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SUMMARY

HIV-1 Nef is a key factor in AIDS pathogenesis. Here,
we report that Nef potently inhibits motility of fibro-
blasts and chemotaxis of HIV-1-infected primary
human T lymphocytes toward the chemokines SDF-
1a, CCL-19, and CCL-21 ex vivo. Furthermore, Nef
inhibits guided motility of zebrafish primordial germ
cells toward endogenous SDF-1a in vivo. These
migration defects result from Nef-mediated inhibition
of the actin remodeling normally triggered by migra-
tory stimuli. Nef strongly induces phosphorylation
of cofilin, inactivating this evolutionarily conserved
actin-depolymerizing factor that promotes cell
motility when unphosphorylated. Nef-dependent
cofilin deregulation requires association of Nef with
the cellular kinase Pak2. Disruption of Nef-Pak2
association restores the cofilin phosphorylation
levels and actin remodeling that facilitate cell motility.
We conclude that HIV-1 Nef alters Pak2 function,
which directly or indirectly inactivates cofilin, thereby
restricting migration of infected T lymphocytes as
part of a strategy to optimize immune evasion and
HIV-1 replication.

INTRODUCTION

The host cell cytoskeleton plays a key role in the life cycle of viral

pathogens whose propagation depends on mandatory intracel-

lular steps. Viruses have consequently evolved strategies to

modulate actin as well as microtubule filament systems to facil-

itate cell entry, intracellular transport, and egress of new viral

progeny. Such strategies were also adopted by human retrovi-

ruses, such as the human immunodeficiency virus type 1 (HIV-

1), that rely on actin remodeling for early entry and postentry

steps during productive infection (Bukrinskaya et al., 1998; Jimé-

nez-Baranda et al., 2007; McDonald et al., 2002; Yoder et al.,

2008). Which cytoskeleton machineries are specifically targeted

and by which mechanism HIV-1 affects host cell cytoskeleton

remodeling, however, have remained unclear.

Remodeling of the cytoskeleton is also essential for directed

movement of host cells themselves (Fackler and Grosse, 2008;
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Pollard and Borisy, 2003). While individual cell types exhibit

motility in response to different exogenous triggers and use

distinct types of cell movement depending on their physiological

environment, core principles of cell motility probably apply to

most scenarios (Rafelski and Theriot, 2004). One central aspect

of directed cell motility is polarization of the moving cell,

including translocation of the microtubule organizing center

(MTOC) and the Golgi apparatus toward the direction of cell

movement (Nabi, 1999). Also, the actin cytoskeleton undergoes

dynamic changes in response to a migratory stimulus, typically

leading to pronounced actin polymerization and depolymeriza-

tion events that critically determine a cell’s motile capacity.

Such actin remodeling is subject to tight control, primarily by

de novo nucleation of actin filaments (Chhabra and Higgs,

2007). In addition, F-actin disassembly via depolymerization

factors such as cofilin also contributes to actin remodeling by

providing F-actin fragments as substrate for new filaments

(Bamburg and Bernstein, 2008).

The Nef protein of HIV-1 is a 25–35 kDa myristoylated protein

that is expressed abundantly already at early stages of HIV-1

infection. Importantly, Nef expression is a prerequisite for effi-

cient HIV-1 replication in the infected host. The absence of

Nef, therefore, significantly slows down or completely abolishes

development of acquired immunodeficiency syndrome (AIDS)

(Deacon et al., 1995; Kestler et al., 1991). Moreover, isolated

Nef expression in transgenic mice is sufficient to establish

AIDS-like depletion of CD4+ T lymphocytes (Hanna et al.,

1998). While these results clearly established Nef as a critical

viral factor in AIDS pathogenesis, the molecular basis for this

activity still remains unclear. Nef is a versatile manipulator of

host cell vesicular transport and signal transduction processes,

effects that are mediated by a plethora of protein interactions

with host cell factors such as components of the endocytic sort-

ing and T cell receptor (TCR) signaling machineries (Malim and

Emerman, 2008). Many of these interactions were mapped to

defined protein interaction surfaces of Nef. However, which of

the proposed ligands are functionally relevant remains elusive

(Geyer et al., 2001). While effects of Nef in receptor transport

are relatively well defined (Roeth and Collins, 2006), Nef’s effects

on signal transduction are not well understood. In T lympho-

cytes, one of the main target cell populations of HIV, Nef

predominantly affects signal transduction via the TCR. While

Nef generally elevates the basal state of T cell activation, multiple

effects of HIV-1 Nef in response to TCR engagement leading to
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selective activation or inhibition, respectively, of distinct down-

stream signaling events have been observed (Haller et al.,

2006; Iafrate et al., 1997; Schindler et al., 2006; Schrager and

Marsh, 1999). By the combination of these effects, Nef may

prevent premature activation-induced death of infected cells

while simultaneously increasing their permissivity for HIV-1 repli-

cation (Fackler et al., 2007). In addition, Nef prevents T lympho-

cyte chemotaxis toward the chemoattractant SDF-1a (Choe

et al., 2002), but the mechanism and in vivo relevance of this

activity are unclear.

Several protein assemblies have been described to interact

with select surfaces on Nef and mediate individual downstream

effects on T lymphocyte homeostasis. These include the kinase

complex NAK-C, which facilitates transcription of the viral

genome (Witte et al., 2004) and association of Nef with

DOCK2-ELMO1, a complex implied in Nef’s effect on T lympho-

cyte chemotaxis (Janardhan et al., 2004). In addition, Nef asso-

ciates with a highly active population of the cellular kinase Pak2

in the context of a labile multiprotein complex (Nunn and Marsh,

1996; Rauch et al., 2008; Renkema et al., 1999). Pak2 is

a member of the group I family of p21-activated kinases that

act as downstream effectors of the activated Rho GTPases

Cdc42 and Rac1 to modulate various processes such as cyto-

skeletal organization, transcription, and cell survival (Bokoch,

2003). In line with these functions of Pak2, Nef was suggested

to modulate such cellular processes via its association with

Pak2 (Haller et al., 2006; Lu et al., 1996; Wolf et al., 2001), but

without establishing a direct role of Pak2 in these effects or

addressing their mechanism or physiological relevance. To

address these issues, we analyze here the effects of HIV-1 Nef

on host cell motility. The results of these analyses unravel that

the pathogenicity factor, via its Pak2 association, prevents actin

remodeling to impair host cell motility in vitro and in vivo and

define deregulation of cofilin as an underlying mechanism.

RESULTS

Inhibition of Fibroblast Wound Closure by Nef
To address whether Nef generally affects cell migration, we

expressed the HIV protein in the hamster fibroblast cell line

CHO, a cell type that supports key biological activities of Nef

(Keppler et al., 2005). Stable cell lines were generated that

express a control GFP or a GFP fusion protein of wild-type

(WT) HIV-1SF2 Nef, a functional homolog of nonfusion Nef, in a

doxycycline (Dox)-inducible manner. Cells were grown to conflu-

ence, and cell motility was analyzed after scratch wounding of

the monolayer (Figure 1). GFP-expressing control cells rapidly

migrated into the scratch wound, resulting in wound closure

approximately after 15–20 hr (Figures 1A and 1B, Movie S1). In

contrast, expression of WT Nef in the two independent CHO

clones analyzed (WT12, used in all subsequent experiments,

and WT17) caused a marked reduction in cell migration, resulting

in incomplete wound closure even after 24 hr (Figures 1A and 1B,

Movie S2). Kinetic analysis of the wound width over time identi-

fied the 20 hr postwounding time point as a robust parameter to

quantify differences between GFP- and Nef-expressing cells

(Figures 1B and 1C) and revealed a more than 8-fold reduction

in motility of Nef-expressing cells as compared to control cells.

This deficit was specific for the expression of Nef, as cells in
Cell Ho
which Nef expression had not been induced (�Dox) displayed

normal wound healing.

To map the molecular determinants of Nef that are responsible

for the inhibition of wound closure, various inducible cell lines

were generated for the expression of Nef mutants. Dox concen-

trations were titrated by flow cytometry to result in levels of

Nef.GFP expression that in all cell clones were comparable or

higher than for WT Nef.GFP (Figures S1A and S1B). All mutant

Nef proteins displayed the expected subcellular localization

(intracellular membranes, plasma membrane, and cytoplasm),

and Nef expression had no impact on cell proliferation (Figures

S1C and S1D). The LLAA Nef variant (leucine 168 and 169

mutated to alanine to disrupt Nef’s interaction with the clathrin

endocytosis machinery) interfered with wound healing as effi-

ciently as WT Nef (Figures 1D and S2). In contrast, several Nef

mutants were impaired in inhibiting wound-healing motility

even when expressed at higher levels than WT Nef: G2A (a non-

myristoylated Nef with reduced membrane association), E4A4

(glutamic acid 66–69 mutated to alanine to disrupt association

with the PACS sorting adaptor), and AxxA (proline 76 and 79

mutated to alanine to disrupt interaction with SH3 domain-con-

taining ligands). In contrast to these mutants that are deficient

in several biological properties of Nef, a single point mutation,

F195A/I, which specifically interrupts the association of Nef

with the cellular kinase Pak2 without affecting other Nef activities

(O’Neill et al., 2006; Rauch et al., 2008), even more potently abro-

gated the Nef-mediated inhibition of cell motility 20 hr after

wounding. Kinetic analysis revealed that Nef F195A-expressing

cells exhibit an initial motility defect after scratch wounding,

but then accelerate to result in wound closure indistinguishable

from GFP-expressing control cells (Figure S2F).

Nef Affects Actin Turnover in Migrating Cells
To determine the mechanism by which Nef interferes with wound

healing, cell polarization and cytoskeletal organization was

compared in GFP- and WT Nef.GFP-expressing CHO cells.

While WT Nef-expressing cells displayed a slight defect in polar-

ization of the Golgi apparatus toward the wound (Figures S3A

and S3B), analysis of Nef mutants ruled out that this phenom-

enon is required for the migration defect of Nef-expressing cells

(data not shown). Polarization of the MTOC toward the wound

was unaffected by Nef expression (Figures S3C and S3D), and

organization of total as well as detyrosinated, stable microtu-

bules, which are required for wound healing (Cook et al.,

1998), was normal in the presence of Nef (Figures S3E and

S3F). In contrast, analysis of F-actin organization revealed

pronounced effects of Nef expression. While all cells displayed

low levels of F-actin directly after wounding (t = 0 hr), GFP-

expressing control cells showed pronounced filament assembly

after 4 hr (Figures 1E and S4A). This induction of actin filaments

was fully inhibited in the presence of WT Nef that, in turn, induced

the formation of small punctuate F-actin aggregates in the cyto-

plasm instead. While Nef mutants LLAA or G2A, E4A4, and AxxA

showed WT or intermediate activity in blocking filament

assembly, respectively, Nef F195A was entirely deficient and

allowed for pronounced formation of actin filaments (Figures 1F

and S4A). Across this panel of CHO cell lines, we observed a

strong correlation between inhibition of wound closure and fila-

ment assembly by Nef (Figure S4B). Since the pivotal role of
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Figure 1. HIV-1 Nef Interferes with Wound Healing Cell Motility and Wound-Induced Actin Filament Assembly

(A) Representative micrographs of wound closure kinetics of the indicated cell lines. CHO cells stably transduced with expression constructs for GFP or WT

Nef.GFP were induced for transgene expression (+Dox) or left untreated (�Dox) and grown to confluency. After introduction of a wound by a pipette tip, cell migra-

tion into the wound was monitored over 24 hr. Scale bar = 100 mm.

(B) Wound closure time course of GFP-expressing CHO cells versus the WT Nef.GFP-expressing CHO clones 12 and 17. Depicted are mean values ± SEM of 7–9

independent experiments.

(C and D) Quantification of relative wound width at 20 hr after wounding of the indicated cell clones (P, parental) as indicated by the dotted line in (B). Shown is the

mean ± SEM of 3–9 independent experiments. P values are calculated relative to the GFP control.

(E) Representative confocal micrographs of the indicated CHO cell clones at the wound edge 4 hr after wounding. Cells were fixed and stained with phalloidin to

reveal F-actin. Bold white lines indicate the trajectory of the wound. Scale bar = 10 mm. Pictures of additional Nef mutants and cells directly after wounding are

shown in Figure S4A.

(F) Quantification of actin filament assembly. Shown are mean values ± SD from three independent experiments of cells displaying actin stress fibers near the

wound, with at least 100 cells counted per experiment.

(G) Nef-associated Pak2 activity. CHO cells expressing the indicated GFP/Nef.GFP proteins were transfected with a Pak2 expression construct and subjected to

anti-GFP immunoprecipitation and subsequent in vitro kinase assay (IVKA). Phosphorylated endogenous and overexpressed Pak2 (p-PAK2) or immunoisolated

GFP/Nef.GFP present in the IVKA were detected by autoradiography and western blotting, respectively (IVKA and WB panels). p72 designates an unidentified

Pak2 substrate.
the F195 residue for Nef-Pak2 association has thus far only been

investigated in human cells, we next tested whether this muta-

tion also disrupts the interaction in CHO cells. In vitro kinase

analysis (IVKA) of immunoisolated Nef indeed revealed the

specific association of WT, but not G2A, AxxA, and F195A Nef

with autophosphorylated Pak2 (Figure 1G), indicating that Pak2

association might be involved in the Nef-mediated inhibition of

actin remodeling and wound closure.
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Nef Prevents SDF-1a-Induced T Lymphocyte Membrane
Ruffling and Chemotaxis
We next asked whether Nef also interferes with actin remodeling

and cell motility in natural target cells of HIV-1 infection such as T

lymphocytes. Chemotaxis was used as an experimental system,

since incubation of T lymphocytes with chemoattractants such

as SDF-1a results in pronounced actin remodeling that is

required for directional movement toward chemokine gradients
er Inc.
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Figure 2. Nef Inhibits SDF-1a-Induced Actin Ruffling and Chemotaxis in T Lymphocytes

(A) Representative maximum projections of confocal Z stacks of Jurkat T lymphocytes (Jurkat TAg) transiently expressing the indicated GFP fusion proteins. Cells

were fixed 20 min after treatment with 200 ng/ml SDF-1a and stained for F-actin. Arrows indicate transfected cells; GFP signals and additional Nef mutants are

shown in Figure S4D. Scale bar = 10 mm.

(B) Frequency of the cells shown in (A) and Figure S4D that display membrane ruffling in response to treatment with SDF-1a or a solvent control (ctrl). Depicted are

mean values from four independent experiments ± SD with at least 100 cells analyzed per condition. P values are calculated relative to the GFP control.

(C) Chemotaxis toward SDF-1a. Jurkat T lymphocytes (Jurkat E6-1) expressing the indicated proteins were subjected to a transwell chemotaxis assay. Depicted

is the percentage of GFP-positive cells that migrated toward 10 ng/ml SDF-1a over 2 hr. Values are the mean with SEM from four experiments performed in

triplicates. P values are calculated relative to the GFP control.

(D) Still images of the time-lapse Movies S3, S4, and S5. Jurkat T lymphocytes (Jurkat-CCR7) were cotransfected with RFP, WT, or F195A Nef.RFP and

lifeact.GFP to reveal F-actin. Shown are maximum intensity projections of the GFP signal every 30 s. The first and the last panel show single confocal pictures

of the RFP signal before and after acquisition of the movie.

(E) Kymographs from the white lines of the cells shown in (D).
(Nishita et al., 2005). Transient expression of WT Nef in Jurkat T

lymphocytes caused a marked inhibition of SDF-1a-induced

actin rearrangement and membrane ruffling (see Figures 2A

and S4D for analysis of fixed cells). The activity pattern of Nef

mutants correlated well with the previous results in CHO cells,

with the F195 residue being one essential determinant for this

phenotype (Figure 2B). This was particularly apparent in real-

time confocal analysis, which revealed dynamic protrusion and

retraction of actin-rich lamellododia and filopodia in the presence

of RFP or Nef F195A.RFP, while WT Nef.RFP-expressing cells

failed to undergo such dynamic plasma membrane reorganiza-
Cell Ho
tion (Figures 2D and 2E, Movies S3, S4, and S5). Moreover, Nef

caused a marked reduction of T lymphocyte chemotaxis toward

SDF-1a (Figure 2C) (Choe et al., 2002). This inhibition in T lympho-

cyte chemotaxis was significantly impaired, but not entirely abro-

gated for the Nef F195A mutant. WT and F195A Nef proteins both

induced comparable, moderate downregulation of the SDF-1a

receptor CXCR4 from the cell surface (Schindler et al., 2007

and data not shown) and associated to a similar extent with

DOCK2-ELMO1 (Figure S5). Inhibition of SDF-1a-induced

membrane ruffling and chemotaxis was observed, albeit with

varying efficiency, with different nef alleles from HIV-1, HIV-2,
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 177
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and simian immunodeficiency virus (SIV), demonstrating that

they represent conserved activities of lentiviral Nef proteins

(Figures S6A–S6C). Notably, a strong correlation was observed

between the ability of Nef variants and mutants to interfere with

SDF-1a-induced membrane ruffling and chemotaxis (Figures

S4C and S6D). To extend these findings to the context of HIV-1

infection, primary human peripheral blood lymphocytes (PBLs)

were infected with HIV-1 WT, HIV-1DNef lacking Nef expression,

or an isogenic virus expressing the F195I Nef mutant and

analyzed for their ability to undergo membrane ruffling and

chemotaxis upon treatment with the CXCR4 ligand SDF-1a or

the CCR7 ligands CCL-19 or CCL-21, respectively (Figure 3).

Infection with WT, but not DNef HIV-1, potently blocked the

formation of large polarized membrane ruffles in the presence

of any of the three chemokines and impaired lymphocyte chemo-

taxis (Figures 3A–3C and S7A, Movies S6 and S7). These Nef

effects depended again on F195 and Nef effects on T lymphocyte

chemotaxis and membrane ruffling correlated with each other.

Effects of Nef on SDF-1a-Mediated Zebrafish Primordial
Germ Cell Migration In Vivo
We sought to explore whether Nef can also affect migration of

cells in the context of an intact organism at physiological SDF-

1a concentrations. The lack of an HIV-1-permissive small animal

and limited transduction rates of primary mouse T lymphocytes

prevented us from performing such experiments in mice in the

context of HIV-1 infection or upon adoptive transfer of Nef-

expressing T lymphocytes. To address functions of Nef in vivo,

we studied primordial germ cell (PGC) migration in zebrafish

embryos. Migration of the CXCR4b-expressing PGCs toward

cells expressing SDF-1a, a zebrafish ortholog of mammalian

SDF-1a, represents a well-established model for an SDF-1-

guided migration process that typically culminates in clustering

of PGCs at the site of gonad development in 24 hr old zebrafish

embryos (Doitsidou et al., 2002) (Figure 4A, left panel). When

PGCs expressed WT Nef.GFP, arrival of these cells at the target

site in 24 hr old embryos was dramatically disrupted, such that

91% of the embryos showed PGCs to be distributed in ectopic

positions throughout the embryo (average of 62% ectopic

PGCs in 106 embryos) (Figure 4A). This severe migration pheno-

type was virtually reversed upon expression of the Nef mutant

F195A protein fused to GFP: In the majority (80%, n = 48) of these

embryos, PGCs arrived at the target site in a manner indistin-

guishable from that observed in control embryos (Figure 4A).

To analyze the basis for the compromised ability of WT Nef-

expressing PGCs to reach the target, cells expressing either

WT or F195A Nef were monitored by time-lapse microscopy,

and their tracks of migration were delineated. Similar to normal

PGCs (Reichman-Fried et al., 2004), F195A-expressing cells dis-

played long and directional tracks (Figures 4B and 4C, Movie

S8). Tracks of WT Nef-expressing PGCs, however, were signifi-

cantly shorter and coiled, reflecting severe inhibition of motility

(Figures 4B and 4C, Movie S9). Furthermore, direct examination

of the frequency of motile cells in each experimental group

revealed that while 75% of the F195A-expressing cells were

motile and exhibited normal directed migration (211 cells analyzed

in 16 embryos), the majority of cells expressing WT Nef (77%)

were nonmotile and largely remained on the spot when compared

to somatic cells (160 cells analyzed in 12 embryos) (Figure 4D,
178 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevie
Movies S8 and S9). Together, expression of WT Nef potently

inhibits PGC motility in vivo in a manner that is dependent on

F195, the site that enables its association with Pak2.

Nef Inactivates Cofilin by Inducing Its
Hyperphosphorylation via Association with Pak2 Activity
To address whether the association of Nef with Pak2 is instru-

mental for the inhibition of actin remodeling and cell motility by

the viral protein, we tested if signaling events downstream of

Pak2 were altered in the presence of Nef. Indeed, cofilin, a key

regulator of actin depolymerization that is inactivated by phos-

phorylation of serine at position 3 downstream of p21-activated

kinases Pak1 and Pak2 (Edwards et al., 1999; Misra et al.,

2005), was markedly hyperphosphorylated in the presence of

WT Nef in CHO cells directly or 4 hr after wounding (Figure 5A).

In most experiments, a reduction in levels of phosphorylated cofi-

lin (p-cofilin) 4 hrpostwounding was observed inGFP control cells.

In contrast, WT Nef-expressing cells never displayed a similar

reduction in cofilin phosphorylation after scratch wounding. Phos-

phorylation of Src and Merlin was unaffected by Nef expression.

Similar to the results obtained for cell migration and actin remod-

eling, the F195 residue and the PxxP motif of Nefwere essential for

cofilin phosphorylation (Figures 5B and 5C). Cofilin hyperphos-

phorylation in Nef-expressing cells was sustained for at least

24 hr after scratch wounding (Figure 5D). In contrast to the Pak

effector cofilin, GTPase activity of the Rac1 and Cdc42 upstream

regulators of Pak activity was unaffected in cells expressing WT or

F195A Nef (Figure 5E). In addition to Pak-dependent pathways,

cofilin phosphorylation can also be regulated via the Rho-ROCK

pathway (Maekawa et al., 1999). Inhibition of ROCK activity by

the specific inhibitor Y27632, however, did not reverse Nef-

induced hyperphosphorylation of cofilin (Figure 5F). Cofilin inacti-

vation was also observed in Jurkat T lymphocytes expressing WT

Nef.GFP or HIV-1-infected PBLs (Figures 6A–6E, S7B, and S7C).

Quantification on a single-cell level revealed that, even in the

absence of any stimulation, significantly more Nef-expressing

cells displayed elevated p-cofilin levels in comparison to the

controls (Figures 6B and 6E). Based on pixel quantifications of

confocal Z stacks of individual cells, Nef expression caused

a more than4-fold increase in levels ofp-cofilinpercell (Figure6C).

To test the contribution of Pak2 to Nef’s effects on cofilin deregu-

lation directly, we used RNAi-mediated knockdown of Pak2

expression to analyze the role of the kinase for Nef’s inhibitory

effects in Jurkat T lymphocytes (Figures6F–6I and S7D).We previ-

ously established that potent reduction of Pak2 protein levels

in these cells causes a marked, but incomplete, decrease in

Nef-associated Pak2 activity, by 35% (Rauch et al., 2008). Basal

p-cofilin levels were not affected by Pak2 RNAi in the absence

of Nef. In contrast, Pak2 knockdown significantly reduced the

frequency and magnitude of cofilin hyperphosphorylation in the

presence of Nef (see also Figure S8F). We conclude that Nef

induces the accumulation of phosphorylated, inactive cofilin and

that Pak2 is critical for this deregulation of cofilin.

Nef-Associated Pak2 Determines Inhibition of Cell
Motility by Nef, Possibly by Direct Phosphorylation
of Cofilin
We next determined the role of Pak2 for the effects of Nef

on actin remodeling and cell motility. Analysis of F-actin
r Inc.
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Figure 3. Nef Inhibits Chemokine-Induced Actin Remodeling and Chemotaxis in HIV-1-Infected Primary Human T Lymphocytes

(A) Representative maximum projections of confocal Z stacks of PBLs infected with WT HIV-1 (HIV-1 WT), its nef-deleted counterpart HIV-1DNef, or the isogenic

virus HIV-1 Nef F195I. Cells were treated with 200 ng/ml SDF-1a, CCL-19, or CCL-21 for 20 min or left untreated (ctrl); fixed; and stained for intracellular p24CA

and F-actin. Arrows indicate infected cells; p24CA signals are shown in Figure S7A. Scale bar = 10 mm.

(B) Frequency of the cells shown in (A) with membrane ruffling. Depicted are mean values from quadruplicate infections ± SD for two independent donors with at

least 100 cells analyzed per condition.

(C) Chemotaxis toward SDF-1a, CCL-19, or CCL-21 of two independent donors. PBLs infected with the indicated viruses were subjected to a transwell chemo-

taxis assay. Depicted is the percentage of p24CA-positive cells that migrated toward 10 ng/ml SDF-1a or 25 ng/ml CCL-19 or CCL-21 over 2 hr. Values are the

mean with SD from triplicate infections.
Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 179
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reorganization revealed that treatment of cells with control or

Pak2-specific RNAi had no effect on cell morphology prior to

stimulation with SDF-1a and did not affect membrane ruffle

formation of GFP-expressing cells in response to the chemokine

(Figures 7A, 7B, and S7E). Thus, Pak2 does not control actin

remodeling, chemotaxis, and cofilin phosphorylation in our cells

in the absence of Nef. In turn, knockdown of Pak2 markedly

diminished Nef’s ability to block actin remodeling. This rescue

was partial, but correlated well with the 35% reduction in

Nef-associated Pak2 activity observed under these conditions.

Consistently, expression of a dominant-negative Pak signifi-

cantly enhanced SDF-1a-mediated membrane ruffling in the

presence of Nef (Figure S9). Pak2 knockdown also significantly

improved the migratory response of Nef-expressing cells toward

SDF-1a, however less efficiently than in the actin remodeling

assay (Figure 7D). Similarly in CHO fibroblasts, Pak2 RNAi almost

completely rescued Nef-mediated disruption of actin filament

assembly without appreciable effects in the absence of Nef and

partially released the block of wound closure and cofilin

hyperphosphorylation imposed by the viral protein (Figure S8).

In an attempt to define the mechanism by which Nef-associated

Figure 4. Nef Inhibits Motility of Zebrafish

PGCs

(A) Images of representative zebrafish embryos, at

24 hr after fertilization, whose PGCs express GFP

alone (left panel) or GFP fusion of either WT Nef

(middle panel) or F195A Nef mutant (right panel).

White arrows point at PGCs found at abnormal

(ectopic) positions.

(B) Snapshots from the time-lapse Movies S8 and

S9. The migration of PGCs expressing F195A or

WT Nef.GFP was followed for 72 min. PGCs

(circled in black) are tracked as indicated by the

white line in comparison to a black track generated

by a moving somatic cell (whitened cell marked

with an ‘‘s’’).

(C) Examples for 72 min migration tracks of PGCs

expressing F195A or WT Nef.GFP as indicated in

(B). The migration of PGCs was followed in time-

lapse movies and subtracted for somatic cell

movement. Short tracks reflect inhibition of

motility and are the basis for the inability of many

PGCs to reach their target at 24 hr of development.

(D) Average frequency of motile and nonmotile

PGCs expressing F195A or WT Nef.GFP. The

results are presented as average percentage of

motile and nonmotile PGCs per embryo. Error

bars represent SEM of at least 80 cells in eight

embryos.

Pak2 targets cofilin, we failed to over-

come the Nef-dependent inhibition of

actin ruffle formation and cofilin deregula-

tion in T lymphocytes by coexpression of

dominant-negative variants of kinases

(LIMK, TESK) or phosphatases (slingshot,

chronophin) with known roles in cofilin

regulation (Edwards et al., 1999; Huang

et al., 2006; Misra et al., 2005; data not

shown). This prompted us to test whether

Pak2 might phosphorylate cofilin directly. Indeed, recombinant

Pak2 was able to phosphorylate cofilin in vitro, a reaction that

was not affected by the presence of Nef (Figures 7E and 7F).

Importantly, cofilin also served as efficient substrate of Nef-

Pak2 complexes isolated from T lymphocytes with WT, but not

F195A Nef (Figure 7G). While these results do not exclude the

involvement of other components of the Nef-Pak2 complex,

they suggest that Nef-associated Pak2 itself mediates phosphor-

ylation of cofilin. Nef may thus impair actin remodeling and direc-

tional cell motility by hijacking Pak2 via a physical association that

retargets the biological activity of the kinase toward direct phos-

phorylation of cofilin.

DISCUSSION

This study reveals that the HIV-1 pathogenicity factor Nef inter-

feres with cell motility by blocking chemoattractant-triggered

actin remodeling. The effect of Nef on cell motility occurs inde-

pendently of the cellular context ex vivo in Nef-expressing fibro-

blasts and HIV-1-infected primary T lymphocytes, as well as in

zebrafish PGCs in vivo, and represents a conserved activity of
180 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc.
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Figure 5. Nef Induces Cofilin Hyperphosphorylation

(A–D) Multiple wounds were introduced to confluent CHO cells expressing GFP or WT Nef.GFP (A and D) or the indicated Nef mutants (B). Cells were harvested at

the indicated time points after wounding and analyzed by western blotting using the indicated antibodies. �Dox indicates that expression of Nef has not been

induced. Note that quantification of the merlin/p-merlin ratio (A) from five independent experiments did not reveal statistically significant differences between GFP

and Nef.GFP-expressing cells and that in (D), 33 more protein was loaded per lane for GFP than for Nef.GFP-expressing cells in order to detect a p-cofilin signal.

Representative confocal micrographs of the cells analyzed in (A) and (B) following staining for p-cofilin are shown in (C). Bold white lines indicate the trajectory of

the wound. Scale bar = 10 mm.

(E) Rac1 and Cdc42 activity levels of CHO cells expressing the indicated proteins determined by western blotting following pulldown by the GST-CRIB peptide of

Pak1 (In, input; PD, pulldown).

(F) Levels of p-cofilin in CHO cells expressing GFP or WT Nef.GFP in the absence or presence of ROCK inhibitor Y27632.
Nef proteins from various HIV-1, HIV-2, and SIV strains. Mecha-

nistic analyses demonstrate that inhibition of actin remodeling is

mediated by Nef via its ability to associate with the cellular kinase

Pak2, resulting in hyperphosphorylation and thereby inactivation

of the evolutionary conserved actin depolymerization factor,

cofilin. This is achieved by retargeting Pak2 toward cofilin, which

can serve as direct Pak2 substrate in the presence of Nef. HIV,
Cell Ho
thus, has evolved the viral factor Nef to hijack the host cell cyto-

skeleton for impairment of cell motility.

While alterations in actin organization in the presence of Nef

were reported from several cell systems (Campbell et al.,

2004; Haller et al., 2006; Lu et al., 2008; Quaranta et al., 2003),

mechanism and functional consequence of this phenomenon

have remained largely unclear. Addressing these issues by the
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 181
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Figure 6. Nef-Induced Cofilin Hyperphosphorylation in Infected Primary Human T Lymphocytes Depends on Pak2

(A) Representative sum-intensity projections of confocal Z stacks of Jurkat T lymphocytes (Jurkat TAg) transiently expressing the indicated GFP fusion proteins.

Cells were plated onto cover glasses, fixed, and stained for p-cofilin. Arrows indicate transfected cells; the GFP signal is shown in Figure S7B. Scale bar = 10 mm.

(B) Frequency of the cells shown in (A) with high p-cofilin levels. Depicted are mean values ± SD from three independent experiments with at least 100 cells

analyzed per transfection, with cells scored as containing high p-cofilin levels when they were apparently brighter than untransfected neighboring cells. P values

are calculated relative to the GFP-transfected cells.

(C) Relative mean pixel intensity of the cells in (A). Depicted are mean values ± SD from at least ten representative cells. P values are calculated relative to the

GFP-transfected cells.

(D) P-cofilin levels in PBLs infected with HIV-1 WT, HIV-1DNef, or HIV-1 Nef F195I. Cells were analyzed as in (A) with an additional stain for p24CA (shown in

Figure S7C). Arrows indicated infected cells. Scale bar = 10 mm.

(E) Frequency of the cells shown in (D) with high p-cofilin levels. Depicted are mean values ± SD from quadruplicate infections of two independent donors with at

least 100 cells analyzed per infection. P values are calculated relative to the WT HIV-1-infected cells.

(F) P-cofilin levels of Jurkat T lymphocytes (Jurkat TAg) transiently transfected with siRNA oligos specific for Pak2 or a nonspecific scrambled siRNA (scr.)

together with an expression plasmid for GFP or Nef.GFP. Arrows indicate transfected cells; the GFP signal is shown in Figure S7D. Scale bar = 10 mm.

(G) Western blot analysis of the cells used in (F).

(H) Frequency of the cells shown in (F) with high p-cofilin levels. Depicted are mean values ± SD from three independent experiments with at least 100 cells

analyzed per transfection.

(I) Relative mean pixel intensities of the cells in (F). Depicted are mean values ± SD from at least ten representative cells per condition.
use of Nef mutants and Pak2-specific RNAi revealed, first, that

the association of Nef with Pak2 activity is essential for the

interference with chemoattractant-induced actin remodeling.

Second, we identify cofilin as a downstream target of the Nef-

Pak2 complex that causes a marked and sustained enrichment

of the phosphorylated, inactive form of cofilin, even prior to

migratory stimulation. Third, cofilin deregulation was demon-

strated to be directly involved in Nef-mediated inhibition of actin

remodeling and cell motility. This identification of cofilin as

a target for the regulation of cell motility is consistent with cofi-
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lin’s well-characterized role as master switch of actin remodeling

in motile cells. Severing of actin filaments by active cofilin results

in depolymerization of F-actin and generation of F-actin frag-

ments that serve as substrate for nucleation of new filaments

(Bamburg and Bernstein, 2008). This activity is essential for the

directionality of cell movement during, e.g., lymphocyte chemo-

taxis or tumor cell invasion (Nishita et al., 2005; Wang et al.,

2007). Cofilin is tightly regulated in migrating cells by phosphor-

ylation of serine at position 3. It is therefore conceivable that

Nef-induced inactivation of cofilin results in a net reduction of
r Inc.
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Figure 7. Nef-Associated Pak2 Is Involved in the Interference of Nef with Ruffle Formation and Chemotaxis in T Lymphocytes and Phosphor-

ylates Cofilin

(A) Membrane ruffling analysis as in Figure 2A of Jurkat T lymphocytes (Jurkat CCR7) transfected with siRNA oligos specific for Pak2 or a nonspecific scrambled

siRNA (scr.) together with an expression plasmid for GFP or WT Nef.GFP. Arrows indicate transfected cells; the GFP signal is shown in Figure S7E. Scale

bar = 10 mm.

(B) Frequency of the cells shown in (A) that display membrane ruffling. Depicted is the mean ± SD of 3–8 independent experiments with at least 100 cells analyzed

per condition.

(C) Western blot analysis of lysates of the cells used in (A).

(D) Chemotaxis toward SDF-1a. Cells shown in (A) were subjected to a transwell chemotaxis assay. Depicted is the percentage of GFP-positive cells that

migrated toward 10 ng/ml SDF-1a over 2 hr. Values are the mean with SEM from four experiments performed in triplicates.

(E) Pak2 phosphorylates cofilin in vitro. Recombinant GST-Pak2 and cofilin were subjected to an in vitro kinase assay (IVKA), separated by SDS-PAGE, and

analyzed by silver stain and autoradiography.

(F) Experiment as in (E) in the presence of recombinant myristoylated Nef. Pak2 phosphorylates cofilin in vitro in the presence of Nef.

(G) Nef-associated Pak2 phosphorylates cofilin. Jurkat TAg cells expressing WT or F195A Nef.GFP were subjected to anti-GFP immunoprecipitation and subse-

quent in vitro kinase assay (IVKA) in the presence of recombinant cofilin or HIV-1 CA as substrate. Phosphorylated Pak2 (p-PAK2) and p-cofilin present in the IVKA

were detected by autoradiography. Nef in the input was detected by western blot; recombinant cofilin and p24CA by Coomassie stain.
actin turnover and subsequent cell motility. Interestingly, cofilin

was also identified recently as regulator of HIV-1 entry (Yoder

et al., 2008) and thus emerges as an important player in

HIV-1’s host cell interactions.

However, rescue of cofilin deregulation in Nef-expressing cells

by Pak2-specific RNAi improved but did not fully restore their
Cell Ho
motility. This reflects, at least in part, the presence of residual

Nef-Pak2 association in the RNAi experiments due to incomplete

knockdown of Pak2 expression (Rauch et al., 2008), but may

also indicate the involvement of additional cytoskeleton regula-

tion downstream of Nef-Pak2. However, the Nef F195A mutant,

which lacks any detectable Pak2 kinase association and cofilin
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 183
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deregulation, maintained some inhibitory activity despite normal

actin remodeling. Thus, Nef likely exerts effects on cell motility

via a second, actin-independent mechanism. With DOCK2-

ELMO1 and Lck, Nef functionally interacts with at least two addi-

tional host cell factors implicated in cell motility control (Fukui

et al., 2001; Janardhan et al., 2004; Okabe et al., 2005; Thou-

louze et al., 2006). While both factors appear dispensable for

effects on actin via Nef-Pak2 (Rauch et al., 2008) (Figures S5

and S10), their intrinsic requirement for cell motility precludes

direct analysis of their contribution to cell motility restriction by

Nef. In addition, Nef disturbs a variety of intracellular sorting

processes (Roeth and Collins, 2006) and might affect cell motility

via such mechanisms.

The results of this study provide important insight into the

mechanism of cofilin deregulation by Nef. Notably, reduction

of Pak2 expression had no major effects on actin remodeling,

cofilin phosphorylation, and cell motility in the absence of Nef.

Endogenous Pak2 therefore does not control these parame-

ters in our cell systems. Our results are thus most consistent

with a scenario in which Nef subverts intrinsic properties of

Pak2. This might have included alterations in known pathways

that govern cofilin phosphorylation; however, we failed to

detect a role of such factors for Nef action (data not shown).

Instead, we discovered that cofilin can be phosphorylated in

the presence of Nef-Pak2 complexes, suggesting that the

association with the viral protein alters the substrate specific-

ities of Pak2 to retarget its activity toward cofilin. Consistent

with such a scenario, the subcellular localization of phosphor-

ylated Pak was altered by the presence of Nef in motile cells

(Figure S11). The presence of another cofilin kinase in the Nef-

associated protein complex, however, cannot be excluded.

Efforts to unravel the molecular details of the retargeting

mechanism, including attempts to determine the full composi-

tion of the labile and short-lived Nef-Pak2 complex, are

currently ongoing.

We consider the introduction of zebrafish PGC migration as

an experimental system for in vivo studies on Nef function to

be an important aspect of this work. Zebrafish are readily

accessible to specific expression of genes in germ cells and

real-time imaging analyses. These features allowed us to quan-

tify, in a physiological context, cell motility events analogous to

T lymphocyte chemotaxis that are, upon transient expression of

genes of interest, exceedingly difficult to assess in other in vivo

experimental systems. Although limited to processes that are

conserved between the natural target cells of a given pathogen

and zebrafish germ cells, zebrafish PGC migration is likely to

further serve as a useful model for the functional analysis of

pathogen-host interactions in the case of HIV-1, but also other

viral pathogens, such as Epstein-Barr virus (Ehlin-Henriksson

et al., 2006) or human T lymphotropic virus type I (Arai et al.,

1998).

For HIV-1 Nef, the high degree of evolutionary conservation of

the mechanism by which HIV-1 hijacks an endogenous cellular

pathway to affect host cell actin remodeling and motility implies

that this provides the virus with significant benefits in the in-

fected host. In newly infected individuals, HIV-1-loaded

dendritic cells transport virus from mucosal surfaces to lymph

nodes, where virus is efficiently transmitted to T lymphocytes

(Wu and KewalRamani, 2006). Subsequent intra-lymph node
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motility of productively infected T lymphocytes ensures

mounting of an appropriate humoral immune response by

providing B lymphocyte stimulation, induction of germinal

centers for specialized production of high-affinity antibodies,

and surveillance of overall architecture and de novo genesis of

lymph nodes as well as tertiary lymphatic tissue (Friedl and Wei-

gelin, 2008; Stein and Nombela-Arrieta, 2005). Lymph node

homing and intra-lymph node motility of T lymphocytes rely on

sensing of chemokine gradients and chemotaxis toward SDF-

1a, CCL-19, and CCL-21 (Wei et al., 2003). Thus, our results

predict that Nef interferes with such motile events in infected

individuals. Intriguingly, B lymphocyte dysfunction as conse-

quence of disruption of germinal center formation is increasingly

recognized as an important parameter in the symptom-complex

AIDS (De Milito, 2004; Moir et al., 2008), a phenotype that is

readily reflected in Nef-transgenic mice (Poudrier et al., 2001).

Moreover, histological analysis of lymph nodes from macaques

2 weeks after infection with WT or DNef SIV detected DNef SIV-

infected cells in germinal centers that were dramatically

enlarged due to infiltration of infected cells. In stark contrast,

WT SIV-infected cells were predominantly located in the para-

cortex, and B cell follicle displayed a normal architecture (Sugi-

moto et al., 2003). Together with the in vivo analyses presented

here, these findings strongly suggest that Nef, by interfering with

membrane ruffling and thus chemotaxis, prevents intra-lymph

node migration of HIV-1/SIV-infected T lymphocytes to under-

mine the humoral immune response to virus infection. Simulta-

neously, reduced motility of HIV-1-infected T lymphocytes

may result in the generation of microenvironments that are

particularly prone to virus transmission to uninfected cells.

Modulation of cell motility may thus emerge as an unexpected

strategy to optimize immune evasion and replication of HIV-1

in the infected host.

EXPERIMENTAL PROCEDURES

Lymphocyte Ruffling and Chemotaxis Assay

Jurkat T lymphocytes (1 3 107) were electroporated (30–60 mg of plasmid DNA;

960 mF for Jurkat TAg, 850 mF for Jurkat E6-1 and Jurkat CCR7, 250 V, Biorad

Genepulser; Munich) with GFP or Nef.GFP expression plasmids. For micros-

copy, cover glasses were incubated for 30 min at 37�C with 0.01% poly-L-

lysine, washed two times with water, and kept in PBS at 4�C until usage.

Twenty-four hours after transfection, cells were seeded onto treated cover

glasses for 5 min at 37�C and either fixed directly for staining of p-cofilin or

incubated with 200 ng/ml SDF-1a or solvent control for another 20 min at

37�C for the analysis of membrane ruffling before fixation. Chemotaxis assays

were performed with three independent transfections per experiment. Twenty-

four hours after transfection, cells were starved in medium containing 0.5%

FCS and incubated for another 24 hr. Transwell inserts (5 mm pores, 24-well

plates, Costar3421, Corning; Kaiserslautern, Germany) were equilibrated

overnight. The bottom chamber of the transwell was filled with 450 ml starving

medium containing 10 ng/ml or no SDF-1a; 1 3 106 transfected cells resus-

pended in 100 ml starving medium were loaded to the upper side of each trans-

well. Total cell numbers and transfection efficiencies were determined from

another 100 ml aliquot of the identical cell suspension. Cells were allowed to

chemotax for 2 hr at 37�C before cells in the lower chamber were collected

and analyzed by FACS (FACScalibur, BD; Heidelberg, Germany) for 1 min

monitoring GFP-expressing cells. In the absence of a stimulus, 1%–5% of

the input cells migrated into the lower chamber of the transwell, whereas in

the presence of SDF-1a, typically 30%–60% of the cells chemotaxed.

Percentage of GFP-positive cells migrated relative to transfection efficiency

was calculated to address inhibitory effects.
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Expression and Analysis of WT and F195A Nef in PGCs

of Zebrafish Embryos

Directing expression of various genes specifically to PGCs is facilitated by

fusing the gene of interest to the 30 untranslated region of nanos-1 (nos30UTR),

a zebrafish germ cell-specific gene (Köprunner et al., 2001). Capped sense RNA

of WT or F195A nef fused to gfp and to nos30UTR or of gfp alone fused to

nos30UTR was synthesized with the MessageMachine kit (Ambion; Darmstadt,

Germany) and microinjected into zebrafish embryos (450 pg per embryo) at one-

cell stage. Fish used are of the AB background. Epifluorescence images of 24 hr

embryos were captured with a 53 objective using the Axioplan2 microscope

(Zeiss; Göttingen, Germany) controlled by MetaMorph software (Universal

Imaging; Sunnyvale, CA). Time-lapse movies for track and motility analysis

were generated with a 103 objective. Frames were captured at 1 min intervals,

and for tracking of migrating germ cells, the ‘‘Track Objects’’ software module of

MetaMorph was used. Tracks delineating active migration of PGCs were cor-

rected for movement originating in the surrounding cells that passively drag

PGCs along. For better visualization of PGCs in this analysis, gfp- nos30UTR

RNA was injected (150 pg per embryo) along with WT or F195A nef RNA.

Statistical Evaluation

Statistical significance was calculated by performing a Student’s t test

(***, p < 0.0005; **, p < 0.005; *, p < 0.05).

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, Supple-

mental References, 12 figures, and nine movies and can be found online at

http://www.cell.com/cell-host-microbe/supplemental/S1931-3128(09)00216-9.
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