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T cell virological synapse:  
CD4, Env and Gag colocalized at contact sites 
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the sites of virus budding in polarized cells (e.g., Marsh & Pelchen-Matthews
2000, Owens et al. 1991 and references therein), and these elements are important
for pathogenicity (Fultz et al. 2001). This may reflect the ability of Env to help
assembling Gag/RNA complexes to traffic through the endosomal pathway to the
plasma membrane (Basyuk et al. 2003, Sfakianos & Hunter 2003).

Remarkably, retroviruses can also be preferentially released at sites of cell-
to-cell contact, a discovery that has major implications for the efficiency of viral
spread in vivo (Igakura et al. 2003, Jolly et al. 2004, McDonald et al. 2003). Both
HTLV-I and HIV-1 particles have now been shown to transfer directionally through
sites of contact between infected and uninfected T cells (Igakura et al. 2003, Jolly
et al. 2004) (see Figures 5 and 7). In a similar vein, HIV-1 has also been shown
to transfer directionally at sites of contact between mature dendritic cells and T
cells (McDonald et al. 2003). In the latter case, the dendritic cells are not infected
with the virus but rather internalize intact viral particles through the action of the
trans-receptor DC-SIGN (Kwon et al. 2002, van Kooyk & Geijtenbeek 2003).

The sites of cell-cell contact that mediate virus transfer have been termed viro-
logical or infectious synapses (Bangham 2003, Igakura et al. 2003, Jolly et al. 2004)

Figure 7 The virological synapse. (a) Single and overlaid (lower right) images showing the
concentration of fluorescently labeled CD4 receptor (green), HIV-1 Env (blue), and HIV-1
Gag (red) proteins at a virological synapse formed between a producer T cell (below) and
a target T cell (above). (b) Ultrathin immunoelectron microscopic image showing HIV-1
particles (blue arrows) clustered at a site of contact between a producer T cell (upper right)
and a target T cell (lower left). Sites where the two membranes are closely apposed are
numbered 1 and 2, green arrows highlight gold particles bound to CD4 receptors on the
target cell, and the asterisk marks a structure that resembles a budding virion. This figure was
reproduced from J. Exp. Med. 2004. 199:283–93 by permission of the Rockefeller University
Press.
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B.  Background, Significance and Rationale 

B.1.  Existing Knowledge

B.1.a. HIV-1 MA, a negative regulator of viral assembly

HIV-1 assembly is a highly coordinated process whereby Gag, Gagpol, Env, genomic RNA, and additional 

key cellular and viral factors converge at the plasma membrane to form an infectious particle.  The HIV-1 Gag 

protein can produce virus like particles in the absence of other viral proteins (24, 26).  However, in infected cells, 

numerous host factors are required to support the process.  It is still unclear how Gag assembly is coordinated 

with the incorporation of essential components such as the viral RNA or Env proteins.  In addition, assembly 

is targeted specifically to particular membranes in the cell.  How this specificity is achieved is unclear.  In this 

project we investigate how the MA domain regulates viral assembly and examine how host factors participate in 

this regulatory function.  

HIV-1 acquires its lipid envelope by budding from the plasma membrane, like most other retroviruses.  

Expression of one viral protein, Gag, is sufficient to make virus like particles.  Gag is synthesized as a 55 KD 

precursor polypeptide that is processed by a virally encoded protease into four major polypeptides and two 

spacer proteins: p17 Matrix (MA), p24 Capsid (CA), p7 Nucleocapsid (NC), p6, and spacer peptides SP1 and 

SP2 (Fig. 1) (20, 25).  While all of the subunits of HIV-1 Gag contribute to assembly (Table 1), the N-terminus 

of the Gag protein, MA, plays a central role in coordinating the process at the plasma membrane.  For proper 

assembly to occur, MA must bind to cellular membranes, target Gag specifically to the plasma membrane, allow 

Gag oligomerization and recruit the viral envelope glycoprotein (Env).  

Mutations in retroviral MA domains are known to control the relationship between the membrane binding 

process and Gag oligomerization (68).  For HIV-1, Gag membrane binding requires a covalently attached 

myristoyl moiety and a cluster of basic amino acids near the N-terminus, often referred to as the M domain (7, 

26, 84).  The three dimensional structure of MA forms a globular head formed by four alpha helices and a fifth 

extended helix which projects away from the core (29, 48, 49).  In the crystal structure, MA forms a trimer with 

the N-terminal basic domains lying on a surface that can interact with the negatively-charged phospholipid head 

groups (29).  

This globular head of MA is thought to function as a myristoyl switch (28) that regulates membrane-binding 

interactions of both the Gag precursor and the processed MA domain.  Studies by the a number of groups have 

suggested that the switch is important in regulating assembly (55, 58, 75).  A structural model for how this switch 

functions was recently published by the Summers group (77).  They found that at low concentrations the four-

helix bundle core of MA sequesters its covalently attached myristate moiety, whereas at high concentrations 

the myristate groups are liberated to interact with membrane.  The Summers model (77) explains how MA 

coordinates membrane binding in a concentration dependent manner (60), however, it does not fully explain 

how this activation is controlled in a spatially restricted manner.  An alternative model, which we plan to test, 

examines whether an MA-dependent complex actively inhibits oligomerization prior to membrane binding.  
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Fig. 1.  Genomic organization of HIV-1 highlighting the location of the 

four major Gag subunits, p17 MA, p24 CA, p7 NC and p6.  Two spacer 

regions, p2, which separates CA from NC, and p1, which separates NC 

from p6, are also indicated.  Beads on a string representation (right) 

showing with individual domains connected by linker regions that are 

cleaved by protease.  Black loop at the top represents a myristoylation 

moiety that is added to Gag co-translationally.  

Table 1.  Functions of the HIV-1 Gag subunits in assembly
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Dissemination of HIV aEfficiency of cell-free vs cell-associated viral uptake 
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min:sec Hubner et al Science 2009
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VS Neutralization Resistance
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Resistance of VS infection to neutralizing antibodies
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Env	  clone	  name Origin Tier Subtype Fiebig

SVPB5 Washington	  DC 1B B V

SVPB6 Trinidad 2 B V

PVO,	  clone	  4 Italy 3 B III

WITO	  4160 Alabama 2 B II

REJO	  4541 Alabama 2 B II

RHPA	  4259 Tennessee 2 B <V

SVPB	  8 Trinidad 2 B IV

Primary isolate transmitted founder  
HIV Env clones

Li et al, unpublished

Montefiori, Gao, and LI
Hahn, Salazar-Gonzalez
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Fold Increase in IC50 in cell-to-cell 
infection over cell-free infection
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Incomplete neutralization of 
T/F Env by potent bnAb
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Neutralization of TF Env 
viruses engaged in VS

• TF Env -- more difficult to neutralize than lab 
strains -- especially by cell-cell infection

• Increases in IC50 and decreases in Max 
neutralizing activity are observed

• Low background of the flow based assay is 
critical for accurately assessing the maximum 
neutralizing capacity



Does cell-to-cell 
infection occur during 

infection in vivo?
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Del Portillo et al. J Virol 2011 
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Multicopy HIV infection during cell-cell infection
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Del Portillo et al. J Virol 2011 
Sigal et al. Nature 2011 
Agosto et al. PPath 2014 

Multicopy HIV infection during cell-cell infection

Cell-to-cell Transmission Cell-Free Transmission

• Reduced sensitivity to certain ART 
• Reduced neutralization by bNaBs 
• Co-transmission of multiple genotypes

Co-infected 
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VS promote the co-transmission of multiple HIV-1 copies

Del Portillo, A et al. 2011. JVI
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Experimental design to detect multi copy infection in vivo

Cell-free inocula
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Analyze 3 days post 
infection

Experimental design to detect multiply infected cells

Analyze 3 days post 
infection

Cell-free inocula

Doubly infected Singly infected

Cell-associated inocula

Inject  
Intravenously 

Inject 
Intravenously 

Experimental design to detect multi copy infection in vivo
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Experimental design to detect multiply infected cells

0.107 0.022

0.18499.7

Cell Free

m
C

he
rr

y

GFP

0.041 0.010

0.07799.9m
C
he
rr
y

GFP

0.11 0.001

0.07399.8

Doubly Singly

Cell-free inocula

Doubly infected Singly infected

Cell-associated inocula



0.01 0.1 1 10 100
0.1

1

10

100

0

Cell Free Model Fit

Cell Free

Poisson

% Total infected

%
 C

o
-i

n
fe

c
te

d

0.01 0.1 1 10 100
0.1

1

10

100

0

Singly Model Fit

Doubly Model Fit

Singly

Doubly

Poisson

% Total infected

%
 C

o
-i

n
fe

c
te

d

Cell-free inocula

Doubly infected Singly infected

Cell-associated inocula

Cell-to-cell HIV-1 transmission promotes multicopy infection in vivo

Cell-associated 
inocula

Cell-Free inocula

Law, K Cell Reports

Cell-free

Doubly infected

Singly Infected
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     HIV-GFP    Vessels   Collagen

Intravital imaging: Imaging HIV-1 infected cells
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     HIV-GFP    HIV-mCherry   Donor Cells    Autofluorescence

Timelapse imaging show limited mixing  of HIV variants in the the spleen
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CD4 Target Cells     SHM      Autofluorescence

Neonatal Rag-/- or Rag2γc-/- NSG or NOG

Adult Rag-/- or Rag2γc-/- NSG or NOG

Sublethal irradiation and 
injection of CD34+ HSC

CD34+ cells
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Target cells slow down in the vicinity of HIV infected cells
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    HIV-mCherry  CD4 Target Cells  SHM  Autofluorescence

Elongated infected cells form long-lived contacts with target CD4+ T cells

Law, K Submitted



Putative polarized HIV Gag-iGFP button 
 in live humanized mouse in vivo 

M4 Gag-iGFP RHPA 48 hpi



Evidence for cell-cell HIV infection in vivo

• Flow based inheritance assay shows infection of 
humanized mice with cell-associated HIV 
transmits multiple HIV copies

• At low infected cell density, genetic clustering is 
apparent--suggesting spread is local

• Genetic compartmentalization--tethered cells, 
diminished displacement of infected cells

• Target cells cluster around infected cells.



Cell cell spread and HIV pathogenesis

• Acute HIV spread in huMice maintains multicopy 
infection—Quasispecies

• Cell-cell interactions spread HIV

• Cell-cell spread promotes escape from antibodies
—vaccines should target infected cells
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