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Viruses that infect T cells, including those of the lentivirus genus, such as HIV-1, modulate the responsiveness 
of infected T cells to stimulation by interacting APCs in a manner that renders the T cells more permissive for 
viral replication. HIV-1 and other primate lentiviruses use their Nef proteins to manipulate the T cell/APC 
contact zone, the immunological synapse (IS). It is known that primate lentiviral Nef proteins differ substan-
tially in their ability to modulate cell surface expression of the TCR-CD3 and CD28 receptors critical for the 
formation and function of the IS. However, the impact of these differences in Nef function on the interaction 
and communication between virally infected T cells and primary APCs has not been investigated. Here we have 
used primary human cells to show that Nef proteins encoded by HIV-2 and most SIVs, which downmodulate 
cell surface expression of TCR-CD3, disrupt formation of the IS between infected T cells and Ag-presenting 
macrophages or DCs. In contrast, nef alleles from HIV-1 and its simian precursor SIVcpz failed to suppress 
synapse formation and events downstream of TCR signaling. Our data suggest that most primate lentiviruses 
disrupt communication between virally infected CD4+ Th cells and APCs, whereas HIV-1 and its SIV precursor 
have largely lost this capability. The resulting differences in the levels of T cell activation and apoptosis may 
play a role in the pathogenesis of AIDS.

Introduction
The interaction and communication of T cells and APCs via a con-
tact zone known as immunological synapse (IS) is a key event of 
the adaptive immune response (1, 2). Synapse formation is a highly 
ordered process initiated by the binding of the TCR-CD3 complex 
on T cells to the peptide-MHC complex on the surface of APCs, 
such as DCs or macrophages (3). This interaction leads to the local 
clustering of various surface receptors, adhesion molecules, signal-
ing factors, and cytoskeleton components into a well-organized 
supramolecular spatial structure. Besides TCR-CD3/peptide-
MHC binding, a functional activating IS also requires the inter-
action between costimulatory molecules, such as CD28 on CD4+ 
T cells and CD80 or CD86 on professional APCs (3, 4). The CD4 
molecule on T cells, which is the primary receptor for HIV/SIV 
entry, is involved in the clustering process and may boost recogni-
tion of the MHC-peptide ligand by the TCR (5, 6). Deregulation of 
T cell/APC communication leads to immunological malfunctions, 
such as autoimmunity or tolerance (7).

Given that the IS is crucial for the initiation and regulation of 
adaptive immune responses, it is not surprising that various viruses  
manipulate it to suppress specific antiviral immune responses and 
hence to facilitate viral immune evasion (8–11). Lymphotropic 
viruses also modulate the responsiveness of virally infected T cells 

to stimulation by interacting APCs in a manner that renders them 
more permissive for viral replication (12–14). HIV-1 and other 
primate lentiviruses manipulate the function of the IS and T cell 
activation mainly by means of the accessory multifunctional Nef 
protein, which also impairs MHC Ag presentation and enhances 
viral infectivity and replication (14–16). Most importantly, Nef is 
required for efficient viral replication in vivo and greatly acceler-
ates disease progression in HIV-1–infected individuals (17, 18). 
The HIV-1 Nef protein perturbs the interaction of virally infected 
T cells with APCs by downmodulating CD4 and (weakly) CD28 
from the cell surface (19–21) and was reported to alter TCR traf-
ficking and signaling, as well as the actin rearrangements induced 
by TCR triggering (11). It has been suggested that these Nef effects 
could be advantageous for HIV-1 because they reduce TCR-medi-
ated T cell activation to levels sufficient for effective viral replica-
tion, but low enough to prevent exaggerated activation and prema-
ture activation–induced death of HIV-1–infected T cells (13, 14). 
Contrary to this suggestion, however, other studies have shown 
that Nef substantially enhances the responsiveness of T cells to 
stimulation and proposed that the hyperactivated phenotype of 
HIV-1–infected T cells may contribute to the high levels of chronic 
immune activation and apoptosis that are associated with progres-
sion to AIDS (22–26).

While it remains debatable whether HIV-1 Nefs reduce or enhance 
the responsiveness of virally infected T cells to stimulation, it is 
clear that the effects of most primate lentiviral Nef proteins on 
TCR signaling and potentially also on the formation of the IS are 
much more severe than those of HIV-1 Nef proteins, because they 
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also downmodulate TCR-CD3 and are substantially more effective 
in removing CD28 from the cell surface (20, 21, 27–30). Notably, 
the ability of Nef to downmodulate TCR-CD3 was specifically lost 
in the primate lentiviral lineage that gave rise to HIV-1: SIVcpz, its 
direct precursor from chimpanzees and some closely related SIVs 
from Cercopithecus monkeys (30). HIV-2 or SIV nef alleles that down-
modulate CD3 block the responsiveness of virally infected primary 
T cells to TCR-mediated activation, whereas those of HIV-1 and 
its simian precursors fail to suppress T cell activation and pro-
grammed cell death (30). Besides host factors, these differences in 
Nef function may explain why high levels of chronic immune acti-
vation, associated with accelerated T cell turnover rates and apop-
tosis, are a hallmark of pathogenic HIV-1 infection but are absent 
in natural nonpathogenic SIV infections (15, 31).

The differential effects of HIV-1 and other primate lentiviruses 
on TCR-mediated stimulation of virally infected T cells by APCs 
may play an important role in the infection-associated levels of 
immune activation that drive the exhaustion of the immune sys-
tem. Despite the possible importance of these processes in the 
pathogenesis of AIDS, however, the influence of various primate 
lentiviral Nef proteins on the formation and function of the IS 
between primary virally infected T cells and professional APCs 
has not been investigated. In the present study, we examined the 
effect of nef alleles from HIV-1 and other primate lentiviruses on 
the interaction of primary virally infected T lymphocytes with 
DCs — which are professional APCs and especially potent activa-
tors of CD4+ helper T cells — and macrophages. We found that 
HIV-2 and SIV Nefs that downmodulate TCR-CD3 disrupted 
the formation of T cell/APC conjugates. The few interactions 
observed did not represent a functional IS. In contrast, Nef pro-
teins of HIV-1 and its simian counterpart, SIVcpz, neither sig-
nificantly reduced the capacity of virally infected T lymphocytes 
to form an IS nor prevented T cell activation by APCs. These dif-
ferences in the ability of Nef to modulate the formation of the 
IS and TCR signaling may have important consequences for the 
antiviral immune response and the pathogenic outcome of pri-
mate lentiviral infections.

Results
Nef alleles from HIV-2 and SIVmac — but not those of HIV-1 and SIVcpz 
— prevent the formation of conjugates between virally infected T cells 
and APCs. Our previous analysis of a large number of primate 
lentiviral Nefs showed that they can be divided into those that 
are unable and those that are able to downmodulate TCR-CD3 
(groups 1 and 2, respectively; ref. 30). To examine possible dif-
ferences in their effect on the IS, we selected 3 representative 
nef alleles from each group (see Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JCI38994DS1). The alleles of group 1 were the HIV-1 NA7 nef 
allele, derived from an AIDS patient (32), the nef gene of the NL4-3  
molecular clone, and the SIVcpz GAB2 nef, obtained from a wild-
captured chimpanzee of the Pan troglodytes troglodytes subspecies 
in Gabon (33). The group 2 nefs were derived from HIV-2 BEN, 
the SIVmac239 molecular clone, and SIVblu from a Blue monkey 
(Cercopithecus mitis). All 6 nef alleles have been characterized in 
previous studies (29, 30, 34, 35) and were chosen because they 
are functionally active and represent the 2 human AIDS viruses 
(HIV-1 and HIV-2), their simian counterparts (SIVcpz and SIV-
mac), and a naturally SIV-infected small monkey species (SIVblu).  
The SIVmac239 and SIVblu Nefs were also selected because of 

the availability of specific mutants that are selectively active (mac 
tNef) or defective (SIVblu RR-AA; also referred to as bluRR) in 
TCR-CD3 modulation (30, 36).

To examine the effect on the IS, we cocultivated primary PBLs 
infected with proviral HIV-1 constructs coexpressing eGFP and 
Nef from bicistronic RNAs (30, 34) with autologous monocyte-
derived macrophages (MDMs) or DCs pulsed with the superan-
tigen (sAg) SEE and labeled with the aliphatic red dye PKH26. 
Notably, the proviral HIV-1 constructs differ only in their nef cod-
ing region and coexpress Nef and eGFP at correlating levels (30, 
34). We used replication-competent VSV-G–pseudotyped viruses 
for infection because this allowed us to bypass the effect of Nef on 
virion infectivity (37) and excluded the possibility that lack of Env 
expression may bias the results. Prior to all interaction studies, we 
verified that comparably high numbers of cells were infected by 
all HIV-1 constructs (example shown in Supplemental Figure 1).  
The differential capability of the HIV-1 and SIV nef alleles to 
downmodulate TCR-CD3 was verified for virally infected CD4+  
T cells (Supplemental Table 2) as well as PBLs, and the phenotype 
of the DC and MDM preparations was verified by flow cytometric 
analysis (example shown in Supplemental Figure 2).

First, we assessed the proportion of HIV-1–infected (eGFP+) 
PBLs contacting APCs by standard fluorescence microscopy 
(Figure 1A). Examination of eGFP+ PBLs from randomly selected  
areas of the cocultures demonstrated that the HIV-1 NA7 nef 
allele (33) did not significantly reduce the frequency of contacts 
with Ag-presenting MDMs or DCs compared with the nef-defec-
tive control (Figure 1A). In both cases, the number of T cell/APC 
conjugates was similar to that observed between noninfected 
CFSE-labeled PBLs and autologous SEE-pulsed APCs (data not 
shown). Similar results were obtained with the NL4-3 and GAB2 
Nefs (Figure 1A). In contrast, expression of the SIVmac239, 
SIVblu, and HIV-2 BEN Nefs reduced the number of conjugates 
between virally infected lymphocytes and APCs about 4-fold (Fig-
ure 1A), down to the background levels obtained with medium-
pulsed APCs (data not shown). To verify this finding, we also 
determined the frequency of HIV-1–infected PBLs engaged in 
contacts with APCs by flow cytometry for cells in the MDM and 
DC gate that were positive for both eGFP and PKH26 (Figure 
1B). In agreement with the results of the microscopic examina-
tion, HIV-2 and SIVmac Nefs, but not HIV-1 and SIVcpz Nefs, 
significantly impaired the capability of virally infected T cells to 
interact with APCs (Figure 1B). These data demonstrated that, in 
strict contrast to group 1 Nefs, those of group 2 viruses did not 
disrupt the formation of conjugates between primary T cells and 
APCs (summarized in Supplemental Table 2).

Nef-mediated downmodulation of TCR-CD3 plays a key role in the disrup-
tion of the IS. To assess a possible causal relationship between Nef-
mediated TCR-CD3 downmodulation and the disruption of the IS, 
we used previously described mutant Nefs that are selectively active 
or disrupted in this function (Supplemental Table 1 and ref. 30). 
Microscopic examination and flow cytometric analysis showed that 
a truncated form of the SIVmac239 nef gene, tNef, which down-
modulates TCR-CD3 but is otherwise defective (30, 36), was still 
capable of reducing the number of contacts between virally infect-
ed lymphocytes and Ag-presenting MDMs and DCs (Figure 1).  
Conversely, 2 point mutations of RR/AA in the SIVblu Nef that 
specifically abrogate downmodulation of TCR-CD3 also reduced 
its ability to prevent the interaction between HIV-1–infected PBLs 
and Ag-presenting MDMs or DCs (Figure 1). However, the potency 
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of the tNef in disrupting the IS was slightly reduced compared 
with the wild-type SIVmac239 Nef, and the SIVblu RR-AA Nef 
frequently showed a phenotype intermediate between the HIV-1  
and the parental SIVblu Nefs. This observation may be explained 
by the fact that, in contrast to wild-type mac239 Nef, the truncated 
tNef did not downmodulate CD28, and that SIVblu RR-AA Nef 
was more active than HIV-1 NA7 Nef in removing this costimula-
tory factor from the cell surface (Supplemental Table 1). Although 
CD28 is not required to initiate the contact between T cells and 
APCs, its presence at the cell surface may affect the strength and 
duration of this interaction (3, 4). Correlation analyses showed 
that all Nefs had similar disruptive effects on the interaction of 
infected PBLs with MDMs or DCs and verified that microscopic 
examination and flow cytometric analyses yielded similar results 
(Supplemental Figure 3). The reduction of conjugate formation 
between virally infected PBLs and APCs correlated with the effi-
ciency of Nef-mediated downmodulation of TCR-CD3 (Supple-
mental Figure 4). Together, these data showed that Nef-induced 
TCR-CD3 downmodulation was required and sufficient to disrupt 

synapse formation, but further suggested that the effect of Nef 
on CD28 also affects the functional interaction between virally 
infected T cells and APCs.

Only Nef alleles that do not downmodulate TCR-CD3 allow the forma-
tion of actual ISs. The formation of an intact IS is associated with 
the clustering of surface receptors into focal points of supramo-
lecular interacting signaling platforms, referred to as SMACs (1–4). 
Some molecules — such as TCR-CD3 and the tyrosine kinase Lck, 
which becomes transiently activated after TCR engagement — are 
recruited to the central SMAC, whereas others — like the adhesion 
factor LFA-1 and the cytoskeletal protein talin — are enriched in the 
peripheral SMAC. Finally, some factors, such as the large sialopro-
tein CD43, are actively excluded from a functional IS (38). To assess 
whether the conjugates between HIV-1–infected PBLs expressing 
various nef alleles and APCs represent real ISs, we labeled cocultures 
of purified CD4+ T cells infected with various HIV-1 IRES-eGFP nef 
constructs and autologous sAg-pulsed DCs with CD3, Lck, talin, or 
LFA-1 and examined them by scanning confocal laser microscopy. 
These analyses confirmed that T cells expressing the HIV-2 BEN, 

Figure 1
Nef alleles that downmodulate TCR-CD3 impair the ability of virally infected primary T cells to form complexes with APCs. (A and B) PBLs were 
infected with NL4-3–IRES–eGFP viruses encoding different Nefs, and complex formation with autologous SEE-pulsed DCs and MDMs was 
assessed 4 days after infection by fluorescence microscopy (A) and flow cytometry (B). (A) Representative acquisition frames of cocultures 
between infected PBLs and MDMs or DCs, with phase-contrast (Nomarski), eGFP, and PKH26 superimposed. Scale bars: 10 μm. The propor-
tion of infected (eGFP+) cells contacting labeled autologous MDMs or DCs was scored randomly by single-blind method with n = 60 per sample 
per experiment. Results are mean ± SD of 4–5 independent experiments. In all experiments, 25%–55% of PBLs infected with the nef-defective 
control HIV-1 construct (nef–) formed complexes with autologous APCs; nef– values are set as 100%. (B) Representative flow cytometry acqui-
sitions for complex formation between infected PBLs and MDMs or DCs. Percentages denote the number of eGFP+ cells in the DC gating that 
are PKH26+ (as a percentage of all eGFP+ cells). Graphs show mean ± SD of 3 and 4 experiments in DCs and MDMs, respectively. In all experi-
ments, 3%–13% of PBLs infected with nef– formed complexes with autologous APCs; nef– values are set as 100%. Red and green bars denote 
nef alleles of group 1 and group 2, respectively. Combined results for group 1 (G1) and group 2 (G2) Nefs represent average values ± SD.  
*P < 0.05; #P < 0.01; §P < 0.001.
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SIVmac239, tNef, and SIVblu Nefs did not express CD3 at the cell 
surface or at the IS (Figure 2). In comparison, we observed the typi-
cal clustering of CD3 at the contact zones between virally infected 
T cells and APCs for Nefs unable to downmodulate TCR-CD3 
(Figure 2). Furthermore, only PBLs expressing HIV-1 or SIVcpz nef 
alleles showed normal frequencies of Lck polarization at the zone 
of contact with APCs (Figure 3). Thus, the group 2 Nefs affected 
the targeting of Lck to the IS much more severely than did those of 
group 1, although we noted that cells infected with virus constructs 
expressing HIV-1 or SIVcpz Nefs showed a moderate decrease of 
Lck at the IS and higher quantities of Lck in intracellular compart-
ments than uninfected cells (Figure 3A). Next, we examined the 
effect of the various Nef alleles on the localization of talin, a large 
cytoskeletal adaptor protein that is a ubiquitously expressed and 
thought to be critical for the activation of integrins (39). We found 
that only nef alleles that downmodulate TCR-CD3 prevented the 

polarization of talin at the zone of contact between virally infected 
T cells and APCs (Figure 4). The differences in the effect of group 1 
and group 2 Nefs on Lck or talin recruitment to the synapse were 
highly significant (Figure 3B and Figure 4B). Notably, none of the 
nef alleles had a marked impact on the number of T cell/APC con-
jugates showing polarization of LFA-1 (Supplemental Figure 5). 
LFA-1 functions as an adhesion molecule by binding to ICAM-1  
on APCs (40) and may not be affected because it is involved in medi-
ating the initial contact rather than the formation of a mature IS. 
Finally, we found that only conjugates between T cells infected 
with HIV-1 constructs incapable of downmodulating CD3 and 
autologous DCs showed CD43 exclusion (Figure 5). These analy-
ses showed that HIV-1–infected PBLs expressing nef alleles unable 
to downmodulate TCR-CD3 were generally capable of forming ISs 
with APCs, as demonstrated by CD3, Lck, and talin polarization 
to the zone of contract, as well as by CD43 exclusion. In striking 

Figure 2
Effect of primate lentiviral Nefs on 
TCR-CD3 cell surface expression 
and clustering at the IS. Primary 
CD4+ T cells were not infected (n.i.) 
or were infected with HIV-1 con-
structs expressing the indicated nef 
alleles. At 3 days after infection, the  
T cells were incubated with autolo-
gous sAg-pulsed DCs, fixed, and 
stained with anti-CD3. Images show 
representative confocal acquisitions 
from cocultures between infected 
CD4+ T cells and autologous sAg-
pulsed DCs labeled with DAPI. 
Shown are CD3 Ab labeling alone 
and merged images of eGFP, DAPI, 
and CD3. Arrowheads point to zones 
of close contact between infected  
T cells and DCs. Close contact was 
rarely observed in T cell/APC cul-
tures infected with viral constructs 
expressing group 1 Nefs, and these 
cells did not express CD3 at their sur-
face. Scale bars: 5 μm.


