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Abstract
The Nef protein is a major determinant of pathogenicity caused by the Human Immunodeficiency virus (HIV) and
is encoded by the nef gene within the genomes of primate lentiviruses HIV-1, HIV-2 and simian immunodeficiency
virus (SIV). The HIV Nef protein subverts the intracellular membrane traffic to mediate endocytosis of a number of
cell surface receptors to accelerate their degradation. In this review we will examine how the multifunctional Nef
protein can mediate downregulation of the Major Histocompatibility Complex (MHC) I proteins from the surface of
infected cells as a means of immune evasion by HIV. By selectively downregulating MHC-I HLA-A and HLA-B
haplotypes, while maintaining the expression of HLA-C, HLA-E and HLA-G the HIV virus is able to avoid recognition
by both the NK and cytotoxic CD8+ T cell effector responses. This protects the virus from cell lysis and enables it to
hide from the cell-mediated immune system.
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Introduction
The human immunodeficiency virus (HIV) is a major global health
issue that has claimed 39 million lives since its discovery in 1983 [1,2].
In 2013 HIV had a worldwide incidence of 2.1 million cases and a
prevalence of approximately 35 million individuals [2]. The virus arose
from cross-species transmission with HIV-1 originating from the
chimpanzee simian immunodeficiency virus (SIVcpz) and HIV-2
arising from the sooty mangabey virus (SIVsmm) [1]. As a result of the
different origins of HIV-1 and HIV-2 their nucleic acid sequences are
only 40% homologous and HIV-2 is less virulent with 98% of acquired
immunodeficiency syndrome (AIDS) cases arising from HIV-1
infection [1]. The HIV virus can be further broken down into subtypes,
with HIV-1 consisting of three subtypes: M, N and O [3]. Group M is
the most virulent and is responsible for 90% of the AIDS epidemic
worldwide with Group O and N remaining confined within Africa
[3,4].
HIV is an obligate intracellular pathogen and must gain entry into
the host and hijack its cellular machinery in order to replicate [5]. HIV
is a small RNA virus consisting of nine genes [1]. Five of these genes
are involved in viral replication and consist of gag, pol, env, tat and rev
whilst the other four genes nef, vpu, vif and vpr are termed accessory
proteins [1]. These accessory genes are primarily responsible for HIV’s
ability to evade the immune response and are dispensable for viral
replication [6]. Nef (negative effective factor), a 27-30 kDa
myristoylated protein, has been the most extensively researched and is
required to help the virus evade the innate and adaptive immune
defense and supports AIDS progression [5,7,8]. Nef ’s crucial role in
pathogenesis is due to its ability to markedly increase virus titres while
allowing the virus to evade the host immune response [9]. It is
expressed early in the virus life cycle and is post-translationally
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modified by the irreversible attachment of myristic acid to its Nterminus creating an important N-terminus myristolyation site that is
required to target Nef to the cellular membrane and become
phosphorylated [10]. Nef has no demonstrable enzymatic function
[7,11]. Instead, it acts as an adaptor protein by linking molecules to
specific cellular factors to propagate its downstream effects [11,12].
These effects include downregulation of CD4, retardation of the
immunological synapse and regulation of apoptosis [9,13-16]. Another
important function of Nef is its ability to downregulate Major
Histocompatibility Complex (MHC) class I molecules and thus protect
the virus from cell-mediated and humoral immunity [17,18]. By
targeting MHC-I proteins the virus avoids immune recognition and
activation of HIV-specific CD8+ T cells. Therefore, the aim of this
review was to highlight the mechanisms by which Nef downregulates
class I MHC molecules and the cellular and clinical effects of this
function.

HIV-1 and MHC molecules
MHC-I molecules on virally infected cells present viral antigens to
the corresponding antigen-specific CD8+ cytotoxic T lymphocytes
(CTLs) [19,20]. The processed peptide/MHC-I molecules are
assembled in the endoplasmic reticulum (ER) of the target cell and
once loaded with the viral peptide are transported to the cell surface
[21-23]. The antigen specific TCR on the CD8+ CTL recognises the
peptide/MHC-I molecule and it becomes activated and rapidly
differentiates into an effector cell that secretes perforin proteins which
assemble to form a pore in the cell membrane of the target cell through
which its secreted granzymes can enter the cytoplasm of the target cells
resulting in cell lysis [17,24].
MHC-I proteins have a range of fates within the cell. Newly
synthesised MHC I proteins are loaded with peptides within the ER
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and transported to the cell surface. Protein turnover directs
internalised MHC complexes to endosomes which can be targeted to
the TGN where they can be ubiquitinated and targeted for
degradation. Alternatively the MHC-I proteins may enter a recycling
pathway where they can be removed from the cell surface and be
recycled back through vesicles to cell surface. These two recycling
pathways are ubiquitous in cells and require distinct adaptor proteins
known as phosphofurin acidic cluster protein (PACS)-1 and PACS-2
[25]. PACS-1 is involved in recycling of internalised cargo proteins
from early endosomes to enable proteins to return to the cell surface
[26,27]. PACS-2 on the other hand mediates the trafficking of protein
to the ER and can also regulate the trafficking of endocytosed protein
cargoes from early endosomes to the TGN [28,29]. Both PACS proteins
are multipurpose proteins as they contain furin binding regions that
promote binding to cargo proteins, sorting adaptors and kinase
enzymes [25]. Evidence suggests that the PACS proteins mediate
distinct steps within the signalling pathway. PACS-2 is required for the
initial triggering phase and PACS-1 is for the sequestering phase of
MHC modulation [8].
The HIV accessory proteins Nef, Tat and Vpu (viral unique protein)
have all been linked to viral modulation of MHC-I expression [30-32].
Tat trans-activates HIV long terminal repeat (LTR)-directed gene
expression and is an alternatively spliced protein that can form two
predominant isoforms [30]. One isoform, referred to as one-exon tat, is
72-amino acids long and contains only the first coding exon [30]. The
other isoform is an 86 amino acid protein, referred to as two-exon tat
[30]. Two-exon tat has been associated with the repression of MHC-I
transcription by associating with the common transcription initiation
complex to repress the MHC class I gene promoter and β2microglobulin basal promoter [30,33,34]. Vpu, on the other hand, has
been associated with the downregulation of newly synthesized MHC-I
molecules in a mannerism similar to Nef [31,35]. Although, Tat and
Vpu have been shown to modulate MHC-I expression Nef has emerged
as the key player in HIV-1’s abrogation of this important pathway [36].
This is demonstrated by the fact that Nef defective mutants, which still
express Vpu and Tat, have markedly decreased MHC-I expression
[35-37]. Furthermore, vpu- and tat - deleted HIV viruses that still
expressed Nef have failed to significantly downregulate MHC-I
molecules [36,38,39].

Nef ’s adaptor protein functions associated with MHC-I
downregulation
Nef can subvert intracellular membrane traffic as part of the virus
replication life cycle. Clathrin coated vesicles mediate endocytosis and
sorting from the trans-Golgi network (TGN) and endosomes to
lysosomes to mediate protein destruction [40]. Vesicular coats are
required for intracellular membrane traffic that helps to coordinate
cellular organization of vesicles. They are composed of scaffold
proteins and adaptor elements that link the scaffold to membrane
bound proteins and lipids [41]. Clathrin forms the scaffold on the
vesicular coat on to which the heterotetrameric adaptor protein (AP)
complexes assemble (e.g. AP-1, AP-2). The vesicular coat is responsible
for vesicular traffic originating from the cell membrane and TGN [40].
AP complexes help to connect membrane proteins (i.e. cargo) to
clathrin [42]. AP-1 needs to be modified by the GTPase Arf1 activator
to promote a conformational change in the AP-1 protein that allows it
to bind to cargo and clathrin at the TGN [43].
The Nef and Vpu proteins of HIV help to hijack this clathrin
pathway [5,6] and are responsible for downregulating the cell surface
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expression of a range of key target proteins such as CD4, MHC-I and
tetherin [44-47]. The AP-1 protein plays a critical role in enabling Nef
to re-route MHC-I and tetherin from the cell surface and directs them
to lysosomes [11,48]. The cargoes carried by AP-1 contain either
tyrosine based sorting signals which bind to the C terminal domain of
clathrin µ1, or dileucine signals, that bind to a site that spans the γ and
δ1 subunits of clathrin [49]. As a result Nef can hijack AP-1 to
downregulate MHC-I expression by interacting with the µ1 subunit of
AP-1 via its tyrosine motif binding site on its C-terminal domain [50].
In addition, Nef can hijack AP-2 to downregulate CD4 via its dileucine
binding site on the clathrin σ‒σ2 complex [13,51]. Both these binding
sites are normally obstructed when AP-1 is in its “locked”
conformation. Therefore, Nef ’s ability to subvert membrane traffic
relies on the AP-1 protein being in the “unlocked” confirmation which
is linked to the GTPase activity of Arf1. Shen and colleagues have
recently shown that Nef can bind to Arf1 and this induces the
trimerization of AP-1 [52]. These trimers assembled into hexamers
help stabilise the AP-1-Arf1 complexes and in doing so can redirect
MHC-I and tetherin to lysosomes [52].

Figure 1: Functional domains on the Nef protein of HIV-1. The key
functional domains of the Nef proteins are illustrated and some of
these are described in detail within the text. The M20, EEEE65 acidic
cluster and the PXXP75 SH3 binding domain are the major
functional domains on Nef that are required for modulation of
MHC-I surface expression.
Nef also has the capacity to activate a range of Src family kinases
(SFKs) including Hck, Lyn and c-Src. This property appears to be
important for HIV disease pathogenesis in animal models [53,54]. In
addition, Nef can activate PI3K which is required to block apoptosis
and to direct downregulation of MHC-I proteins from the cell surface
[55,56]. There are various important motifs on the Nef protein that are
crucial for its effector activity in downregulating MHC-I molecules
(Figure 1). The EEEE65 acidic cluster is required for its interaction with
cytosolic sorting protein PACS-1, an SH3 binding domain motif
PXXP75 which enables Nef to interact with SFKs [53]. The methionine
M20 residue located at the N- terminus is critical to enable MHC-I
proteins to associate with the heterotetrameric sorting adaptor protein
AP-1 [11]. Furthermore, the D123 residue is required for Nef to
dimerize as the mutant D123G is unable to dimerize and downregulate
MHC-I [57]. These motifs are highly conserved in the M group HIV-1
and are responsible for disease pathogenesis [58].

The mechanisms behind Nef mediated downregulation of
MHC-I molecules
The mechanisms behind MHC-I downregulation have proven to be
difficult to ascertain. For example, some studies reported that
phosphatidylinositol 3-phosphate (PIP3) kinase was required for
MHC-I downregulation [55] whilst other studies reported that it was
dispensable [36]. This conflict was resolved by the understanding of
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the importance of D-3 lipid phosphatase (PTEN) which
dephosphorylates PIP3 [4]. High levels of PIP3 present in cells that
lack PTEN, such as Jurkat, CEM and U373 T cells, prevent PACS-1 and
phosphatidylinositol 3-kinase (PI3K) inhibitors from affecting MHC-I
downregulation [4,36]. This resulted in studies proclaiming that Nef
acts independently of PI3K as the PI3K inhibitors LY294002 and
wortmannin failed to inhibit Nef-mediated MHC-I downregulation in
cell lines that did not express PTEN [36]. The rescue of PTEN
expression in these cells restored the sensitivity of MHC-I
downregulation to PI3K inhibitors [4].
In addition to the requirements of PI3K, some debate arose on
whether or not MHC-I molecules were endocytosed or if Nef
downregulated MHC-I molecules by abrogating their transport to the
cell surface [55,59-61]. This difficulty in understanding the
mechanisms behind Nef ’s abrogation of the MHC-I pathway can be
explained by the temporally distinct pathways proposed by Dikeakos et
al. [8]. This evidence-based model gives two distinct pathways of Nefmediated MHC I downregulation [8]. They are termed the “signalling
mode” and the “stoichiometric mode” and act at distinct temporal
stages of viral infection [8]. Both pathways are dependent on Nef ’s Nterminal myristoylation site to assemble within lipid rafts in the plasma
membrane. It appears that the “signalling mode” for MHC-I
modulation is utilised in response to acute infection over the first 48
hours and specifically targets the ‘mature’ MHC-I proteins that are
present at the cell surface. The stoichiometric mode in contrast is a
distinct mechanism utilised by the virus after day 3 of infection and
blocks the transport of newly synthesized MHC-I proteins from the ER
to the cell surface [8,62-64]. In this way the HIV-1 virus can effectively
block immune recognition of virus infected cells by antigen-specific
CD8+ CTLs and resolves the debate on whether or not Nef increases
endocytosis or blocks trafficking. The HIV-1 virus may utilise these
different pathways to modulate MHC-I to enable it to adapt to
different cellular reservoirs. Infection of CD4+ T cells become acutely
infected with HIV-1 with a half-life of 1 .5 days and during this time
the virus focuses on the signalling mode to downregulate mature
MHC-I proteins from the cell surface [8]. Once the virus has
established latency leading to chronic infection of a reservoir (e.g.
CD4+ T cells or monocytes) it relies on the stoichiometric mode to
block transport of newly synthesised MHC-I proteins to the cell
surface.

Signalling mode
The “signalling mode” is the initial pathway used by the virus to
downregulate mature MHC-I molecules that are already expressed at
the cell surface of a target cell. This pathway involves two domains on
Nef, the EEEE65 acidic cluster and the PXXP75 SH3 domain binding
site, which are both located at the N-terminus of the protein
[55,65,66]. Following viral infection Nef can downregulate MHC-I by
activating an endocytic program that requires the Nef ’s acidic cluster
(EEEE62-65) to bind to the endosomal sorting protein PACS-2 thus
targeting Nef to a paranuclear region [55,66]. This change to its cellular
localization facilitates the interaction of the Nef PXXP75 SH3 binding
domain to form a multiprotein complex involving Src Family kinases
(SFK)/zeta associated protein kinase 70 (ZAP70)/PI3K i.e. SFK/
ZAP70/PI3K [4,8,67]. ZAP-70 is a SFK found in T cells that normally
associates with the T cell receptor (TCR) complex. Monocytes can be a
source of HIV-1 infection due to expression of CD4 and chemokine
receptors. In monocytes the SFK Syk replaces ZAP-70 to form the
protein complex with Nef and PI3K. The SFK/ZAP-70/PI3K complex
can induce tyrosine kinase signalling and this increases the rate of
J Clin Cell Immunol
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endocytosis of cell surface MHC-I proteins from the cell surface
[4,55,65]. Once the MHC-I proteins are internalised they are
sequestered within the paranuclear region which requires the M20 and
EEEE65 domains of Nef interacting with PACS-1 and the AP-1 protein
[11,55]. The activation of PI3K triggers the clathrin-independent,
GTPase ADP ribosylation factor 6 (ARF6)-dependent endocytosis of
MHC-I molecules [8,55]. ARF6 is involved with connecting actin
cytoskeletal rearrangements with vesicle trafficking [55]. Once the
MHC-I molecules are within the ARF6 endosomes the methionine
residue (M20) on Nef is required for sequestering internalized MHC-I
molecules to the TGN to prevent further MHC-I recycling [4,55].

Stoichiometric mode
The stoichiometric mode is utilized after day 3 of infection and
affects the transport of newly synthesized MHC-I complexes to the cell
surface [8]. By 72 h post infection the stoichiometric mode is
upregulated while the signalling mode is extinguished suggesting a
temporally determined means of MHC-I downregulation [8]. It is
hypothesized that this initial latency in the stoichiometric mode is due
to the fact that sustained PI3K signalling driven by the SFK/ZAP-70/
PI3K complex is required for its initiation [8]. In contrast to the
signalling pathway, the stoichiometric mode is independent of PI3K
signalling and involves the diversion of newly synthesized MHC-I
molecules in the TGN to lysosomal compartments that is mediated by
the M20 residue on Nef. This process is clathrin dependent [8,11,68].
The stoichiometric pathway is initiated when Nef binds to the tyrosine
residue at position 320 on the cytoplasmic tail of the MHC-I molecule
via its acidic cluster (EEEE65) and proline rich repeat (PXXP72-75)
[11,69,70]. As highlighted above the Nef-MHC-I complex creates a
hydrophobic region which enables the µ1 subunit of AP-1 to bind
[11,71]. Once it is bound, AP-1 links clathrin to the cytoplasmic tails of
MHC molecules at the TGN and transports these molecules to
endosomes where they are tagged for lysosomal degradation by the
recruitment of β-COP [11]. A small molecular inhibitor that prevents
the SFK-Nef interaction can prevent assembly of the SFK/Zap70/SykPI3K cascade and in turn can repress HIV-1-mediated MHC-I
downregulation in primary CD4+ T cells [8]. These studies highlight
the crucial role for formation of the multikinase complex for MHC-I
modulation and that signalling by one or more of the kinases
influences the membrane trafficking machinery that mediates the
switch between the two functional modes [8].

The importance of the MHC cytoplasmic tail in immune
evasion from NK cells and CTLs
The Nef protein has been shown to specifically target the classical
MHC-I molecules of the Human Leukocyte Antigen (HLA) complex
in particular HLA-A and HLA-B but does not affect the HLA-C, HLAE or HLA-G molecules [17,72,73]. The ability of Nef to bind to MHC-I
proteins is conserved across different HIV-1 M, N and O subtypes as
well as primate lentiviruses including SIVcpz and SIVrcm [73]. Nef ’s
ability to downregulate the MHC-I alleles is determined by the amino
acid residues within the cytoplasmic tail of the heavy chain (Table 1).
The key amino acid residues on the cytoplasmic domain of MHC-I
molecules that facilitates Nef binding to mediate downregulation of
MHC-I molecules occur between positions 321 and 328 [17,50,69]. In
HLA-A and HLA-B molecules there is a tyrosine residue at 321 and an
aspartic acid residue at 328 whereas in HLA-C molecules there is a
cysteine which occupies position 321 and asparagine at 328 [17,50]
(Table 1). These amino acid substitutions in HLA-C are sufficient to
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prevent the Nef molecule from binding to the HLA-C molecule and
thereby prevents its downregulation [17]. The HLA-E molecule also
inhibits Nef binding with a substitution of glutamic acid at position
325 on its cytoplasmic tail whereas HLA-A, -B and –C molecules
contain an alanine at the same site [17] (Table 1). Mutating the
glutamic acid residue at position 325 to alanine enables the HLA-E
molecule to be responsive to Nef downregulation, demonstrating the
importance of this amino acid in inhibiting this process [17]. In
contrast to the other HLA molecules, the HLA-G molecule evades HIV
downregulation by having a premature stop codon which results in a
shorter cytoplasmic tail of just six amino acid residues instead of the
normal length of 29-33 amino acids [72].
HLA molecule

Amino acid resides at the designated positions on the
MHC proteins

HLA-A

Y321

A325

D328

HLA-B

Y321

A325

D328

HLA-C

C321

A325

N328

HLA-E

Y321

E325

D328

Table 1: The different cytoplasmic amino acid residues amongst the
four HLA haplotypes -A, -B, -C and -E. The Table shows the amino
acid residues on the different Class I HLA molecules based on the
primary amino acid sequence. The amino acid residues that Nef
requires for downregulation of classical MHC proteins (HLA A & B) to
prevent immune recognition by CD8+ T cells are represented in
normal text. The amino acid residues highlighted in bold text are those
that prevent Nef mediated MHC downregulation and therefore prevent
NK cell activation.
This differentiation between the different HLA haplotypes is
important as natural killer (NK) cells can be activated in response to
limited MHC-I expression [17]. HLA-C and HLA-E inhibit NK lysis by
ligating with the inhibitory receptors on the surface of NK cells (iNKR)
[17,74]. These iNKRs are designed to protect normal host cells from
NK lysis [74]. Therefore, the maintenance of these specific HLA
proteins by Nef promotes survival of the infected cell due to NK cell
activation avoidance allowing viral replication to occur [17]. Although
the majority of NK cells are inhibited by this method there is a certain
subset of NK cells that have an inhibitory receptor (NKB1) that is
specific for certain HLA-B molecules [17]. Further research is needed
to determine the role these NKB1 expressing NK cells play on HIV
disease progression. Nevertheless NK inhibition is further
compounded by the Vpu protein of HIV-1 which downregulates NTBA surface expression to inhibit NK degranulation [74].
In addition to NK cells, downregulation of MHC-I molecules by Nef
helps the HIV virus to evade recognition by CTLs [32,75]. Most CTL’s
are restricted to the HLA-A and HLA-B haplotypes which are targeted
by the Nef protein [17]. This is important as CTLs are recognised as an
important effector response against HIV infection and without
downregulation of MHC-I molecules the infected cells would become
susceptible to lysis by HIV-specific CTLs [32]. This selective
downregulation of MHC-I of HLA haplotypes is similar to that used by
the foetus to maintain tolerance from the maternal immune system
[76]. Interestingly, a small subset of CTLs are specific for the HLA-C or
HLA-E haplotypes [77]. Further research is needed to determine the
role that this CTL subset might have on HIV disease progression.
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Clinical relevance of MHC-I downregulation
The importance of Nef ’s ability to downregulate MHC-I molecules
in vivo and its impact on disease progression is highlighted by studies
on rhesus macaque monkeys that were infected with SIV viral strains
that carried specific mutations in the nef gene that selectively affects its
ability to downregulate MHC-I [78,79]. By mutating the Y223F residue
in the nef gene the SIVmac239 variant virus blocks MHC-I downregulation without affecting Nef ’s other functions such as CD4, CD28
and CD3 down-regulation and viral infectivity or viral set point load
[78]. Infection with the Y223F-Nef variant virus resulted in a chronic
viral infection but the animals remained clinically healthy at 56 weeks
post infection [78]. This is in direct contrast with rhesus monkeys that
were infected with the wild type SIVmac239 virus which had a 60 to
70% fatality rate within the first year [78]. Interestingly, the Y223F-Nef
viral variant reverted to regain its capacity to downregulate MHC-I
downregulation within 2-4 weeks post infection [78]. This coincides
with the peak in CTL response in SIV-infected macaques which occurs
at week 2 [78]. Therefore, this reversion of MHC-I downregulation is
likely due to CTL selective pressure [78]. Despite the fact that 4 weeks
post infection the virus-mediated reversion of its Y223-Nef to wild
type Nef the macaques demonstrated non-progressor or slowprogressor phenotypes [79]. This might indicate a need for MHC-I
downregulation in the acute phase of the infection [79].
In both studies the mutated Nef ’s ability to downregulate MHC-I
molecules was regained via increased mutation rates facilitated by CTL
selective pressure. This increased rate of mutation to recover the MHCI downregulation function of Nef was so important that its recovery at
times occurred at the expense of its other functions such as the
downregulation of CD28 [78,79]. This demonstrates that the increase
in MHC-I modulation enables the virus to escape CTL detection and is
maintained in the presence of these cells [80].
Interestingly, the ability of HIV-1 Nef to downregulate MHC-I
changes during disease progression. MHC-I downregulation is 10- to
20-fold higher in immunocompetent (especially asymptomatic)
individuals compared to those that have progressed to AIDS [81]. In
AIDS patients the Nef protein’s functions are centred towards
increasing viral replication and infectivity, whilst increasing CD4
downregulation [81]. This is believed to be due to the high selective
pressure exerted by active CTLs in immunocompetent individuals,
which is lost when the immune system is destroyed and AIDS
progression has occurred [82].

Conclusion
In conclusion, Nef is a multifunctional pathogenicity factor
expressed by primate lentiviruses. Disruption of nef is associated with
defective viral replication. However the Nef protein has a wide range of
functions unrelated to infectivity of virions, some of those which are
directly related to immune evasion such as down modulation of CD4
[44,45], MHC-I [55,83] and modulation of the threshold of T cell
activation between T cells and macrophages [84,85].
The ability of Nef to interfere with the MHC-I complex is an
important virulence factor as it enables the HIV virus to evade the host
immune response. By selectively downregulating MHC-I HLA-A and
HLA-B, while maintaining the expression of HLA-C, HLA-E and
HLA-G HIV is able to evade both the innate response mediated by NK
cells and the adaptive immune response elicited by CTL effectors. This
protects the virus from immune recognition by both arms of the
immune response. Further research is needed to determine if any of
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these pathways used in the downregulation of MHC-I can be safely
inhibited for use as a therapeutic. Furthermore, determining the
percentage of long term non-progressors that exhibit CTLs that are
specific for HLA-C and HLA-E or NK cells that are specific for HLA-A
and HLA-B would also assist in determining the importance of the
selectivity in MHC-I downregulation and the possibility of these cells
being used as a means of prevention against HIV.
Although we have focused in this review on the function of Nef in
modulation of MHC-I proteins. It must not be forgotten that the Nef
protein can target a range of other immune signalling proteins, such as
the TCR complex as well as the costimulatory receptor CD28 that
results in disruption of naïve T cell activation [16,35]. So the HIV virus
has a range of weapons in its arsenal to intervene with cellular function
and more widely to target specific aspects of cell biology that are going
to make it conducive for viral replication and to avoid immune
recognition.

Acknowledgment
We would like to acknowledge the support of Juvenile Diabetes
Research Foundation, New York, the Diabetes Australia Research Trust
and the Diabetes Research Foundation of Western Australia.

References
1.
2.
3.
4.
5.
6.
7.

8.

9.
10.
11.
12.
13.

14.

Lever AML (2009) HIV: the virus. Medicine 37: 313-316.
WHO (2014) HIV/AIDS.
Bontrop RE, Watkins DI (2005) MHC polymorphism: AIDS
susceptibility in non-human primates. Trends Immunol 26: 227-233.
Hung CH, Thomas L, Ruby CE, Atkins KM, Morris NP, et al. (2007)
HIV-1 Nef assembles a Src family kinase-ZAP-70/Syk-PI3K cascade to
downregulate cell-surface MHC-I. Cell Host Microbe 1: 121-133.
Collins DR, Collins KL (2014) HIV-1 accessory proteins adapt cellular
adaptors to facilitate immune evasion. PLoS Pathog 10: e1003851.
Malim MH, Emerman M (2008) HIV-1 accessory proteins--ensuring
viral survival in a hostile environment. Cell Host Microbe 3: 388-398.
Le Gall S, Prevost MC, Heard JM, Schwartz O (1997) Human
immunodeficiency virus type I Nef independently affects virion
incorporation of Major Histocompatibility Complex class I molecules and
virus infectivity. Virology 229: 295-301.
Dikeakos JD, Atkins KM, Thomas L, Emert-Sedlak L, Byeon IJ, et al.
(2010) Small molecule inhibition of HIV-1-induced MHC-I downregulation identifies a temporally regulated switch in Nef action. Mol Biol
Cell 21: 3279-3292.
Abraham L, Fackler OT (2012) HIV-1 Nef: a multifaceted modulator of T
cell receptor signaling. Cell Commun Signal 10: 39.
Arold ST, Baur AS (2001) Dynamic Nef and Nef dynamics: how structure
could explain the complex activities of this small HIV protein. Trends
Biochem Sci 26: 356.
Roeth JF, Williams M, Kasper MR, Filzen TM, Collins KL (2004) HIV-1
Nef disrupts MHC-I trafficking by recruiting AP-1 to the MHC-I
cytoplasmic tail. J Cell Biol 167: 903-913.
Brown A, Gartner S, Kawano T, Benoit N, Cheng-Mayer C (2005) HLAA2 down-regulation on primary human macrophages infected with an
M-tropic EGFP-tagged HIV-1 reporter virus. J Leukoc Biol 78: 675-685.
Chaudhuri R, Lindwasser OW, Smith WJ, Hurley JH, Bonifacino JS
(2007) Downregulation of CD4 by human immunodeficiency virus type 1
Nef is dependent on clathrin and involves direct interaction of Nef with
the AP2 clathrin adaptor. J Virol 81: 3877-3890.
Geleziunas R, Xu W, Takeda K, Ichijo H, Greene WC (2001) HIV-1 Nef
inhibits ASK1-dependent death signalling providing a potential
mechanism for protecting the infected host cell. Nature 410: 834-838.

J Clin Cell Immunol
ISSN:2155-9899 JCCI, an open access journal

15.

16.
17.

18.

19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.

Margottin F, Bour SP, Durand H, Selig L, Benichou S, et al. (1998) A novel
human WD protein, h-beta TrCp, that interacts with HIV-1 Vpu connects
CD4 to the ER degradation pathway through an F-box motif. Mol Cell 1:
565-574.
Thoulouze MI, Sol-Foulon N, Blanchet F, Dautry-Varsat A, Schwartz O,
et al. (2006) Human immunodeficiency virus type-1 infection impairs the
formation of the immunological synapse. Immunity 24: 547-561.
Cohen GB, Gandhi RT, Davis DM, Mandelboim O, Chen BK, et al. (1999)
The selective downregulation of class I Major Histocompatibility
Complex proteins by HIV-1 protects HIV-infected cells from NK cells.
Immunity 10: 661-671.
Toussaint H, Gobert F-X, Schindler M, Banning C, Kozik P, et al. (2008)
Human immunodeficiency virus type 1 Nef expression prevents AP-2mediated internalization of the Major Histocompatibility Complex class
II-associated invariant chain. J Virol 82: 8373-8382.
Falk K, Rötzschke O, Rammensee HG (1990) Cellular peptide
composition governed by major histocompatibility complex class I
molecules. Nature 348: 248-251.
Reis e Sousa C, Germain RN (1995) Major histocompatibility complex
class I presentation of peptides derived from soluble exogenous antigen
by a subset of cells engaged in phagocytosis. J Exp Med 182: 841-851.
Momburg F, Roelse J, Howard JC, Butcher GW, Hämmerling GJ, et al.
(1994) Selectivity of MHC-encoded peptide transporters from human,
mouse and rat. Nature 367: 648-651.
Neefjes JJ, Hammerling GJ, Momburg F (1993) Folding and assembly of
major histocompatibility complex class I heterodimers in the
endoplasmic reticulum of intact cells precedes the binding of peptide. J
Exp Med 178: 1971-1980.
Schumacher TN, Kantesaria DV, Serreze DV, Roopenian DC, Ploegh HL
(1994) Transporters from H-2b, H-2d, H-2s, H-2k, and H-2g7 (NOD/Lt)
haplotype translocate similar sets of peptides. Proc Natl Acad Sci U S A
91: 13004-13008.
Garcia KC, Degano M, Pease LR, Huang M, Peterson PA, et al. (1998)
Structural basis of plasticity in T cell receptor recognition of a self
peptide-MHC antigen. Science 279: 1166-1172.
Youker RT, Shinde U, Day R, Thomas G (2009) At the crossroads of
homoeostasis and disease: roles of the PACS proteins in membrane traffic
and apoptosis. Biochem J 421: 1-15.
Jenkins PM, Zhang L, Thomas G, Martens JR (2009) PACS-1 mediates
phosphorylation-dependent ciliary trafficking of the cyclic-nucleotidegated channel in olfactory sensory neurons. J Neurosci 29: 10541-10551.
Molloy SS, Thomas L, Kamibayashi C, Mumby MC, Thomas G (1998)
Regulation of endosome sorting by a specific PP2A isoform. J Cell Biol
142: 1399-1411.
Köttgen M, Benzing T, Simmen T, Tauber R, Buchholz B, et al. (2005)
Trafficking of TRPP2 by PACS proteins represents a novel mechanism of
ion channel regulation. EMBO J 24: 705-716.
Myhill N, Lynes EM, Nanji JA, Blagoveshchenskaya AD, Fei H, et al.
(2008) The subcellular distribution of calnexin is mediated by PACS-2.
Mol Biol Cell 19: 2777-2788.
Howcroft TK, Strebel K, Martin MA, Singer DS (1993) Repression of
MHC class I gene promoter activity by two-exon Tat of HIV. Science 260:
1320-1322.
Kerkau T, Bacik I, Bennink JR, Yewdell JW, Húnig T, et al. (1997) The
human immunodeficiency virus type 1 (HIV-1) Vpu protein interferes
with an early step in the biosynthesis of major histocompatibility complex
(MHC) class I molecules. J Exp Med 185: 1295-1306.
Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D (1998) HIV-1
Nef protein protects infected primary cells against killing by cytotoxic T
lymphocytes. Nature 391: 397-401.
Carroll IR, Wang J, Howcroft TK, Singer DS (1998) HIV Tat represses
transcription of the beta 2-microglobulin promoter. Mol Immunol 35:
1171-1178.
Weissman JD, Brown JA, Howcroft TK, Hwang J, Chawla A, et al. (1998)
HIV-1 tat binds TAFII250 and represses TAFII250-dependent

Volume 7 • Issue 6 • 375

Citation:

Elliott H, Hoyne GF (2015) The Role of the Nef Protein in MHC-I Downregulation and Viral Immune Evasion by HIV-1. J Clin Cell
Immunol 7: 1000375. doi:10.4172/2155-9899.1000375

Page 6 of 7

35.
36.
37.
38.

39.

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.
54.
55.
56.
57.

transcription of major histocompatibility class I genes. Proc Natl Acad Sci
U S A 95: 11601-11606.
Haller C, Müller B, Fritz JV, Lamas-Murua M, Stolp B, et al. (2014) HIV-1
Nef and Vpu are functionally redundant broad-spectrum modulators of
cell surface receptors, including tetraspanins. J Virol 88: 14241-14257.
Kasper MR, Collins KL (2003) Nef-mediated disruption of HLA-A2
transport to the cell surface in T cells. J Virol 77: 3041-3049.
Riggs NL, Craig HM, Pandori MW, Guatelli JC (1999) The dileucinebased sorting motif in HIV-1 Nef is not required for down-regulation of
class I MHC. Virology 258: 203-207.
Mangasarian A, Piguet V, Wang JK, Chen YL, Trono D (1999) Nefinduced CD4 and Major Histocompatibility Complex Class I (MHC-I)
down-regulation are governed by distinct determinants: N-terminal alpha
helix and proline repeat of Nef selectively regulate MHC-I trafficking. J
Virol 73: 1964-1973.
Tosi G, De Lerma Barbaro A, D'Agostino A, Valle MT, Megiovanni AM,
et al. (2000) HIV-1 Tat mutants in the cysteine-rich region downregulate
HLA class II expression in T lymphocytic and macrophage cell lines. Eur
J Immunol 30: 19-28.
Kirchhausen T (2000) Clathrin. Annu Rev Biochem 69: 699-727.
Schekman R, Orci L (1996) Coat proteins and vesicle budding. Science
271: 1526-1533.
Owen DJ, Collins BM, Evans PR (2004) Adaptors for clathrin coats:
structure and function. Annu Rev Cell Dev Biol 20: 153-191.
Ren X, Farías GG, Canagarajah BJ, Bonifacino JS, Hurley JH (2013)
Structural basis for recruitment and activation of the AP-1 clathrin
adaptor complex by Arf1. Cell 152: 755-767.
Aiken C, Konner J, Landau NR, Lenburg ME, Trono D (1994) Nef
induces CD4 endocytosis: requirement for a critical dileucine motif in the
membrane-proximal CD4 cytoplasmic domain. Cell 76: 853-864.
Garcia JV, Miller AD (1991) Serine phosphorylation-independent
downregulation of cell-surface CD4 by nef. Nature 350: 508-511.
Neil SJ, Zang T, Bieniasz PD (2008) Tetherin inhibits retrovirus release
and is antagonized by HIV-1 Vpu. Nature 451: 425-430.
Schwartz O, Maréchal V, Le Gall S, Lemonnier F, Heard JM (1996)
Endocytosis of major histocompatibility complex class I molecules is
induced by the HIV-1 Nef protein. Nat Med 2: 338-342.
Jia X, Weber E, Tokarev A, Lewinski M, Rizk M, et al. (2014) Structural
basis of HIV-1 Vpu-mediated BST2 antagonism via hijacking of the
clathrin adaptor protein complex 1. Elife 3: e02362.
Traub LM, Bonifacino JS (2013) Cargo recognition in clathrin-mediated
endocytosis. Cold Spring Harb Perspect Biol 5: a016790.
Le Gall S, Erdtmann L, Benichou S, Berlioz-Torrent C, Liu L, et al. (1998)
Nef interacts with the mu subunit of clathrin adaptor complexes and
reveals a cryptic sorting signal in MHC I molecules. Immunity 8:
483-495.
Doray B, Lee I, Knisely J, Bu G, Kornfeld S (2007) The gamma/sigma1
and alpha/sigma2 hemicomplexes of clathrin adaptors AP-1 and AP-2
harbor the dileucine recognition site. Mol Biol Cell 18: 1887-1896.
Shen QT, Ren X, Zhang R, Lee IH, Hurley JH (2015) HIV-1 Nef hijacks
clathrin coats by stabilizing AP-1:Arf1 polygons. Science 350: aac5137.
Lee CH, Leung B, Lemmon MA, Zheng J, Cowburn D, et al. (1995) A
single amino acid in the SH3 domain of Hck determines its high affinity
and specificity in binding to HIV-1 Nef protein. EMBO J 14: 5006-5015.
Trible RP, Emert-Sedlak L, Smithgall TE (2006) HIV-1 Nef selectively
activates Src family kinases Hck, Lyn, and c-Src through direct SH3
domain interaction. J Biol Chem 281: 27029-27038.
Blagoveshchenskaya AD, Thomas L, Feliciangeli SF, Hung CH, Thomas G
(2002) HIV-1 Nef downregulates MHC-I by a PACS-1- and PI3Kregulated ARF6 endocytic pathway. Cell 111: 853-866.
Linnemann T, Zheng YH, Mandic R, Peterlin BM (2002) Interaction
between Nef and phosphatidylinositol-3-kinase leads to activation of p21activated kinase and increased production of HIV. Virology 294: 246-255.
Liu LX, Heveker N, Fackler OT, Arold S, Le Gall S, et al. (2000) Mutation
of a conserved residue (D123) required for oligomerization of human

J Clin Cell Immunol
ISSN:2155-9899 JCCI, an open access journal

58.
59.
60.
61.
62.

63.

64.
65.

66.
67.

68.

69.
70.
71.

72.
73.
74.

75.

immunodeficiency virus type 1 Nef protein abolishes interaction with
human thioesterase and results in impairment of Nef biological functions.
J Virol 74: 5310-5319.
Keele BF, Van Heuverswyn F, Li Y, Bailes E, Takehisa J, et al. (2006)
Chimpanzee reservoirs of pandemic and nonpandemic HIV-1. Science
313: 523-526.
Swann SA, Williams M, Story CM, Bobbitt KR, Fleis R, et al. (2001)
HIV-1 Nef blocks transport of MHC class I molecules to the cell surface
via a PI 3-kinase-dependent pathway. Virology 282: 267-277.
Piguet V, Wan L, Borel C, Mangasarian A, Demaurex N, et al. (2000)
HIV-1 Nef protein binds to the cellular protein PACS-1 to downregulate
class I major histocompatibility complexes. Nat Cell Biol 2: 163-167.
Schaefer MR, Wonderlich ER, Roeth JF, Leonard JA, Collins KL (2008)
HIV-1 Nef targets MHC-I and CD4 for degradation via a final common
beta-COP-dependent pathway in T cells. PLoS Pathog 4: e1000131.
Alexander M, Bor YC, Ravichandran KS, Hammarskjöld ML, Rekosh D
(2004) Human immunodeficiency virus type 1 Nef associates with lipid
rafts to downmodulate cell surface CD4 and class I major
histocompatibility complex expression and to increase viral infectivity. J
Virol 78: 1685-1696.
Cai CY, Zhang X, Sinko PJ, Burakoff SJ, Jin YJ (2011) Two sorting motifs,
a ubiquitination motif and a tyrosine motif, are involved in HIV-1 and
simian immunodeficiency virus Nef-mediated receptor endocytosis. J
Immunol 186: 5807.
Peng B, Robert-Guroff M (2001) Deletion of N-terminal myristoylation
site of HIV Nef abrogates both MHC-1 and CD4 down-regulation.
Immunol Lett 78: 195-200.
Atkins KM, Thomas L, Youker RT, Harriff MJ, Pissani F, et al. (2008)
HIV-1 Nef binds PACS-2 to assemble a multikinase cascade that triggers
major histocompatibility complex class I (MHC-I) down-regulation:
analysis using short interfering RNA and knock-out mice. J Biol Chem
283: 11772-11784.
Chang AH, O'Shaughnessy MV, Jirik FR (2001) Hck SH3 domaindependent abrogation of Nef-induced class 1 MHC down-regulation. Eur
J Immunol 31: 2382-2387.
Dikeakos JD, Thomas L, Kwon G, Elferich J, Shinde U, et al. (2012) An
interdomain binding site on HIV-1 Nef interacts with PACS-1 and
PACS-2 on endosomes to down-regulate MHC-I. Mol Biol Cell 23:
2184-2197.
Lubben NB, Sahlender DA, Motley AM, Lehner PJ, Benaroch P, et al.
(2007) HIV-1 Nef-induced down-regulation of MHC class I requires
AP-1 and clathrin but not PACS-1 and is impeded by AP-2. Mol Biol Cell
18: 3351-3365.
Greenberg ME, Iafrate AJ, Skowronski J (1998) The SH3 domain-binding
surface and an acidic motif in HIV-1 Nef regulate trafficking of class I
MHC complexes. EMBO J 17: 2777-2789.
Singh RK, Lau D, Noviello CM, Ghosh P, Guatelli JC (2009) An MHC-I
cytoplasmic domain/HIV-1 Nef fusion protein binds directly to the mu
subunit of the AP-1 endosomal coat complex. PLoS One 4: e8364.
Noviello CM, Benichou S, Guatelli JC (2008) Cooperative binding of the
class I major histocompatibility complex cytoplasmic domain and human
immunodeficiency virus type 1 Nef to the endosomal AP-1 complex via
its mu subunit. J Virol 82: 1249-1258.
Pizzato N, Derrien M, Lenfant F (2004) The short cytoplasmic tail of
HLA-G determines its resistance to HIV-1 Nef-mediated cell surface
downregulation. Human Immunol 65: 1389-1396.
Specht A, DeGottardi MQ, Schindler M, Hahn B, Evans DT, et al. (2008)
Selective downmodulation of HLA-A and -B by Nef alleles from different
groups of primate lentiviruses. Virology 373: 229-237.
Shah AH, Sowrirajan B, Davis ZB, Ward JP, Campbell EM, et al. (2010)
Degranulation of natural killer cells following interaction with HIV-1infected cells is hindered by downmodulation of NTB-A by Vpu. Cell
Host Microbe 8: 397-409.
Lewis MJ, Balamurugan A, Ohno A, Kilpatrick S, Ng HL, et al. (2008)
Functional adaptation of Nef to the immune milieu of HIV-1 infection in
vivo. J Immunol 180: 4075-4081.

Volume 7 • Issue 6 • 375

Citation:

Elliott H, Hoyne GF (2015) The Role of the Nef Protein in MHC-I Downregulation and Viral Immune Evasion by HIV-1. J Clin Cell
Immunol 7: 1000375. doi:10.4172/2155-9899.1000375

Page 7 of 7
76.
77.

78.

79.

80.

Rizzo R, Vercammen M, van de Velde H, Horn PA, Rebmann V (2011)
The importance of HLA-G expression in embryos, trophoblast cells, and
embryonic stem cells. Cell Mol Life Sci 68: 341-352.
Johnson RP, Trocha A, Buchanan TM, Walker BD (1993) Recognition of a
highly conserved region of human immunodeficiency virus type 1 gp120
by an HLA-Cw4-restricted cytotoxic T-lymphocyte clone. J Virol 67:
438-445.
Münch J, Stolte N, Fuchs D, Stahl-Hennig C, Kirchhoff F, et al. (2001)
Efficient class I major histocompatibility complex down-regulation by
simian immunodeficiency virus Nef Is associated with a strong selective
advantage in infected rhesus macaques. J Virol 75: 10532-10536.
Swigut T, Alexander L, Morgan J, Lifson J, Mansfield KG, et al. (2004)
Impact of Nef-mediated downregulation of major histocompatibility
complex class I on immune response to simian immunodeficiency virus. J
Virol 78: 13335-13344.
Mwimanzi P, Markle TJ, Martin E, Ogata Y, Kuang XT, et al. (2013)
Attenuation of multiple Nef functions in HIV-1 elite controllers.
Retrovirology 10: 1.

J Clin Cell Immunol
ISSN:2155-9899 JCCI, an open access journal

81.
82.
83.

84.
85.

Carl S, Greenough TC, Krumbiegel M, Greenberg M, Skowronski J, et al.
(2001) Modulation of different human immunodeficiency virus type 1
Nef functions during progression to AIDS. J Virol 75: 3657-3665.
Lewis MJ, Lee P, Ng HL, Yang OO (2012) Immune selection in vitro
reveals human immunodeficiency virus type 1 Nef sequence motifs
important for its immune evasion function in vivo. J Virol 86: 7126-7135.
Piguet V, Gu F, Foti M, Demaurex N, Gruenberg J, et al. (1999) Nefinduced CD4 degradation: a diacidic-based motif in Nef functions as a
lysosomal targeting signal through the binding of beta-COP in
endosomes. Cell 97: 63-73.
Baur AS, Sawai ET, Dazin P, Fantl WJ, Cheng-Mayer C, et al. (1994)
HIV-1 Nef leads to inhibition or activation of T cells depending on its
intracellular localization. Immunity 1: 373-384.
Schindler M, Münch J, Kutsch O, Li H, Santiago ML, et al. (2006) Nefmediated suppression of T cell activation was lost in a lentiviral lineage
that gave rise to HIV-1. Cell 125: 1055-1067.

Volume 7 • Issue 6 • 375

