with respect to the experimental design in studying HIV cell-to-cell 

transmission. In our own study, we opted for matching the inoculum for comparing cell-free 

and cell-to-cell transmission, e.g. to ~10% infection. The efficiencies of HIV transmission 

for both modes are far apart and their linear ranges do not overlap, which often results in an 

apparent resistance to inhibition by the more efficient cell-to-cell transmission. By matching 

the level of infection after both modes of transmission, the only variable present is the effect 

of drug on the mode of viral transmission. Our results suggest that NNRTIs, even though 

can be somewhat less effective against cell-to-cell transmission, are far more effective than 

NRTIs, consistent with recent work by Titanji, et al. [65].

Reverse transcriptase and HIV cell-to-cell transmission

The inability of some NRTIs, but not other drug classes, to suppress HIV cell-to-cell 

transmission suggested that some activity of reverse transcriptase must be involved in this 

phenomenon. HIV reverse transcriptase (RT) has nucleotide excision activity [76–79] 

(Figure 4A). When RT incorporates a nucleoside analog, it can excise the incorporated 

nucleotide analog in an ATP-dependent fashion [76–79]. Interestingly, when an HIV mutant 

defective in its ability to excise the nucleoside analog zidovudine was tested [80, 81], this 

drug was now able to effectively block HIV infection regardless of the mode of 

transmission. In a similar fashion, NRTI combinations can block either mode of viral 

transmission by significantly reducing the level of drug excision [23, 82]. In light of these 

observations, we propose that RT-mediated nucleotide excision activity in combination with 

low effective drug concentration due to high viral MOI contributes to the apparent failure of 

some NRTIs to suppress HIV cell-to-cell transmission. We predict a scenario in which the 

drug concentration is just insufficient to keep up with the rate of drug excision as the 
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number of incoming viral particles increases (Figure 4B, C). In contrast, combinations of 

NRTIs or a single excision-resistant NRTI can suppress RT-mediated nucleotide excision 

thereby increasing the effectiveness of the treatment against HIV cell-to-cell transmission 

(Figure 4D).

Therapeutically blocking cell-to-cell transmission of HIV

These experimental observations favor the development of NRTIs that resist excision, such 

as apricitabine, that are currently in clinical trials [83–85]. Moreover, we predict that 

allosteric drug inhibitors, with similar mechanism of action as NNRTIs and PIs, will be 

effective against HIV cell-to-cell transmission on their own. For instance, attachment 

inhibitors, maturation inhibitors and second generation integration inhibitors with clear 

allosteric and even dominant-negative effects are predicted to be effective [23, 86]. Thus, 

powerful allosteric inhibitors that allow logs of HIV depletion are predicted to remain 

effective because the mass action effect alone is likely to be too small to affect drug activity 

[87, 88].

These considerations have also raised the question if therapies could be developed that 

specifically inhibit HIV cell-to-cell transmission. This task has proven more difficult than 

initially thought because all the steps of the viral life cycle are identical between cell-free 

and cell-to-cell transmission [3, 20]. HIV cell-to-cell transmission differs from cell-free 

spread in that HIV Env is bound to receptor CD4 in the cell-cell interface, thus exposing 

distinct HIV Env epitopes [27, 89]. While the secretion of virus particles to the virological 

synapses and the uptake of particles by endocytosis in the target cell have been proposed 

[17, 90, 91], it must be taken into consideration that the display of just Env and ICAM-1 in a 

planar lipid bilayer is sufficient to induce the formation of a virolocial synapse on a target 

cell [13]. Thus, the isolation of cellular targets specifically associated with HIV cell-to-cell 

transmission may inherently be limited. Most cellular barriers affect the transmission of cell-

free virus more than they affect cell-to-cell transmission [10]. Even virus mutants that 

prevent the spread as cell-free virus, can still be salvaged by the more efficient transmission 

at sites of cell-cell contact, which may contribute to the ability of HIV to survive tough 

evolutionary bottle necks [36]. Therefore, finding inhibitors that block both modes of 

transmission efficiently is likely more feasible than finding inhibitors that specifically inhibit 

HIV cell-to-cell transmission [23, 92, 93].

Concluding remarks

Collectively, ART likely remains effective against HIV cell-to-cell transmission and should 

be able to suppress HIV spread. Thus, it will be important to directly test whether HIV 

spreads, at least in part, by cell-to-cell transmission in vivo (Box 1). In vivo imaging of 

lymphocytes infected by the murine leukemia virus clearly documented the existence of 

long-lived virological synapses within lymph nodes of mice [94]. However, the visualization 

of HIV-infected T cells within lymph nodes of humanized mice revealed shorter adhesive 

contacts between infected and uninfected cells [95]. Further application of intra-vital 

imaging and explant studies will be required to resolve the relative contribution of cell-free 

and cell-to-cell transmission to HIV spreading in vivo.
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In conclusion, current experimental data suggest that commonly used ART regimens are 

effective in suppressing HIV cell-to-cell transmission and preventing CD4+ T cell depletion. 

However, they do not solve the problem that HIV-infected patients require life-long 

chemotherapy, which results in many short and long-term side effects. Progress towards 

developing better treatments and a cure requires that the mechanisms of HIV pathogenesis 

are well understood in vivo. Although there is renewed interest in the search for a cure, 

perhaps drug discovery should focus, not necessarily on intensifying current therapies, but 

on developing smarter therapies that can alleviate the treatment burden of people living with 

HIV.
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Highlights

• Cell-to-cell transmission may contribute to pathogenesis seen in HIV-infected 

individuals.

• Effective antiretroviral therapy suppresses both cell-free and cell-cell 

transmission of HIV.
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Box 1. Outstanding questions

- What is the role of cell-cell contact in the depletion of CD4+ T cells in vivo?

- What is the role of cell-cell contact in the transmission and spread of HIV in 

vivo?

- Is the innate sensing of HIV in various cell types dependent on the number of 

incoming HIV particles?

- What other mechanisms affect the efficiency of antiretroviral inhibitors 

during HIV cell-to-cell transmission?

- Can inhibitors that specifically target HIV cell-to-cell transmission be 

developed?
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Figure 1. Virological synapses are characterized by the polarization of viral assembly and the 
accumulation of viral particles at the site of cell-cell contact
An HIV-infected CD4+ T cell (green) accumulates HIV Gag-GFP at the sites of cell-cell 

contact (arrows) with uninfected target CD4+ T cells (red). The size bar corresponds to 17 

μm.

Agosto et al. Page 14

Trends Microbiol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Potential pathways for innate immune sensing of HIV during the early stages of the 
virus life cycle
In contrast to cell-free virus infection, the virological synapse can promote the entry of 

multiple HIV virions into target cells [1, 2, 18, 37]. Virus fusion events can be sensed as 

danger signals (depicted here as red stars) due to the release of reactive oxygen species 

(ROS) and the activation of phospholipase C gamma 1-phosphoinositide 3-kinase pathway 

(PLC-γ–PI(3)K pathway), which stimulates the release of Ca2+ culminating in stimulator of 

interferon genes (STING)-dependent Type I interferon (IFN) production [45]. *While the 

contribution of endocytosis to productive HIV entry remains highly controversial [96–98], it 
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has been best documented in studies of HIV transmitted via cell-cell contacts [90, 91, 99–

101]. Endocytosis of virions, their transfer to lysosome related organelles and subsequent 

lysis, releases viral RNA contents that can be sensed by TLR7 and TLR8 [102]. TLR7- and 

TLR8-sensing results in the synthesis of IFN and the inflammatory cytokine IL-1β 

respectively [46, 47, 103]. Fusion at the plasma membrane or from mature endosomes 

releases viral capsids into the host cytosol [97, 104]. The released capsids can also be 

delivered to the lysosome-related organelle by autophagy to be sensed by TLR7/8 [44]. In 

addition, TRIM5α in the host cytosol senses viral capsid as ‘foreign’, inducing IFN and 

accelerating capsid disassembly [50, 105]. In contrast, cyclophilinA (CypA) and cleavage 

and polyadenylation specific factor 6 (CPSF6) may act as ‘cloaking’ factors to prevent 

premature exposure and sensing of viral RNA and reverse transcription (RT) products [58]. 

Premature disassembly of viral capsids can release the RNA contents of the virus and can be 

potentially sensed by the cytoplasmic RNA sensor retinoic acid inducible gene-1 (RIG-I) to 

elicit IFN production [52]. The next step of reverse transcription of viral RNA is repressed 

by APOBEC3G (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G) 

packed within the incoming virions or SAM domain and HD domain-containing protein 1 

(SAMHD1) present in the host cytosol [106, 107]. SAMHD1 is thought to deplete the 

nucleotide pool and elevates the generation of incomplete RT products. SAMHD1 was also 

recently reported to have direct RNase activity against incoming HIV RNA [56]. The DNA 

sensor, IFI16 can sense abortive RT products to induce IFN as well as activate caspase-1 

and IL-1β, triggering pyroptosis and cell death [55, 59, 60]. In contrast, the exonuclease 

TREX1 can degrade excess RT products and prevent sensing of viral DNA [54]. Viral DNA 

can also be sensed by cyclic GMP-AMP synthase (cGAS) to generate cyclic guanosine 

monophosphate–adenosine monophosphate (cGAMP) that activates the STING-dependent 

IFN pathway [53]. Pre-integration complexes (PICs) generated at the end of RT reaction are 

transported into the nucleus through nuclear pore complex, a step that is inhibited by IFN-

inducible factor MX2 [108, 109]. PICs mediate integration of HIV DNA into the host 

chromosome. Multiple double stranded DNA breaks and strand transfer reactions into the 

host chromosomal DNA can elicit a DNA damage response pathway that leads to 

phosphorylation of gamma histone 2AX (H2AX) and activation of p53 and DNA-dependent 

protein kinase (DNA-PK) to trigger apoptosis and cell death [57].
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Figure 3. Mechanisms of how HIV cell-to-cell transmission can overcome inhibition by 
antiretroviral inhibitors
(A) The number of particles that infect a target cell during cell-free HIV infection is small 

and is inhibited by antiretroviral inhibitors. (B) However, during cell-to-cell transmission via 

virological synapses, the number of particles can be high, thereby overwhelming the drug 

concentration.
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Figure 4. Mechanisms of how RT nucleotide excision and HIV cell-to-cell transmission can 
overcome inhibition by antiretroviral inhibitors
(A) A simplified model of nucleotide excision by HIV RT. When HIV RT incorporates a 

nucleotide analog (NRTI) in the growing reverse transcript, RT can return the analog from 

the chain-terminated primer site back to the nucleotide binding site (shown as green and 

yellow ovals labeled P and N respectively). Once in the N site, a reaction thought to be 

pyrophosphate or ATP-dependent (red A), mediates the release of the NRTI from the 

reverse transcript. Upon freeing the N site, RT can resume normal reverse transcription. (B, 
C) While cell-free spread of HIV may not benefit sufficiently from nucleotide excision 

activity, delivery of large numbers of viruses across virological synapses can overwhelm the 

active concentration of intracellular NRTIs, thus increasing the likelihood of reverse 

transcripts escaping inhibition. (D) This resistance to individual NRTIs can be prevented by 

combining NRTIs, by excision-resistant NRTIs or by mutations in HIV RT.
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