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Targeting Cellular Cofactors in HIV Therapy

Ralf Dürr, Oliver Keppler, Frauke Christ, Emmanuele Crespan,

Anna Garbelli, Giovanni Maga, and Ursula Dietrich

Abstract Besides viral proteins cellular factors play a key role in the replication of

the human immunodeficiency virus HIV-1. The outcome of virus replication is

determined by the balance between the activity of a number of cellular dependency

factors and restriction factors. Whereas the first are essential cofactors for diverse

steps in the viral replication cycle, the latter counteract virus replication by sensing

particular viral components as non-self, often as mediators of the innate immune

system. Cellular cofactors include receptors for HIV-1 entry, LEDGF as cofactor

for the viral integrase, the RNA helicase DDX3 involved in the nuclear export of

unspliced viral RNAs, and diverse cellular kinases that promote viral replication.

Cellular restriction factors are often antagonized by HIV-1 accessory proteins in

order to counteract their restrictive function on viral replication. Although cellular

cofactors in the HIV field are understood as factors promoting viral replication, we

add a subchapter on the most important restriction factors (Trim5α, APOBEC3G,
SAMHD1, and tetherin/BST-2). Today highly active antiretroviral therapy

(HAART) mostly targets HIV proteins like reverse transcriptase, protease, or

integrase to specifically interfere with virus replication. However, the identification

of cellular cofactors and the increasing knowledge on their mode of action at
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defined steps in the HIV-1 replication cycle have opened new avenues towards the

development of HIV-1 inhibitors. Here we summarize the most important cellular

factors involved in HIV-1 replication along with therapeutic approaches developed

to target them, preferentially without harming their normal cellular function.

Keywords Antiviral therapy, APOBEC3G, CCR5, Cellular cofactors, DDX3,

HIV-1, Kinases, LEDGF, Restriction factors, SAMHD1, Tetherin/BST-2, Trim5α
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Abbreviations

β-TrCP β-transducin repeat containing protein

APOBEC3G Apolipoprotein B mRNA editing enzyme 3G

BRD4 BET bromodomain protein 4

BST-2 Bone stromal protein 2

CADA Cyclotriazadisulfonamide

CCD Catalytic core domain

CCR5 Chemokine receptor 5

CD4 Cluster of differentiation 4

CD4bs CD4 binding site

CD4i CD4 induced

CHR C-heptad repeat

CRL Cullin ring E3 ligases

CRM1 Chromosome region maintenance 1

CypA Cyclophylin A

DCAF Ddb1-and Cul4 associated factor

DC-SIGN Dendritic cell-specific intercellular adhesion molecule-3-grabbing

non-integrin

DDX3 X-linked DEAD-box polypeptide 3

DFS Dense fine speckles

ECL Extracellular loop

Env Envelope

HAART Highly active antiretroviral therapy

HDACI Histon deacetylase inhibitors
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HDGF Hepatoma-derived growth factor

HCV Hepatitis C virus

HCK Hematopoietic cell kinase

HIV Human immunodeficiency virus

HRP Hepatoma-derived growth factor-related proteins

IBD Integrase binding domain

IFN Interferon

IN Integrase

JAK1 Janus kinase 1

LEDGF Lens epithelium-derived growth factor

mAb Monoclonal antibody

MLL Mixed-lineage leukemia

MPER Membrane proximal external region

Nef Viral protein Nef (originally negative factor)

NES Nuclear export signal

NHR N-heptad repeat

NLS Nuclear localization signal

NV Norovirus

PAMP Pathogen-associated molecular patterns

PIC Preintegration complex

PKC Protein kinase C

P-TEFb Positive Transcription Elongation Factor b

PSIP1 PC4- and SFRS-interacting protein

RIG RIG-like helicases

RRE Rev responsive element

sCD4 Soluble CD4

SAMHD1 Sterile alpha motif (SAM) and Histidine/aspartate (HD) residues

SDR Supercoiled DNA recognition domain

Talens Transcription activator-like effector nucleases

TLR Toll-like receptor

TNPO3 Transportin 3

Trim5 α Tripartite motif 5α
Vif Viral infectivity factor

VIRIP Virus inhibitory peptide

Vpr Viral protein R

Vpx Viral protein X

1 Introduction

Viruses are obligate intracellular parasites and as such they exploit the metabolic

mechanisms of their hosts in order to replicate. This extraordinary ability relies on

specific interactions between the virus and key components of the cellular machin-

ery. A number of genome-wide screenings based on siRNAs have been performed
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to identify host cell factors involved in HIV-1 replication [1–3]. The outcome of

these studies revealed about 2,400 protein-coding genes or close to 10% of all

human genes to affect HIV-1 replication. Although there was only partial overlap

between these studies, already known cofactors for HIV-1 replication like CD4,

CXCR4, or JAK1 could be confirmed and interesting new candidates for potential

cellular cofactors could be identified. A detailed meta-analysis of nine genome-

wide screens identified that networks consistently targeted by HIV-1 are involved in

RNA metabolism, transport between cellular compartments, the proteasome and

the innate immune response [4]. In addition, systematic proteomic approaches have

been used to identify protein complexes composed of HIV-1 proteins and cellular

factors [5].

Many cellular proteins influence HIV-1 replication in a positive manner and

these are understood sensu stricto as cellular cofactors in the HIV field. These

proteins are being usurped by viral components to shift their activity in favor of

enhanced viral replication. Consequently, knockdown of these genes results in

reduced virus replication. Some replication-enhancing proteins are absolutely

essential for virus replication. These so-called dependency factors include the

cellular receptors for HIV-1 entry, CD4, and CCR5/CXCR4 (see Sect. 2.1) and

the cofactor for integration, LEDGF (see Sect. 2.2). Several cellular proteins further

promote virus replication in between virus entry and genome integration, i.e. during

traveling of the incoming viral capsid into the nucleus. These proteins include the

peptidyl-prolyl isomerase cyclophylin A (CypA) and the importin β family member

transportin 3 (TNPO3), which are involved in the modulation of the stability of the

incoming capsid [6, 7]. CypA binding to the viral capsid also allows escape from

the cellular restriction factor TRIM5α (see Sect. 2.5) [8]. Another set of cellular

factors is involved in postintegration latency, which is a major issue in terms of

viral eradication or an HIV cure. Viral reactivation in these reservoirs occurs after

treatment interruption and is the major barrier for virus eradication and the major

reason for the need of lifelong continous antiviral treatment. Therefore cellular

factors involved in postintegration latency are currently being explored therapeu-

tically. The major idea here is to purge these viral reservoirs by inducing

HIV expression in order to kill the cells by direct cytopathic effects of the virus

or by the immune system, which would now be able to recognize and kill the virus-

expressing cells. New antiviral strategies in this context include histone deacetylase

inhibitors (HDACI), some of which are already licensed for the treatment of

cutaneous T cell lymphoma, protein kinase C (PKC) inducers, and BET

bromodomain 4 (BRD4) inhibitors. As the cellular factors involved in

postintegration latency and their inhibitors have been nicely reviewed in a very

recent publication, they will not be further addressed here [9]. We have concen-

trated in this review on those cellular cofactors, which are most advanced or

promising as potential drug targets and we therefore also include cellular RNA

helicases (see Sect. 2.3) and some kinases (Sect. 2.4), which promote HIV-1

replication, without being absolutely essential.

A minority of cellular factors, called restriction factors, instead counteract viral

replication. These proteins often are part of intrinsic antiviral responses belonging
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to the innate immune system, which recognizes certain pathogen-associated molec-

ular patterns (PAMP) as foreign. The most important restriction factors for HIV-1

replication are APOBEC3G, SAMHD1, Trim5α, and tetherin/BST2 with the very

recent addition of the MxB protein (see Sect. 2.5).

Understanding the complex network of host–pathogen interactions can provide

new avenues for the treatment of viral infections. First, characterization of the

interactome can identify the specific domains of viral factors that are essential for

their interaction with cellular proteins, thus providing information on potential

druggable sites. Second, the identification of cellular factors essential for viral

replication provides entirely new targets for alternative approaches to treat viral

infections. Targeting cellular cofactors of viral infection limits the occurrence of

drug resistance, as cellular proteins are by far less prone to mutate than viral

proteins. However, a clear caveat of this approach is the possibility of serious

side effects due to the inhibition of normal cellular functions of the target protein.

Some considerations can avoid or limit such adverse effects. First, the cellular

target should be carefully selected to exploit a protein, which is absolutely essential

for the virus, but not for the cell. An example for this is the chemokine receptor

CCR5, which is essential for entry of primary HIV-1 strains into cells (see

Sect. 2.1). However it is not essential for humans, as carriers of a homozygous

32 basepair deletion in the human ccr5 gene leading to a premature stop codon and

consequently the absence of the receptor on the cell surface are perfectly healthy

[10, 11]. Second, inhibitors should be developed that target specific functions of the

cellular protein in the HIV-1 life cycle or directly its viral interaction interface.

Here, interesting small molecule inhibitors are being developed that target the

interaction of the viral restriction factor APOBEC3G and the counteracting viral

antagonist Vif or the interaction between the cellular factor LEDGF and the viral

integrase (see Sects. 2.5, [12, 13] and 2.2, [14, 15]). Third, the timing and dosage of

the drug has to be calibrated carefully in order to achieve maximal viral suppression

with minimal cellular toxicity. Such strategies therefore require: (1) a detailed

knowledge of the functions of the target protein in the cellular and viral life

cycle; (2) the availability of selective inhibitors; (3) the availability of cellular

and animal models to study the mechanism of action and the pharmacokinetic

properties of the experimental compounds including their interaction with the

antiviral drugs contained in the HAART regimens.

2 Cellular Cofactors in HIV-1 Replication

Due to its small genome size (<10 kb) and its complex life cycle, which includes

decisions about latency versus active expression of the integrated proviral genomes,

the crosstalk between virus and cell is particularly intense for the lentivirus HIV-1.

For this purpose, besides the retroviral proteins Gag, Pol, and Env, HIV-1 encodes

two regulatory proteins, Tat and Rev, and four accessory proteins, Vif, Vpu, Vpr,

and Nef (Fig. 1). Each of these proteins interacts with cellular factors, either to
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promote/enhance HIV-1 replication or to antagonize cellular restriction factors that

have evolved to counteract viral infections (Fig. 2). The species specificity of these

cellular factors is one of the major reasons that HIV-1 replication is restricted to

humans, as transmission between species requires adaptation to the respective

cellular cofactors.

2.1 Cellular Cofactors for HIV Entry

The initial event in the HIV replication cycle is the entry of the virus into a target cell

that depends on the interplay between the HIV envelope protein (Env) and different

Fig. 1 HIV-1 genome. Besides the typical retroviral genes gag, pol, and env the HIV-1 genome

contains two regulatory genes tat and rev as well as four accesory genes vif, vpu, vpr, and nef

CD4/gp120
CCR5/CXCR4/gp120

Trim5α/Gag

SamHD1/Vpx

dNTP dN+PPP

LEDGF/IN

cyclinT1/CDK9/Tat
DDX3/RNA

APOBEC3/Gag/Vif
C     U        G      A hypermutations

Tetherin/Vpu

G

A(+)

C     U(-)

1. entry
2. capsid

disassembly

3. reverse
transcrip�on

4. integra�on

5. transcrip�on
6. export of 

unspliced RNA
7. budding

Fig. 2 Cellular proteins involved at different steps in the HIV-1 replication cycle. Cellular

proteins acting positively on HIV-1 replication (including dependency factors) are shown in

green, those acting negatively (restriction factors) are in red. The corresponding viral binding

partners are indicated in blue. Viral proteins counteracting cellular restriction factors are in purple
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cellular receptors. The multifaceted process of HIV entry requires sequential con-

formational changes of Env that are induced upon consecutive receptor interactions.

Env originates from gp160 precursor glycoproteins that are cleaved into the surface

glycoprotein gp120 and the transmembrane glycoprotein gp41 by cellular proteases.

Both non-covalently linked proteins undergo extensive N-linked glycosylation

and trimerization of the heterodimers on their way to functional surface expression

[16, 17]. Although trimeric Env interacts with a broad array of cellular proteins, the

essential receptors for primary HIV-1 infection in vivo are the CD4 receptor and the

chemokine receptor CCR5 on hematopoietic cells, in particular on T4 helper cells.

The entire HIV-1 entry event can be subdivided into four major steps: (1) viral

attachment, (2) CD4 binding, (3) coreceptor binding, and (4) fusion (Fig. 3). Each

step comprises the interaction of Env proteins with one or more cellular proteins or

other components like the membrane or the extracellular matrix. These diverse

interactions between viral and cellular components potentially enable the derivation

of a broad spectrum of inhibitors targeting the individual entry phases. Despite the

description of a number of compounds targeting these individual entry steps in vitro,

only one coreceptor antagonist, Maraviroc, and one fusion inhibitor, Enfuvirtide,
have been clinically approved so far (see reviews [18–20]). We review here the

development of compounds targeting HIV-1 entry from attachment to fusion. The

broad field of HIV neutralizing antibodies is only touched superficially, as these are

covered by a number of excellent recent reviews [21–24].

Fig. 3 HIV-1 entry and its inhibition. The important molecules mediating HIV-1 entry are

indicated for the four entry steps (1–4) mentioned in the text. Inhibitors for the four entry steps

are shown in red with the respective inhibition sites indicated by red arrows
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2.1.1 Attachment Cofactors and Inhibitors

The initial contact of the virus with the cell is mediated via unspecific electrostatic

interactions between positively charged residues on viral Env and negatively

charged proteoglycans on the cell surface [25, 26]. Furthermore, HIV Env is

attracted by lectins and integrins [27–29] that also bridge the distance to the

obligatory HIV receptors, CD4 and CCR5, on a cell or allow the virus to travel to

more distant anatomical sites in lymphatic tissues. Targeting the unspecific virus-

cell interactions was attempted with the development of surfactants like

Nonoxynol-9 (N9) or C31G (SAVVY) interfering with membrane integrity.

Despite some efficiency in vitro and in animal studies [30, 31], clinical trials

were stopped due to the lack of beneficial effects [32–35].

Polyanionic compounds were developed to shield cationic Env from the nega-

tively charged surface of the cell. Several candidates like the cotton derivative

cellulose sulfate Carraguard from red algae, bacterial Cyanovirin N and the

polynaphtalene sulfonate PRO 2000 exhibited HIV inhibitory effects in vitro and

ex vivo; however, they also failed in clinical trials [19, 36]. Interestingly, the only

microbicidal formulation showing partial protection (39%) in a clinical study

(CAPRISA 004) did not contain an entry inhibitor, but was based on a reverse

transcriptase inhibitor (tenofovir, see Fig. A1) gel formulation. Based on these

results, further tenofovir regimens including coadministration with the clinically

tolerable polyanion Carraguard are currently under investigation [37, 38].

A more specific attachment of HIV to target cells is conferred via α4β7 integrin,
a homing receptor for CD4 T cells to the gut-associated lymphatic tissues (GALT).

HIV uses this interaction to travel from the primary infection sites (mostly genital

mucosae) to the GALT, where it finds densely packed CD4 T cells to boost its

replication via efficient cell to cell spread [27, 39]. Interestingly, the most promis-

ing human HIV-1 vaccine trial (RV144) conducted in Thailand and showing

roughly 30% of protection from HIV acquisition [40] revealed that the observed

protective effect could partially be explained by antibodies against the second

variable loop V2 of Env, which is responsible for α4β7 binding [41].

Another important attachment factor for HIV as well as other viruses is

the C-type lectin DC-SIGN expressed on dendritic cells. HIV hijacks the

non-susceptible dendritic cells to shuttle as internalized DC-SIGN/HIV complexes

to lymphatic tissues, where adjacent CD4 T cells can be trans-infected through

virological synapses (for review see [42]).

2.1.2 The Primary HIV Receptor CD4 and CD4-gp120 Inhibitors

Binding of HIV Env to its primary receptor CD4 occurs via its highly conserved

CD4 binding site (CD4bs), localized in a cavity between the inner and outer domain

of gp120 [43]. Upon binding to CD4, gp120 undergoes large conformational

rearrangements leading to the formation of the bridging sheet and the exposure of
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the CD4-induced epitopes (CD4i) required for the subsequent obligatory coreceptor

interaction. CD4-gp120 interaction further promotes the exposure of the third

variable loop V3, which is the principal determinant of coreceptor usage

[44]. CD4 binding also induces signaling and cytoskeleton rearrangements leading

to receptor clustering ([45], see also Sect. 2.4). Attempted strategies to target CD4

binding comprise soluble forms of CD4 (sCD4), CD4 mimetics, small molecular

drugs against CD4 or the CD4bs on gp120, specific antibodies against CD4 or

the CD4bs and CD4 downmodulators (for review see [46]). Interestingly, some

mediators of innate immunity like defensins, small cationic peptides secreted from

epithelial cells and neutrophils, also operate by interfering mainly with the

gp120-CD4 interaction [47–49].

Early studies reported that high levels of sCD4 are able to block HIV infection

in vitro [50]. Clinical trials only demonstrated a low response to sCD4 probably due

to a lower sensitivity for sCD4 in primary HIV-1 isolates [51]. Multimeric CD4

constructs were developed to improve pharmacokinetic properties. A tetrameric

fusion construct containing the Fc part of an IgG with the D1 and D2 domain of

CD4 (PRO 542) was also effective against primary isolates and showed modest

efficacy in clinical phase I and II trials [52]. However Fc receptor-mediated uptake

led to rapid clearance from the circulation and nonlinear pharmacokinetics [53].

A CD4 mimicking peptide rationally designed based on structural information

(CD4 M33) was able to both bind and inhibit different HIV-1 strains in the

nanomolar range [54]. The peptide was further optimized via multimerization

with efficient inhibition of HIV-1 subtypes B, A, and E, but limitations in neutral-

ization of subtype C variants [55]. Further, small molecular drugs were derived to

Fig. A1 Chemical

structures of Maraviroc and

Tenofovir
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compete for CD4 binding on gp120, however with limited efficacy, probably due to

inadequate occupation of the relatively large interaction surface [43]. More prom-

ising results were obtained with neutralizing antibodies against the CD4bs. The first

candidate, mAb b12, neutralized 40% of HIV-1 isolates and was able to protect

rhesus macaques from HIV infection [56, 57]. Recently, several classes of much

more potent broadly neutralizing antibodies against the CD4bs were identified [23],

which were able to neutralize more than 90% of HIV-1 strains [58, 59]. On the other

side, small molecular drugs [60] and monoclonal antibodies (Ibalizumab, [61])

against CD4 were developed with the CD4 antibody advancing to phase II clinical

studies. A novel class of inhibitors is the group of CADA compounds that

specifically decrease surface and intracellular CD4 levels. Promising results with

inhibition of several primary and lab adapted HIV-1 and -2 subtypes, including

drug-resistant strains on different cells, are still regarded with criticism due to the

fact that a critical cellular receptor is downmodulated [62, 63].

2.1.3 HIV-1 Coreceptors CCR5 and CXCR4 and Inhibitors

of Coreceptor–gp120 Interaction

Binding to coreceptors occurs between the HIV gp120 CD4i epitopes in the

bridging sheet in concert with gp120 V3 and the coreceptor N-terminus as well as

the extracellular loop (ECL) 2, respectively [64]. In vivo HIV-1 mainly interacts

with the chemokine receptors CCR5 or CXCR4, V3 being the major determinant

for coreceptor choice. Transmission and initial stages of HIV infection are domi-

nated by CCR5 tropic (R5) viral strains, while CXCR4 tropic (X4) strains appear in

about 50% of individuals at later stages of the disease and usually come along with

a faster progression towards AIDS [65, 66]. Besides being the gatekeeper of HIV-1

entry, coreceptor signaling seems to play an important role in promoting further

steps for productive infection [67, 68]. HIV coreceptor signaling in T lymphocytes

includes activation of cofilin and Arp2/3 that locally loosen the cortical actin

cytoskeleton and promote the release of the viral core into the cytoplasm and

transport through the cortical actin [69] (see also Sect. 2.4).

Strategies to target the HIV-coreceptor interaction are promising, especially

against the dispensable CCR5 receptor, while approaches against the physiologi-

cally important CXCR4 receptor are much more critical [18]. The identification of

chemokine receptors as essential HIV receptors was based on the initial finding that

certain chemokines provoke antiviral activity (for review see [70]). Of interest, the

CCR5 and CXCR4 chemokines show structural homologies with V3 loops of R5 or

X4 HIV gp120, respectively [71]. Based on that, CCL5 chemokine derivatives were

developed, including AOP-RANTES, NNY-RANTES, and PSC-RANTES acting

by receptor blockade and receptor downmodulation. Subnanomolar affinities in

entry inhibition made these compounds promising leads for further microbicide

applications [72, 73].

Inhibitors could also be derived from extracellular sequences of the chemokine

receptors themselves. The importance of the N-terminal domain, especially from the
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CCR5 receptor, for gp120 binding led to the derivation of synthetic peptides inhibiting

HIV entry in the micromolar range [74–76]. We could select an entry inhibitory

peptide (XD3) with remarkable homology to the N-terminus of CCR5 and CXCR4 by

phage display using CD4i epitopes on native dualtropic Env as target [77]. For

CXCR4, which is less dependent on its N-terminus for HIV entry, we further designed

a peptide comprising ECL1 to 3 linked to short spacers, which showed selective

CXCR4 binding and entry inhibition in the low micromolar range [78].

For an enhanced affinity and entry inhibition, monoclonal antibodies and small

molecular drugs had to be developed. The antibody PRO 140 recognizing epitopes

at the N-terminus and ECL2 of CCR5 advanced to clinical trials and achieved dose-

dependent HIV RNA suppression over a prolonged time when administered weekly

[79, 80]. Several low molecular weight drugs targeting CCR5 were clinically

examined (TAK-779, TAK-220, Vicriviroc, Aplaviroc, Maraviroc), of which

Maraviroc opened a new era in 2007, being the first FDA approved CCR5 antag-

onist and the first drug for HIV treatment directed against a cellular target (for

review see [81, 82]). Maraviroc (Selzentry) is an allosteric modulator of CCR5 and

used as a second-line drug in treatment-experienced or drug-resistant patients after

an obligatory tropism test to exclude X4 variants.

The success of the first functional HIV cure in the “Berlin patient,” an

HIV-infected leukemia patient who received stem cell transplantation with cells

from a CCR5Δ32 homozygous donor [11], directed many efforts towards gene

therapeutic approaches against CCR5. Zinc finger nucleases and Talens are tools

for an incomplete knockdown of CCR5 on CD4 T cells. In vitro, CCR5 gene

modified CD4 cells were reported to be resistant to HIV-1 infection and were

also safe after transplantation into humans in clinical studies. Critical points remain

the incomplete CCR5 ablation coming along with the difficulty to achieve long-

term protection as well as the possibility to induce a coreceptor switch to X4

variants [18, 83]. Interestingly, recent sporadic reports from HIV conferences also

indicate control of HIV infection after bone marrow transplantations for the treat-

ment of lymphomas, even if these are not derived from donors homozygous for the

CCR5Δ32 deletion (Henrich and Kuritzkes, IAS Conference, Kuala Lumpur 2013).

CXCR4 is more difficult to target. Clinical tests of CXCR4 antagonists

(AMD3100, AMD070) for the treatment of HIV were halted due to liver or cardiac

toxicities besides their effect on stem cell mobilization. The latter fact led to the

approval of AMD3100 at low doses for hematological purposes in cancer patients

[84]. A new CXCR4 targeting small molecular drug GSK812397 as well as

peptides derived from the innate immune defense from horseshoe crabs (T22,

POL3026) inhibit X4 and dualtropic R5X4 strains in vitro in the nanomolar range

and are promising tools against X4 variants [85–87].

2.1.4 Fusion Inhibitors

The fusion process is dominated by the transition of the gp41 protein from an

unstable state fixed by gp120 to a liberated stable conformation with low entropy.
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First, the gp41 N-terminal hydrophobic fusion peptide penetrates into the cellular

membrane, thereby linking the virus with the cell (Fig. 3). The extracellular part of

the trimeric gp41 forms a prebundle intermediate that is sensitive to N-helix and

C-helix inhibitors, until the helices finally conglomerate to their highly stable

6-helix bundle made up of 3 N-heptad repeats (NHR) and 3 C-heptad repeats

(CHR). This leads to the approximation of cellular and viral membranes allowing

membrane mixing and fusion pore formation.

The fusion process allows to interfere with virus entry at different steps. Most

advanced is the development of fusion inhibitors corresponding to viral peptides

derived from the N- and C-terminal heptad repeats (for review see [88]).

CHR-derived peptides show efficient antiviral activity in vitro and in vivo. In 2003,

T20 (Enfuvirtide, Fuzeon)was the first clinically approvedHIV-1 entry inhibitor. Due

to the short half-life of the peptidic drug, T20 has to be administered twice daily and

has to be given in combination with other HIV drugs due to rapid development of

resistance. Second-generation fusion inhibitors are derived from the T20 peptide and

extend N-terminally in order to additionally target a highly conserved gp41 pocket.

Candidates like T1249, C34, Sifuvirtide, and C46 exhibited longer half-lives andwere

also effective against T20-resistant strains supporting their ongoing clinical develop-

ment. For C46, efficient inhibition of viral entry aswell as selection of cells expressing

the membrane-bound peptide was observed [89–91]. Further peptidic and small

molecule candidates are under development to directly target the critical hydrophobic

gp41 pocket. The 20 aa peptide VIRIP (virus-inhibitory peptide) was identified as an

effective fusion inhibitor of HIV by screening a human hemofiltrate for antiviral

peptides [92]. The peptide corresponding to a fragment of the human protease

inhibitor α1-antitrypsin acts by binding to the gp41 fusion peptide. The optimized

peptide variant VIR-576 had promising results in phase I/II clinical studies, which

were save and revealed a dose-dependent decrease in viral load [92, 93]. In a different

approach the fusion peptide could be effectively inhibited in vitro by a variant of the

natural fusion peptide containing four inserted D-amino acids [94].

Further, gp41 antibodies were described to mediate broad neutralization, most of

them located in the membrane proximal external region (MPER). These antibodies

represented by mAbs 2F5, 4E10, and Z13 are rarely found in patients due to their

crossreactivity with autoantigens (for review see [95]). More recently, the antibodies

m44, 10E8, and antibodies targeting the EC26-2A4 epitope combined broad neutral-

ization capacity with lack of autoreactivity [96–98]. This may direct new strategies

towards the development of more effective antibodies for prevention of HIV-1 entry.

2.2 LEDGF/p75, the Cellular Cofactor for Viral Integration

2.2.1 LEDGF and Its Implementation in Human Disease

Integration of the proviral DNA into the cellular chromatin is an essential step in

HIV replication. Provirus establishment is needed for productive infection and for
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archiving the HIVgenetic information in the host. Due to its limited genome, HIV

needs to rely on cellular cofactors for provirus establishment and efficient replica-

tion in the host cell [99].

Lens epithelium-derived growth factor (LEDGF), a chromatin-associated cellu-

lar protein with multiple functions during embryogenesis, transcriptional regulation

and cell survival, has been implicated in different human diseases such as cancer,

autoimmunity, and HIV/AIDS (reviewed in [100]). Its key feature underlying these

different roles is the ability of LEDGF to interact with other proteins, anchoring

them to the cellular chromatin and therefore promoting their interaction with the

cellular chromatin. This in turn leads to proviral integration (HIV [101]), transcrip-

tional activation (leukemia [102]), cell survival, and DNA repair [103].

Research in five seemingly unrelated fields led to the independent identification

of a protein migrating at the apparent weight of 75 kDa. Initially LEDGF/p75 and

LEDGF/p52 were co-purified with the general transcriptional co-activator positive

co-factor 4 (PC4) [104]. In 1999 it was reported that a cDNA clone, encoding for

p75 and isolated from a mouse lens epithelium library, protects cells against

oxidative stress [105], coining p75 ever since as LEDGF. Later screenings of a

cDNA library with the nuclear autoantigen DFS70 again led to the identification of

LEDGF/p75 implying a role of this chromatin-binding protein in autoimmunity

[106, 107]. Coincidental co-immunoprecipitation of HIV-1 integrase (IN) from

cells overexpressing a synthetic gene of HIV-1 IN identified LEDGF/p75 as the

predominant binding partner of IN implementing a role in HIV replication

[108]. Several years later co-immunoprecipitation from leukemic cell lines identi-

fied LEDGF/p75 as part of a triple complex with MLL and menin implementing yet

another role: leukemic transformation and development of acute lymphoblastic

leukemia [102]. LEDGF/p75 is a member of the hepatoma-derived growth factor

family (HDGF), composed of chromatin-associated proteins sharing certain

structural features.

2.2.2 Genetic Organization of LEDGF/p75

The PSIP1 gene (PC4- and SFRS-interacting protein 1) located on the human

chromosome nine encodes for two variants, the p52 (333 amino acids) and the

p75 protein (530 amino acids), produced through alternative splicing of the PSIP1

transcript [109] (Fig. 4). Both share their N-terminal regions containing the nuclear

localization (NLS, aa 148–156) and chromatin-binding elements defined by the

PWWP (Pro–Trp–Trp–Pro) domain [110–112], the A/T hook-like elements

(aa 178–198) [113] and 3 of 4 charged regions (CR1-4) [114–116]. Recently it

has been shown that CR2-4 are essential for binding supercoiled DNA and therefore

this domain is referred to as supercoiled DNA recognition domain (SDR)

[115]. Mutations in the NLS relocate newly expressed LEDGF/p75 to the cyto-

plasm [117]. The PWWP domain also defines LEDGF as a member of the

hepatoma-derived growth factor (HDGF)-related protein (HRP) family

[110]. Next to p52 and p75 five family members have been described so far, namely
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HDGF, hepatoma-derived growth factor-related proteins HRP-1, HRP-2, HRP-3,

HRP-4 [111, 118]. Recently it was shown that in the absence of LEDGF/p75,

HRP-2 (Fig. 4) can substitute for its function in HIV replication [119].

Whereas the N-terminal part of LEDGF contains the DNA tethering function,

the C-terminal part is different and much extended in p75. It has multiple functions

and can be envisioned as a molecular playground for protein–protein interactions.

The larger splice variant exclusively contains the integrase binding domain (IBD,

aa 347–429), essential for LEDGF/p75’s cellular and virological functionalities.

Although this domain was originally characterized by its association with HIV IN

[120], later studies have shown that different cellular binding partners interact with

LEDGF/p75 through this domain [102, 121–123]. LEDGF/p52 contains only eight

unique aa at its C-terminus [104] and fails to interact with HIV IN [124, 125].

2.2.3 The Tertiary Structure of LEDGF/p75

The overall structure of LEDGF/p75 has not been determined so far; multiple

flexible loops might hamper crystallization of full-length LEDGF/p75. Single

domains though have been studied shedding light on their function in HIV replica-

tion and chromatin tethering. PWWP belongs to the Tudor (Royal) family of

protein domains known to recognize methylated lysine including histones and

specifically the H3K36me3 [126–128]. A direct interaction of the LEDGF-

PWWP domain with H3K36me3 was demonstrated recently for the p52 splice

variant [129, 130]. In addition it was shown that LEDGF/p75 interacts via the

PWWP domain with methylated histones associated with active chromatin, but not

with markers of inactive chromatin in accordance with the preferred integration

sites of HIV [103]. Solution structures and more recently crystal structures of

Fig. 4 Integrase interaction partners. Schematic drawing of LEDGF/p52, LEDGF/p75 and HRP-

2, the HDGF family members discussed in this chapter. Protein–binding domains are highlighted

in green. CR charged regions, IBD integrase binding domain
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PWWP domains evidence the presence of two C-terminal α-helices and a five-

stranded antiparallel β-barrel responsible for the recognition of methylated histones

[112, 131–133].

The structure of the LEDGF/p75-specific part in the C-terminus has been solved

in two distinct co-crystal structures of the protein–protein interaction domain (IBD)

in complex with HIV IN (PDB ID: 2B4J; [134]) or mixed-lineage leukemia (MLL)

methyltransferase and menin (PDB ID: 3U88 [135]). The IBD structure is com-

posed of a right-handed compact bundle of four α-helices [134], locating the amino

acid residues contacting HIV IN (Lys364, Ile365, Asp366, Phe406, Val408) on the

interhelical loop regions of the structure. In IN two regions of the catalytic core

domain are in direct contact with LEDGF/p75: (1) the region around Trp131 and

Trp132 and (2) the region stretching from Ile161 to Glu170 [134, 136, 137]. A

pocket formed by the two subunits of the IN core dimer carries the interface,

namely the α1 and α3 of one monomer and the α4/5 connector in the other

monomer. Residues located in the α4/5 connector and a hydrophobic pocket formed

by the other subunit engage tightly with the two inter-helical loops of LEDGF/

p75–IBD [134]. Mutation of aa Ala128, His170, Thr174, Trp131, Trp132, Gln168,

or Glu170 of HIV-1 IN renders the protein defective for LEDGF/p75 interaction

[134, 136–138]. Vice versa substitution of aa residues Ile365, Asp366, Phe406, and

Val408 decrease binding of LEDGF/p75 to IN [134]. The well-defined nature

and small size of the LEDGF/p75-IN interface, consisting of multiple hydrophobic

and hydrogen bond interactions, suggested that its disruption by small molecules

might be a feasible endeavor. In a later study, the feasibility of this concept was

indeed proven by designing and developing LEDGINs, first-in-class small molecule

inhibitors binding to the LEDGF/p75 binding pocket of HIV-1 IN and potently

blocking HIV replication [14, 139]. A detailed review of the drug development will

be provided in Demeulemeester et al. [140].

2.2.4 LEDGF/p75 in HIV Replication

LEDGF/p75 is a hub protein interacting with multiple cellular proteins and HIV IN,

tethering these to the chromatin and therefore promoting their biological function.

The role of LEDGF/p75 in HIV replication has been studied intensively over the

past 10 years and constitutes to date its best understood biological function. IN

plays a central role in lentiviral replication as it (1) is responsible for processing the

reverse-transcribed DNA of the virus, (2) travels as part of the preintegration

complex (PIC) to the cellular nucleus where it (3) catalyzes the integration reaction

establishing the provirus in a cellular chromosome. As mentioned above,

co-immunoprecipitation of cellular proteins in cell lines expressing a synthetic

gene of HIV-1 integrase originally led to the identification of the LEDGF/p75-IN

interaction in 2003 [108]. Knockdown of LEDGF/p75 in cell lines expressing IN

re-localized IN to the cytoplasm and resulted in its loss of chromosomal association
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as demonstrated in mitotic cells, providing first proof that LEDGF/p75 indeed

tethers IN to the chromatin and is essential for the karyophilic properties of IN

[124]. Additional studies revealed that dependence on LEDGF/p75 is specific

for lentiviral but not for other retroviral IN [141–143]. Initial RNAi-based studies

led to controversial results concerning the role of LEDGF/p75 in HIV replication

[114, 144–147], most likely due to insufficient gene silencing in some studies.

However, significant reduction of LEDGF/p75 levels in mouse and human knock-

out cell lines unambiguously confirmed the important role of p75 in productive

HIV-replication [99, 119, 125]. Furthermore, knockdown of LEDGF/p75

disfavored the preferred integration of HIV in active genes [144] and expression

of an LEDGF/p75 variant with a replacement of the N-terminal chromatin-binding

domain with other chromatin-interacting domains resulted in retargeting of inte-

gration sites underlining the chromatin-targeting role of LEDGF/p75 [148, 149]. In

vitro studies suggest that LEDGF/p75 not only determines integration sites but also

increases the affinity of IN for DNA. The stimulation was outcompeted by LEDGF/

p75 lacking the N-terminus but not by an LEDGF/p75D366N mutation, which fails

to interact with IN [150]. Furthermore LEDGF/p75 acts as an allosteric stimulator

of IN catalytic activity and stimulates integration in chromatinized DNA [108, 120,

150–153]. In accord with these findings small molecules binding to the LEDGF/

p75-binding sites and inhibiting LEDGF/p75 interaction act as well as allosteric

inhibitors of IN catalytic activity (LEDGINs, [14, 139, 154–156]). Ectopic expres-

sion of an LEDGF/p75 deletion mutant lacking the PWWP domain, but containing

the IBD, in cell lines depleted of endogenous LEDGF/p75, potently restricts HIV

replication to nearly undetectable levels [157]. Furthermore, by repeated passaging

of HIV in cells overexpressing the LEDGF/p75 deletion mutant a virus strain could

be selected, which was resistant to this phenotype. Interestingly, only two mutations

in IN were sufficient to render the virus resistant: A128T and E170G [158]. As seen

in the co-crystal structure of IBD in complex with the IN CCD [134] both amino

acids are crucial for the LEDGF/p75-IN interaction. The ultimate proof that

LEDGF/p75 is pivotal for provirus formation and therefore viral persistence was

gained by the development of small molecule inhibitors inhibiting this interaction,

coined LEDGINs (for a review on the different classes of LEDGINs see [154]). The

best studied class of these inhibitors [14] demonstrates a multimodal mechanism of

action, inhibiting the IN-LEDGF/p75 interaction and allosterically the catalytic

activities of IN [14, 139, 155, 156]. Most interestingly, next to their function in

early steps of the replication cycle prior to integration, this novel class of inhibitors

also affects the infectivity of progeny virus produced in their presence [139]. We

also observed this late effect for small cyclic peptides inhibiting HIV-1 replication

through binding to IBD and therefore blocking LEDGF/p75 interaction with

IN [15].

After a decade of intensive research on LEDGF/p75 in HIV replication multiple

research groups have studied the pivotal role of this unique cofactor of HIV-1

integration leading to the ultimate cofactor validation: the targeting of the LEDGF/

p75-IN interaction by a small molecule. LEDGINs are now in advanced preclinical

drug development.
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2.3 The Cellular RNA Helicase DDX3 as a Novel Target
for HIV-1 Chemotherapy

2.3.1 The RNA Helicase/ATPase DDX3

Recent studies have revealed that the cellular ATPase/RNA helicase X-linked

DEAD-box polypeptide 3 (DDX3) is an essential host factor for the replication of

different viruses. Particularly, its functions are known to be exploited by at least

four viruses belonging to different families: Human Immunodeficiency Virus 1

(HIV-1, Retroviridae), Hepatitis C virus (HCV, Flaviviridae) [159], Vaccinia virus

(VACV, Poxviridae), and Norovirus (NV, Caliciviridae) [160].

DDX3 is an ATPase/RNA helicase containing all nine conserved motifs that

characterize the members of the RNA helicase superfamily [161]. Also, DDX3

contains a nuclear export signal (NES) at its N-terminus. The crystal structure of

DDX3 shows that these conserved motifs are found in two subdomains connected

via a short flexible linker. The amino-terminal domain 1 contains the ATP binding

motifs Q, I (Walker A), and II (Walker B), and the RNA-binding motifs Ia, Ib, and

the motif III, whereas the RNA-binding motifs IV, V, and motif VI, which may

coordinate ATPase and unwinding activities, are found in the carboxy-terminal

domain 2. Sequence alignment of all different human DExD-box helicases shows

a DDX3-specific insertion of ten residues (250–259, E-A-L-R-A-M-K-E-N-G)

between motifs I and Ia forming a positively charged loop in close proximity to

the putative RNA ligand. A biochemical characterization of this motif in DDX3

showed that it is important for RNA binding and helicase activity and that it could

potentially be a target for small molecule inhibitors [162].

DDX3 has been postulated to be involved in many cellular metabolic pathways,

even though its precise functions are still unclear in most cases [163].

For example, recent evidence suggests that DDX3 is involved in mRNA nuclear

export in association with two other shuttle proteins CRM1 and TAP. The proposed

mechanism is that DDX3 binds both, mRNAs and TAP, in the nucleus and

subsequently helps to facilitate mRNPs export to the cytoplasm. The interaction

with CRM1 seems to be important only for the export of unspliced or incompletely

spliced RNAs of HIV-1 (see below). DDX3 also interacts with translation initiation

factors eIF4E, eIF4A, eIF4G, PABP, and eIF3. While conflicting results have

proposed both a negative and a positive effect of DDX3 on translational initiation,

recently a role for DDX3 in enhancing translation of a specific subset of cellular and

viral mRNAs carrying specific structural features within their 50-UTRs has been

postulated [164]. These RNA structures must be located immediately adjacent to

the cap structure to be unwound by DDX3 in order to prepare the mRNA for

ribosome binding.

A role in transcription and cell cycle regulation has been proposed for DDX3,

since it also downregulates E-Cadherin, and stimulates interferon (IFN)-β and p21

expression by interacting with their respective promoters. The DDX3 effect on the

IFN-β promoter is independent of its ATPase activity or unwinding function, while
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the ATPase, but not unwinding activity, is required for p21 promoter stimulation.

Knockdown of DDX3, along with overexpression of the oncogene v-Ras, led to

premature S-phase entry and enhanced the cellular transformation phenotype of

murine fibroblast NIH3T3 cells [165]. The same group found DDX3 expression to

be downregulated in hepatocellular carcinoma cells (HCC) derived from hepatitis B

virus (HBV), but not hepatitis C virus (HCV)-infected patients. Another study

found elevated DDX3 levels to correlate with a more aggressive phenotype of

breast cancer cell lines [166]. Thus, whether DDX3 acts as an oncogene or a tumor

suppressor is still debated. However, in several independent studies RNAi-

mediated inhibition of DDX3 expression in HeLa, HEK293, and PBMC cells

consistently failed to reveal any deleterious effect on cell proliferation or viability

[161]. These results suggest that DDX3 functions in cell proliferation are either not

essential, or they take place only in the context of altered cell metabolism, such as

tumor transformation or viral infections.

The innate immune system is responsible for early detection of viral infection by

sensing cytoplasmic viral nucleic acids through the endosomal subset of Toll-like

receptors (TLRs) and the RIG-like helicases (RLHs). Both receptor systems lead to

activation of the transcription factors NF-κB, IRF3, and IRF7, thus stimulating

production of antiviral type I interferons. DDX3 has been shown to interact with the

protein kinases IKKε and TBK-1, key kinases that phosphorylate and activate IRF3
and IRF7. Interestingly, this function of DDX3 is ATPase-independent. In addition,

DDX3 has been found to interact with IPS-1, the adaptor protein that facilitates

RLH signaling and to bind directly to the IFN-β promoter following its phosphor-

ylation by TBK1. Thus, while there is strong evidence that human DDX3 contrib-

utes to IFN-β induction, its exact placement in the signaling pathways and

mechanism of action are unclear. Recent work [167] suggests that DDX3 directly

enhances IKKε activation acting as a downstream scaffolding adaptor that mediates

the coordinated activation of IKKε and IRF3.

2.3.2 Role of DDX3 in HIV-1 Infection

HIV-1 replication requires the nuclear export and translation of unspliced, singly

spliced and multiply spliced derivatives of the full-length RNA transcript. Fully

spliced mRNAs encode the viral regulatory proteins Tat, Rev, and Nef (see Fig. 1).

Rev is a sequence-specific nuclear mRNA-export factor, which binds to a highly

complex RNA structure in long HIV-1 RNAs, the Rev response element (RRE), to

mediate nuclear export of the Rev/RNA complex, through interaction with the

cellular export receptor CRM1 and the cellular cofactor DDX3 (Fig. 5). DDX3

expression was found to be induced in HIV-1-infected cells by the viral transcrip-

tional activator Tat and DDX3 silencing abrogated the export of unspliced/partially

spliced HIV-1 transcripts [168]. However, the molecular details of DDX3 role(s) in

this pathway are yet to be fully elucidated. For example, DDX3 was not required

for the CRM1-dependent export of cellular endogeneous transcripts, raising the

intriguing possibility that this function of DDX3 might be specific for HIV-1 RNAs
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and thus may represent an attractive drug target to complement the anti-HIV drug

arsenal [168].

DDX3 as a Validated Target for HIV-1 Therapy

The recently unveiled roles of DDX3 in HIV-1 replication made this protein an

attractive target for the development of an alternative anti-HIV-1 strategy. In

particular, the ATPase and helicase activities of DDX3 seemed to be dispensable

for most of the cellular functions of DDX3, but essential for its role in HIV-1

replication. Thus, we applied rational drug design to identify specific inhibitors of

these activities. As no specific inhibitors of DEAD-box proteins were known, in

order to design specific ligands, chemical feature-based pharmacophoric models

were generated based on two different crystallographic structures for the human

DDX3 helicase (PDB ID 2JGN and 2I4I). Since the 2JGN structure lacks the ATP

binding, the 2I4I protein was selected as a starting point for virtual screening

protocols, even if a few residues were missing (namely residues 407–410,

535–536, and 581–582). The LigandScout software has been used for the detection

and interpretation of the crucial interaction pattern between the DDX3 protein and

its cocrystallized ligand (AMP): the chemical features responsible for AMP–enzyme

interactions were thus codified into a structure-based pharmacophoric model. This

model was used as a three-dimensional query in a virtual screening approach to filter

Fig. 5 Role of DDX3 in the nuclear export of unspliced or singly spliced viral RNA transcripts.

(a) Upon LTR-mediated transcription of proviral DNA, fully spliced mRNAs are generated for the

expression of the proteins Tat and Rev. Upon reentering the nucleus, Rev binds the RRE sequence

at the 30-end of unspliced (b) or singly spliced (c) viral mRNAs. Rev binding recruits the exportin

CRM1 and the helicase DDX3, which together cooperatively promote the nuclear export of viral

mRNAs. Rev and CRM1 are then re-imported into the nucleus to initiate a new round of nuclear

exporting
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databases of commercially available compounds from Asinex Gold and Synergy

collections (about 250,000 compounds) to identify chemical scaffolds with putative

affinity towards the DDX3ATP binding site. Themolecules selected via the in silico

screening approachwere submitted to geometry optimizations and were then docked

into the DDX3 ATP binding site, to analyze their ability to have profitable interac-

tions with the enzyme. Analysis of docking results, on the basis of the consensus

scoring, and by visual inspection of the docked poses of each compound, led to select

ten compounds, which were submitted to biological tests. Among these, one

rhodanine and one pyrazolo derivative were found to bear antienzymatic activity.

Starting from these two hits, subsequent hit-to-lead optimization led to the synthesis

of nanomolar inhibitors of the ATPase activity of DDX3, which were also able to

suppress HIV-1 replication in infected cells at low micromolar concentrations.

Toxicity towards different cell lines (HeLa, Molt-4, PBMCs) was 10–50-fold higher

than the anitiviral effective concentrations, demonstrating the possibility to target

DDX3 in order to suppress HIV-1 replication [169].

A parallel approach was followed to design specific inhibitors of the helicase

activity, targeting the RNA-binding site [170]. Since the 3D structure of the hDDX3

in the closed (catalytically active) conformation is unavailable, a model was built

by homology modeling for structure-based drug-discovery approach: each individ-

ual domain of hDDX3 crystallized with AMP in an open conformation (PDB ID:

2I4I) was aligned with the corresponding domains of the closed conformation of the

DEAD-box helicase eIF4AIII (PDB ID: 2J0S), and the resulting structure was

subjected to energy minimization. A high-throughput docking approach was then

applied to the RNA-binding site of the hDDX3 model in order to identify high

affinity hits within the Asinex database collection. Analysis of docking results

performed on the basis of the consensus scoring, followed by a visual inspection

of the docked poses of best molecules, led us to select 10 compounds (out of the

original 220,000 entries of the Asinex database), which were purchased and then

submitted to in vitro biological tests. Three compounds were identified, which were

able to inhibit the helicase activity with 20–100-fold higher selectivity than the

ATPase activity. The two most potent compounds were also able to suppress HIV-1

replication in infected cells at low micromolar concentrations, with cytotoxicity

10–15-fold higher than the antiviral effective doses [169]. Overall, these results

provide proof-of-principle for the feasibility to target DDX3 in the context of

HIV-1 infection and promising initial results.

2.4 Cellular Protein Kinases as Possible Targets
for HIV-1 Therapy

The human kinome (the whole complement of protein kinases in the human cell)

comprises more than 500 members, testifying the high complexity of protein

phopshorylation pathways [171]. Consequently, protein kinases do not only modulate
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the host cell response to viral infections but are also heavily exploited by viral proteins

during the virus-mediated subversion of the cell metabolism. Accumulating evidence

revealed important roles of different protein kinases in the HIV-1 life cycle. Figure 6

schematically summarizes the stages of the viral cell cycle known to be affected by

various protein kinases and the viral interactors identified so far. As therapeutic

interventions targeting kinases to interfere with HIV-1 replication are still rudimen-

tary, we refer to these data separately at the end of this subchapter.

2.4.1 Non-Receptor Tyrosine Kinases of the Src Family

The Src protein tyrosine kinase family consists of non-receptor tyrosine kinases

Src, Fyn, Yes, and Lyn that are ubiquitously expressed, and Fgr, Hck, Lck, and Blk

Fig. 6 Roles of cellular protein kinases in the HIV-1 life cycle. Kinases known to participate at

different stages of HIV-1 replication are indicated, along with their viral interactors, if known.

Boxes highlight those kinases currently exploited as anti-HIV targets. For details see text
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which are expressed in a tissue-specific manner [172]. These kinases are composed

of distinct functional regions including a unique region at the N-terminal end, the

src homoly regions SH1 (catalytic domain), SH2, and SH3 and the negative

regulatory tail [173]. The enzymes can exist in a close inactive conformation, in

which SH3 binds to an internal PxxP region, while SH2 binds to a negative

regulatory phosphotyrosine in the tail, or in an open active conformation

[172]. Their functions include cell proliferation, mobility, adhesion, apoptosis,

and DNA repair. Due to the important roles of Src kinases within the cell, it is

not surprising that some of them resulted to be involved in several steps of the

HIV-1 life cycle.

Hematopoietic cell kinase (Hck) is mainly expressed in promonocytic cells and

monocyte-derived macrophages. In these cells, Hck mediates several functions

including the induction of cytokine production, cell spreading, and phagocytosis.

Moreover, Hck participates in the FcγRI receptor signaling pathway

[174–176]. Hck was found to interact with the accessory HIV-1 protein Vif

[177]. This interaction occurs through the proline-rich motif (PPLP) of Vif and

the SH3 domains of Hck. Interestingly it was shown that Hck phosphorylates

APOBEC3G and that this results in reduced APOBEC3G packaging in the absence

of Vif [178]. The presence of Vif is sufficient to overcome the Hck-dependent

inhibition of viral replication [177]. As consequence of Vif expression, Hck

autophosphorylation, and thus autoactivation, is dramatically reduced [178]. Inter-

estingly, the Fyn kinase, which is highly expressed in the nervous system and

T-cells, secondary and primary targets of HIV-1 infection, can also phosphorylate

APOBEC3G, thus possibly substituting for Hck in these cells types [178].

Besides Vif, Hck interacts with another HIV-1 accessory protein, Nef. Nef

interacts with a variety of cellular proteins, causing an alteration of signal

transduction pathways, i.e. T cell receptor (TCR) signal transduction [179]. Like

Vif, Nef interacts with the SH3 domain of Hck through its polyproline motif

[180, 181]. In contrast to Vif, Nef–SH3 interaction does not lead to kinase inhibition,

but rather to increasing kinase catalytic activity resulting in viral growth pomotion

[182]. The interaction of Nef with Hck results in the displacement of the Hck

intramolecular SH3/linker domain, which is needed to maintain the kinase inactive

form. Thus, Vif and Nef lead to opposite actions on Hck kinase activity, suggesting

that the activity of this kinase must be finely tuned within the HIV-1 life cycle.

In T cells, the lymphoid T cell protein kinase Lck is involved in HIV-1

transcription, replication, and pathogenesis [183]. During HIV-1 assembly, Lck

regulates Gag trafficking from the intracellular compartments to the plasma mem-

brane and facilitates the virus release by binding of HIV-1 Gag through its unique

domain (UD). The UD can undergo palmitoylation in the early exocytic pathway,

allowing for subsequent transport of the protein to the plasma membrane; HIV-1

Gag takes advantage of this property of Lck for its targeting to the plasma

membrane [183]. Another important role of Lck in HIV-1 replication involves

the transduction of TCR signals upon TCR activation Nef counteracts TCR trans-

mitted activation signals, probably by altering the subcellular localization of Lck

[184–186].
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Still another kinase, Abelson murine leukemia kinase (Abl), is involved in actin

cytoskeleton rearrangements induced upon HIV-1 entry receptor signaling (see

Sect. 2.1). This is mostly mediated by the Rho family of GTPases, including the

Cdc42, Rac, and Rho subfamilies [187]. The role of Rac appears to be of primary

importance, since the overexpression of a Rac dominant negative mutant leads to

the inhibition of HIV fusion [188]. An essential role in cytoskeleton rearrangements

supporting membrane fusion is also played by the Arp2/3 complex that induces

actin polymerization and rearrangements necessary for pore formation and virus

entry [187]. Using siRNAs or small molecules targeting Abl, it was shown that Abl

acts on actin remodeling both upstream and downstream of Rac [189, 190]. More-

over, drugs selectively targeting Abl (like imatinib, nilotinib and dasatinib) have

shown to provoke the arrest of the viral fusion process [187].

2.4.2 Tyrosine Kinases Other Than the Src Family

The Tec family of non-receptor tyrosine kinases (TEK) are important mediators of

antigen receptor signaling in lymphocytes. This family is composed of five mem-

bers: Tec, Btk, Itk, Rlk, and Bmx. Among these, Itk plays an important role during

HIV-1 infection in T cells. Here, Itk coordinates cytoskeleton reorganization during

signaling downstream the TCR and the chemokine receptor cascade, therefore

being a critical factor in the regulation of the HIV-1 life cycle in T cells

[191]. Besides entry, Itk activity is crucial for a late step in HIV-1 replication, as

inhibition of Itk leads to the suppression of HIV assembly and virion release,

probably by increasing the intracellular Ca2+ concentration [192].

The focal adhesion kinase (FAK) plays a pivotal role in the assembly, signaling

and disassembly of focal adhesions influencing processes like migration, adhesion,

and survival [193]. FAK colocalizes with the intracellular domains of CD4 and

CCR5 receptors upon gp120 interaction and participates in HIV-1 entry (see

Sect. 2.1; [194]). Like other tyrosine kinases, FAK is also involved in TCR

signaling. Upon TCR complex activation, FAK becomes phosphorylated and by

interacting with the SH2 domain of Lck, displaces this kinase from the

cytoplasmatic CD4 domain. The FAK domain responsible for CD4 interaction

(FAT; [193]) and the mode of interaction resembles the binding surface of CD4

and Nef [195]. However, whereas gp120 FAK-CD4 interaction facilitates viral

post-entry stages and triggers HIV envelope-mediated apoptosis in uninfected T

cells, binding of Nef to CD4 blocks super infection signaling, impeding the

proapoptotic pathway activation [70, 196]. These observations, taken together,

suggest that Nef might counteract gp120 signaling via FAK or Lck displacement

from CD4, thus avoiding apoptosis and consenting effective virus

replication [193].

The tyrosine kinase “Recepteur d’origin nantais” (RON) is a member of the

MET family of receptor tyrosine kinases. Its activity is linked to inhibition of

inflammation and macrophage function [197]. In HIV infection, RON inhibits

virus transcription [198] through inhibition of NF-κB [199], a transcription factor
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common to proinflammatory responses and HIV transcription. Suppression of

HIV-1 transcription is achieved through RON-dependent promotion of the interac-

tion between RNA pol II and negative elongation factors. RON is also involved in

nucleosome organization process by negatively regulating histone acetylation, and

thus inducing a transcriptionally repressed chromatin organization. Interestingly,

Tat counteracts RON activity by specifically targeting this kinase for ubiquitin-

mediated proteosome degradation [200].

A further kinase influenced by HIV-1 infection is the Janus kinase and Signal

Transducer and Activator of Transcription (Jak/STAT). Interferons and cytokines

signal via the JAK/STAT pathway. The majority of HIV-infected individuals shows

a constitutive activation of STAT proteins due to deregulated cytokine secretion,

especially important for IL-2 and IL-7 [201–203]. Further, T cells from patients

show reduced SOCS-1 and SOCS-3 protein levels and increased phosphorylated

levels of STAT-1,-3, and -5. The JAK/STAT signaling exerts a pivotal role in the

induction of IL-2, which induces T-cell proliferation. In particular, activation of

STAT5 protects cells from apoptosis and is important in cell cycle progression. In

HIV-infected patients, CD8 T cells are less active and undergo more spontaneous

apoptosis than those isolated from healthy individuals. This effect has been corre-

lated with an impaired activation of the STAT5 pathway due to the deregulation of

JAK-3. Consistently, during HAART administration, the JAK/STAT pathway is

restored with the consequent IL-2 induction [204].

2.4.3 Serine/Threonine Protein Kinases CDK9 and CDK2

Finally, serine/threonine protein kinases CDK9 and CDK2 also have essential

functions in the HIV-1 life cycle. Positive Transcription Elongation Factor b

(P-TEFb) is a complex formed by T-type cyclins or cyclin K, which interact with

the serine/threonine protein kinase CDK9. This complex is required for RNA

Polymerase II transcription in vitro and is recruited to several promoters in cells.

It is also essential for HIV-1 transcription. HIV-1 Tat recruits the cyclin T1/CDK9

complex to the nascent HIV-1 transcript [205]. This event is crucial for HIV-1

transcription elongation; as virus replication is strongly affected by inhibition of

CDK9 activity, either using a dominant-negative form of CDK9 (dnCDK9) or

siRNAs directed to either CDK9 or cyclin T1 in transformed cells [206–209].

Furthermore, mimetic peptide inhibitors targeting CDK9 inhibited viral replication

in humanized mouse models [210].

As for CDK9, also the knockdown of CDK2, that was found to associate with the

HIV-1 promoter in vitro [211] and in vivo [212], leads to the inhibition of HIV-1

transcription and replication [213]. It was recently shown that the siRNA-mediated

knockdown of CDK2 led to the inhibition of CDK9 activity by reducing CDK9

phosphorylation. Indeed, CDK2 phosphorylates CDK9 on Ser 90 and this event

represents a novel mechanism of HIV-1 transcription regulation [214].
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2.4.4 Current Perspectives of Protein Kinases as Anti-HIV Targets

As outlined above, many kinases appear to play a role in the HIV-1 life cycle.

However, only few of them have been extensively exploited so far as potential

anti-HIV targets. Small molecule inhibitors of the interaction of the Hck kinase

with HIV-1 Nef were developed by high-throughput screening of large chemical

libraries. A particularly promising class of compounds, diphenylfuropyrimidines,

was found to be able to disrupt Nef-dependent Hck activation and to suppress

HIV-1 replication [215]. Similarly, guanidine alkaloid analogues were identified as

inhibitors of the Nef–Lck interaction [216]. The most studied kinase target is

certainly CDK9 and its associated Cyclin T1. Two general CDK inhibitors,

Roscovitine and Flavopiridol, were found to be active against CDK9 and to

suppress HIV-1 replication, providing the proof-of-principle for considering

CDK9 a potential anti-HIV target [206]. Since then, several small molecules,

as well as peptide-based CDK9 inhibitors have been shown to suppress HIV-1

replication [210, 217, 218].

Targeting protein kinases in HIV-1 replication/transcription is still at its infancy.

However, since many of the kinases playing a role in the HIV-1 life cycle were also

being studied as potential anticancer targets, it is entirely possible that among the

hundreds of known inhibitors of these kinases developed as antiproliferative

compounds, some would also be active against HIV-1 replication. Thus, larger

screenings of focused libraries may, in the next future, identify novel promising

anti-HIV agents. Also, novel proteomic approaches are being developed to explore,

for example, the entire Nef interactome in search of inhibitors [219]. Such

approaches are also promising tools to identify novel compounds targeting the

interaction between a cellular factor and a viral factor.

2.5 Cellular Restriction Factors of HIV

Besides classical innate and acquired immune responses, mammals have evolved a

set of genes that are capable of suppressing or preventing virus replication at the

cellular level. Over the past 10 years a number of such host-encoded restriction

factors were discovered that can act as potent inhibitors of HIV-1 replication. The

most notable members of this group of interferon-induced innate immunity factors

are TRIM5α, APOBEC3G, CD317/tetherin, and SAMHD1. HIV encodes a unique

set of accessory gene products (Vif, Nef, Vpr, Vpu, Vpx) to optimize its replication

in the human host (Fig. 1). Knowledge gained over the last years suggests that this is

achieved, in part, by counteracting these host restriction factors (Fig. 2). This

section very briefly describes our current understanding of the mode of action of

these restriction factors, the means used by HIV-1 to evade their restriction and

their potential for the development of innovative antiviral strategies. After submis-

sion of this article, a new interferon-induced antiviral factor, MX2/MxB belonging
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to the guanosine triphosphatase superfamily, was described independently by two

groups [220, 221]. This factor restricts lentiviral replication in a cyclophylin A

dependent manner after virus entry and before integration of the proviral genome.

The detailed molecular mechanisms have not yet been fully elicited, however.

2.5.1 Trim5α

TRIM5α is a cytoplasmic protein that exerts its antiviral activity following entry of

retroviral capsids into the cytoplasm of host cells typically by preventing the

accumulation of reverse-transcribed HIV-1 cDNA [222]. TRIM5 is one of a family

of approximately 70 tripartite motif (TRIM)-containing proteins. The TRIM

domain is composed of amino-terminal RING and B-box type 2 domains linked

to a central coiled-coil domain. The range of retroviruses that are inhibited by

TRIM5α varies considerably, depending on its species of origin. For instance, the

human TRIM5α protein is an effective inhibitor of nonhuman retroviruses,

e.g. N-MLV and equine infectious anemia virus (EIAV) [223, 224]; however, it

is virtually inactive against HIV-1. To the contrary, TRIM5α proteins from Old

World monkeys inhibit HIV-1 infection [222]. As a general rule, TRIM5α proteins

are weak or even inactive inhibitors of retroviruses that are found naturally in the

same host species, but are frequently active against retroviruses that are found in

other species. As such, TRIM5α can impose rather effective barriers to cross-

species transmission of primate lentiviruses [225]. The evolution of capsid within

a host or related hosts seems to be a key mechanism employed by retroviruses to

escape recognition by TRIM5α. Due to the virtual absence of antiviral efficacy

against HIV-1 the human TRIM5α–capsid interaction currently plays no role in the
development of anti-HIV strategies.

2.5.2 APOBEC3

Members of the human APOBEC family of cellular cytidine deaminases can be

potent inhibitors of HIV infection (for review see [226]). In the absence of essential

accessory viral protein Vif, members of the APOBEC3 family – in particular the

most potent members G and F – are encapsidated by budding particles resulting in

cytidine to uridine editing of negative sense reverse transcripts in the newly

infected cell. These changes to the viral genome are detrimental to the virus since

it translates into guanosine to adenosine hypermutations in the plus-stranded HIV-1

cDNA. In addition, APOBEC3G also appears to impede the translocation of reverse

transcriptase along the viral template RNA, and recent studies suggest that it can

also exert deamination-independent effects in the early phase of infection [226].

Natural HIV-1 infections are largely spared from APOBEC3 proteins’ antiviral

activity through the action of the Vif protein. The expression of Vif in a produc-

tively infected cell induces the polyubiquitylation and subsequent proteasomal

degradation of APOBEC3 proteins, thereby depleting the cytosolic pool of these
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restriction factors available for incorporation into budding virus particles

[227, 228]. Vif accomplishes this by binding to both APOBEC3 proteins and the

cullin5-elongin B/C-Rbx ubiquitin ligase, thus serving as a virus-encoded adaptor

that recruits the ligase complex to its substrate [229]. Recently it has been shown

that Vif hijacks the transcription cofactor CBF-β and that this interaction is neces-

sary for the Vif-induced degradation of APOBEC3G via the proteasome

[230]. Thus, interfering with the Vif/CBF-β interaction could represent a new

therapeutic strategy to enhance the antiviral activity of APOBEC3G.

Several lines of evidence suggest that expression levels [231] and function of

APOBEC3 family members as well as Vif protein diversity can profoundly influ-

ence the natural history of HIV-1 infection and disease outcome, among other

mechanisms by inhibiting viral replication or by driving viral sequence diversifi-

cation. Conceptually, restoring the potent anti-HIV activity of APOBEC3 family

members by pharmacological interference with the Vif-APOBEC3 interaction is

potentially an attractive therapeutic approach. Along these lines several interesting

small molecule inhibitors have been identified. RN-18 [232] acts at the point of

Vif-induced recruitment of the E3 ubiquitin ligase complex prior to proteasomal

degradation of human APOBEC3G. RN-18 “misdirects” polyubiquitination from

the restriction factor onto the antagonizing Vif molecule. As a consequence, Vif is

destroyed by the proteasome, which in turn allows APOBEC3G levels to be

unharmed and the restriction factor to exert its antiviral function. Two other

compounds, IMB26 and IMB35 [13], disrupt the Vif-mediated degradation of

human APOBEC3G by directly inhibiting the binding of Vif to the restriction

factor, rather than inflicting a negative effect on Vif levels (for review see [233]).

2.5.3 CD317/Tetherin

Discovered in 2008 [234, 235], the innate immunity factor CD317 (Tetherin/

BST-2/HM1.24) imposes a potent interferon-inducible barrier to the release of a

wide range of enveloped viruses, including HIV-1, at the cell surface (for review

see [236]). This activity requires multimerization of CD317, and the current model

suggests that dimers of the restriction factor physically bridge the cell’s membrane

and nascent virions as well as virions among each other [237, 238]. To counteract

this activity, several viruses have evolved strategies to antagonize CD317, each

apparently using a unique mode of action [236]. Expression of the accessory protein

Vpu of HIV-1 results in a reduction of CD317 surface levels, lowering their density

at sites of virus budding [239]. To achieve this, Vpu inhibits both the anterograde

transport of newly synthesized CD317 and the recycling of the restriction factor

to the plasma membrane [240]. Vpu traps CD317 molecules trafficking in either

of these pathways at the trans-Golgi network, where the two proteins physically

interact via their transmembrane domains. On a molecular level, the highly con-

served diserine S52/S56 motif of the cytoplasmic tail of Vpu is central to changes

induced by the viral protein to intracellular CD317 trafficking, trapping of

CD317 at the trans-Golgi network, and antagonism of the HIV-1 release restriction.
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Intriguingly, the functionality of this motif does not require recruitment of the

diserine motif interactor and substrate adaptor of the SCF-E3 ubiquitin ligase

complex, β-TrCP [240].

Similar to the Vif-APOBEC3 interaction, the CD317 antagonism by Vpu poses a

conceptually interesting interaction for therapeutic intervention [241]. The fact that

this interaction maps to the transmembrane domains of both proteins and primarily

occurs in the lipid bilayer of the membranes of the trans-Golgi network imposes

very specific and hard-to-reach requirements on putative inhibitors that could

potentially interfere with this protein–protein interaction. Alternatively, a high-

throughput screening approach for anti-Vpu compounds could focus on inhibiting

the critical diserine motif in Vpu’s cytoplasmic tail, thus avoiding the requirement

for a transmembrane-targeting inhibitor. Such compounds would be predicted to

completely block Vpu’s distortion of CD317 trafficking and allow the restriction

factor to exert its release inhibiting activity.

2.5.4 SAMHD1

In 2011, SAMHD1 was identified as a restriction factor, the expression of which

prevents the completion of HIV-1 reverse transcription in macrophages and den-

dritic cells [242, 243]. Recently, we and others were able to show that SAMHD1

also acts as a restriction in resting T cells, expanding the relevant cell pool from

myeloid to lymphoid cells [244, 245]. The mode of action of this deoxynucleotide

triphosphohydrolase appears to be the depletion of intracellular dNTP pools below

a threshold required for reverse transcription of the viral RNA into a complemen-

tary DNA [244, 246]. In addition, a nuclease activity of SAMHD1 that is able to

degrade reverse transcription intermediates has been reported [247]. SAMHD1

imposes a post-entry barrier of variable extent in a number of primary HIV target

cells in vivo implying that an ability of HIV to antagonize this factor would be

beneficial for viral pathogenesis and prevalence in the human population. The

contrary seems to be true. The accesory lentiviral Vpx protein of the less pathogenic

HIV-2 and SIV, which bind to SAMHD1 in a CRL4DCAF1-dependent manner to

induce proteasomal degradation of the cellular factor [242–244], is absent from the

pandemic HIV-1 and more pathogenic SIVs [248]. The answer why HIV-1 may

have lost a vpx gene function may lie in an advantage provided by avoiding

triggering of an antiviral innate immune response. Experimental support for this

notion has been obtained in dendritic cells, where the presence of Vpx determined

the induction of a potent anti-HIV cytokine response [249]. A lot of work is ahead

to decipher the regulation, function and in vivo-relevance of SAMHD1 for HIV in

human disease. In the absence of a clear understanding of SAMHD1’s net impact

on pathogenesis, establishment of latent reservoirs and pandemic spread, it is

currently not possible to design an innovative therapeutic strategy based on this

cellular protein.
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2.5.5 Perspectives to Target Cellular Restriction Factors

for HIV Therapy

The concept of exploiting restriction factors for the development of novel antire-

troviral or preventive strategies has yet to receive widespread attention in the

scientific community. Imprinting an antiviral innate signature on target cells of

HIV, e.g. at sites of mucosal transmission, by boosting the expression of several of

these potent antiviral proteins is an approach that requires deeper insight into their

specific regulation. The potency of Vif, Vpu, and Vpx to overcome replication

barriers can be clearly limited by enhanced expression of the respective restriction

factor, at least in vitro. Whether the specific stimulation of certain pattern recogni-

tion receptors or sensors may be sufficient to induce a general anti-retroviral state of

the innate immune system that builds on these restriction factors is an exciting field

of research. Alternatively, enhancement of restriction factor activity by pharmaco-

logical interference with interactions between virus-encoded antagonists and

restriction factors is an attractive approach for which some interesting lead com-

pounds have already been reported. This provides a paradigm for a possible drug-

based exploitation and boosting of the intrinsic anti-HIV capacity of the human

innate immune system.

3 Summary, Conclusions, Outlook

HIV-1 has evolved sophisticated mechanisms to take advantage of cellular proteins

for its own replication. Besides the classical retroviral genes gag, pol, and env
encoding essential proteins for virus replication, additional regulatory and acces-

sory genes encode proteins that by interacting with a number of cellular proteins

create a huge functional network that allows HIV to take advantage of cellular

factors supporting its replication, while restictive cellular factors are being antag-

onized. Increasing knowledge about cellular factors involved in HIV-1 replication

and their mode of action potentially offers new opportunities to interfere with virus

replication. In contrast to classical HAART, which essentially targets viral proteins,

targeting cellular factors has the advantage to drastically reduce the development of

drug resistance. Such approaches therefore would nicely complement HAART

therapy by extending the number of potential targets allowing virus inhibition at

additional steps of the replication cycle. One caveat of course is that the normal

cellular functions of the HIV cofactors should not be compromised. Some examples

of successful development of drugs targeting cellular cofactors of HIV-1 with the

aim to inhibit virus replication like Maraviroc against the coreceptor CCR5 or

LEDGINs against the integrase cofactor LEDGF demonstrated the proof of princi-

ple of this approach. Genome-wide screens and systems biology recently identified

a number of additional cellular proteins involved in HIV-1 replication, which after

being validated await further development of new promising drugs against HIV-1.
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Further, modulation of the activity of some of the cellular factors involved in

postintegration latency may allow to also target latent HIV reservoirs in the body

that are not amenable to the currently used drugs mostly focussing on actively

replicating HIV-1. This may shift the field of HIV therapy further into the direction

of a functional cure.
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218 R. Dürr et al.



164. Soto-Rifo R et al (2012) DEAD-box protein DDX3 associates with eIF4F to promote

translation of selected mRNAs. EMBO J 31:3745–3756

165. Chang PC et al (2006) DDX3, a DEAD box RNA helicase, is deregulated in hepatitis virus-

associated hepatocellular carcinoma and is involved in cell growth control. Oncogene

25:1991–2003

166. Botlagunta M et al (2008) Oncogenic role of DDX3 in breast cancer biogenesis. Oncogene

27:3912–3922

167. Schroder M et al (2008) Viral targeting of DEAD box protein 3 reveals its role in TBK1/

IKKepsilon-mediated IRF activation. EMBO J 27:2147–2157

168. Yedavalli VS et al (2004) Requirement of DDX3 DEAD box RNA helicase for HIV-1

Rev-RRE export function. Cell 119:381–392

169. Maga G et al (2011) Toward the discovery of novel anti-HIV drugs. Second-generation

inhibitors of the cellular ATPase DDX3 with improved anti-HIV activity: synthesis,

structure-activity relationship analysis, cytotoxicity studies, and target validation.

ChemMedChem 6:1371–1389

170. Radi M et al (2012) Discovery of the first small molecule inhibitor of human DDX3

specifically designed to target the RNA binding site: towards the next generation HIV-1

inhibitors. Bioorg Med Chem Lett 22:2094–2098

171. Graves LM et al (2013) The dynamic nature of the kinome. Biochem J 450:1–8

172. Guiet R et al (2008) Hematopoietic cell kinase (Hck) isoforms and phagocyte duties - from

signaling and actin reorganization to migration and phagocytosis. Eur J Cell Biol 87:527–542

173. Thomas SM, Brugge JS (1997) Cellular functions regulated by Src family kinases. Annu Rev

Cell Dev Biol 13:513–609

174. Durden DL et al (1995) The Fc gamma RI receptor signals through the activation of Hck and

MAP kinase. J Immunol 154:4039–4047

175. Lowell CA et al (1996) Deficiency of Src family kinases p59/61hck and p58c-fgr results in

defective adhesion-dependent neutrophil functions. J Cell Biol 133:895–910

176. Meng F, Lowell CA (1998) A beta 1 integrin signaling pathway involving Src-family kinases,

Cbl and PI-3 kinase is required for macrophage spreading and migration. EMBO J

17:4391–4403

177. Hassaine G et al (2001) The tyrosine kinase Hck is an inhibitor of HIV-1 replication

counteracted by the viral vif protein. J Biol Chem 276:16885–16893

178. Douaisi M et al (2005) The tyrosine kinases Fyn and Hck favor the recruitment of tyrosine-

phosphorylated APOBEC3G into vif-defective HIV-1 particles. Biochem Biophys Res

Commun 329:917–924

179. Haller C et al (2007) HIV-1 Nef employs two distinct mechanisms to modulate Lck

subcellular localization and TCR induced actin remodeling. PLoS One 2:e1212

180. Briggs SD et al (1997) SH3-mediated Hck tyrosine kinase activation and fibroblast transfor-

mation by the Nef protein of HIV-1. J Biol Chem 272:17899–17902

181. Moarefi I et al (1997) Activation of the Src-family tyrosine kinase Hck by SH3 domain

displacement. Nature 385:650–653

182. Jung J et al (2011) Structure, dynamics, and Hck interaction of full-length HIV-1 Nef.

Proteins 79:1609–1622

183. Strasner AB et al (2008) The Src kinase Lck facilitates assembly of HIV-1 at the plasma

membrane. J Immunol 181:3706–3713

184. Haller C et al (2006) The HIV-1 pathogenicity factor Nef interferes with maturation of

stimulatory T-lymphocyte contacts by modulation of N-Wasp activity. J Biol Chem

281:19618–19630

185. Schindler M et al (2006) Nef-mediated suppression of T cell activation was lost in a lentiviral

lineage that gave rise to HIV-1. Cell 125:1055–1067

186. Thoulouze MI et al (2006) Human immunodeficiency virus type-1 infection impairs the

formation of the immunological synapse. Immunity 24:547–561

Targeting Cellular Cofactors in HIV Therapy 219



187. Harmon B et al (2010) Role of Abl kinase and theWave2 signaling complex in HIV-1 entry at

a post-hemifusion step. PLoS Pathog 6:e1000956

188. Pontow SE et al (2004) Actin cytoskeletal reorganizations and coreceptor-mediated activa-

tion of rac during human immunodeficiency virus-induced cell fusion. J Virol 78:7138–7147

189. Zandy NL, Pendergast AM (2008) Abl tyrosine kinases modulate cadherin-dependent adhe-

sion upstream and downstream of Rho family GTPases. Cell Cycle 7:444–448

190. Zandy NL et al (2007) Abl tyrosine kinases regulate cell-cell adhesion through Rho GTPases.

Proc Natl Acad Sci U S A 104:17686–17691

191. Readinger JA et al (2008) Selective targeting of ITK blocks multiple steps of HIV replication.

Proc Natl Acad Sci U S A 105:6684–6689

192. Perlman M, Resh MD (2006) Identification of an intracellular trafficking and assembly

pathway for HIV-1 gag. Traffic 7:731–745

193. Garron ML et al (2008) Structural basis for the interaction between focal adhesion kinase and

CD4. J Mol Biol 375:1320–1328

194. Cicala C et al (1999) Induction of phosphorylation and intracellular association of CC

chemokine receptor 5 and focal adhesion kinase in primary human CD4+ T cells by

macrophage-tropic HIV envelope. J Immunol 163:420–426

195. Preusser A et al (2002) Presence of a helix in human CD4 cytoplasmic domain promotes

binding to HIV-1 Nef protein. Biochem Biophys Res Commun 292:734–740

196. Wildum S et al (2006) Contribution of Vpu, Env, and Nef to CD4 down-modulation and

resistance of human immunodeficiency virus type 1-infected T cells to superinfection. J Virol

80:8047–8059

197. Correll PH et al (2004) Receptor tyrosine kinases and the regulation of macrophage activa-

tion. J Leukoc Biol 75:731–737

198. Lee ES et al (2004) RON receptor tyrosine kinase, a negative regulator of inflammation,

inhibits HIV-1 transcription in monocytes/macrophages and is decreased in brain tissue from

patients with AIDS. J Immunol 173:6864–6872

199. Liu QP et al (1999) Negative regulation of macrophage activation in response to IFN-gamma

and lipopolysaccharide by the STK/RON receptor tyrosine kinase. J Immunol

163:6606–6613

200. Kalantari P et al (2008) HIV-1 Tat mediates degradation of RON receptor tyrosine kinase, a

regulator of inflammation. J Immunol 181:1548–1555

201. Bovolenta C et al (1999) Constitutive activation of STATs upon in vivo human immunode-

ficiency virus infection. Blood 94:4202–4209

202. Juffroy O et al (2010) Dual mechanism of impairment of interleukin-7 (IL-7) responses in

human immunodeficiency virus infection: decreased IL-7 binding and abnormal activation of

the JAK/STAT5 pathway. J Virol 84:96–108

203. Miller RC et al (2011) HIV interferes with SOCS-1 and -3 expression levels driving immune

activation. Eur J Immunol 41:1058–1069

204. Kryworuchko M et al (2004) Defective interleukin-2-dependent STAT5 signalling in CD8 T

lymphocytes from HIV-positive patients: restoration by antiretroviral therapy. AIDS

18:421–426

205. Marshall RM, Grana X (2006) Mechanisms controlling CDK9 activity. Front Biosci

11:2598–2613

206. Chao SH et al (2000) Flavopiridol inhibits P-TEFb and blocks HIV-1 replication. J Biol

Chem 275:28345–28348

207. Chiu YL et al (2004) Inhibition of human immunodeficiency virus type 1 replication by RNA

interference directed against human transcription elongation factor P-TEFb (CDK9/

CyclinT1). J Virol 78:2517–2529

208. Fu TJ et al (1999) Cyclin K functions as a CDK9 regulatory subunit and participates in RNA

polymerase II transcription. J Biol Chem 274:34527–34530

209. Mancebo HS et al (1997) P-TEFb kinase is required for HIV Tat transcriptional activation

in vivo and in vitro. Genes Dev 11:2633–2644

220 R. Dürr et al.
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