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Macropinocytosis and TAK1 mediate anti-inflammatory
to pro-inflammatory macrophage differentiation by
HIV-1 Nef

M Hashimoto1, H Nasser1, T Chihara1 and S Suzu*,1

Macrophages (MU) are functionally classified into two types, anti-inflammatory M2 and pro-inflammatory M1. Importantly, we
recently revealed that soluble HIV-1 proteins, particularly the pathogenetic protein Nef, preferentially activate M2-MU and drive
them towards an M1-like MU, which might explain the sustained immune activation seen in HIV-1-infected patients. Here, we
show that the preferential effect of Nef on M2-MU is mediated by TAK1 (TGF-b-activated kinase 1) and macropinocytosis. As with
MAP kinases and NF-jB pathway, Nef markedly activated TAK1 in M-CSF-derived M2-MU but not in GM-CSF-derived M1-MU.
Two Nef mutants, which were unable to activate MAP kinases and NF-jB pathway, failed to activate TAK1. Indeed, the TAK1
inhibitor 5Z-7-oxozeaenol as well as the ectopic expression of a dominant-negative mutant of TAK1 or TRAF2, an upstream
molecule of TAK1, inhibited Nef-induced signaling activation and M1-like phenotypic differentiation of M2-MU. Meanwhile,
the preferential effect of Nef on M2-MU correlated with the fact the Nef entered M2-MU more efficiently than M1-MU. Importantly,
the macropinosome formation inhibitor EIPA completely blocked the internalization of Nef into M2-MU. Because the
macropinocytosis activity of M2-MU was higher than that of M1-MU, our findings indicate that Nef enters M2-MU efficiently by
exploiting their higher macropinocytosis activity and drives them towards M1-like MU by activating TAK1.
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Macrophages (MF), an essential component of the innate
immune system found in all tissues, have an important role in
inflammation and host defense.1 Functionally, MF are
classified into two types, classically activated M1-MF and
alternatively activated M2-MF.2 M1-MF are characterized by
the production of high levels of pro-inflammatory cytokines
and chemokines. In contrast, M2-MF are characterized by
efficient phagocytic activity and high scavenger receptor
expression. MF can undergo pro-inflammatory M1 or anti-
inflammatory M2 activation in response to various signals, but
flexibility is a key feature of MF activation, and the phenotypes
of polarized M1- and M2-MF can be reversed to some extent.2

HIV-1 infection is characterized by chronic immune activa-
tion and inflammation, which is a significant predictor of HIV-1
disease progression.3,4 MF, one of the major targets of HIV-1,
might contribute to this process, as the pathologies of many
diseases are often associated with changes in the balance
between M1-MF, which are implicated in initiating and
sustaining inflammation, and M2-MF, which are involved in
the resolution of chronic inflammation.2 Indeed, in vitro studies
have shown that HIV-1 infection drives MF towards an M1-like
phenotype.5–7 Interestingly, soluble HIV-1 proteins, such as
the envelope glycoprotein gp120, the trans-activating protein
Tat, and the pathogenetic protein Nef, can activate even
uninfected MF.8 These viral proteins are present in the sera of

HIV-1-infected patients and might be released by infected and
apoptotic cells.8,9 Among them, Nef has been shown to
activate MAP kinases, NF-kB, and Stat pathways in unin-
fected MF, resulting in the increased production of a number
of pro-inflammatory cytokines and chemokines, including
IL-1b, IL-6, TNF-a, MIP-1a, and MIP-1b.10–13

We recently revealed that soluble HIV-1 proteins, particu-
larly Nef, preferentially targeted M2-MF, rather than
M1-MF.14 It is well established that GM-CSF and M-CSF
induce the production of M1 and M2-MF, respectively.15–17

We demonstrated that MAP kinases and NF-kB pathway were
markedly activated by Nef in M-CSF-derived M2-MF but not in
GM-CSF-derived M1-MF.14 We also demonstrated that Nef
stimulated the production of a number of pro-inflammatory
cytokines/chemokines in M2-MF but reduced their expression
of the scavenger receptor CD163 and phagocytic activity,14

which are characteristic markers of M2-MF,2 indicating that
Nef drives an M2- to M1-like phenotypic differentiation. The
study outlines a possible mechanism by which Nef efficiently
induces the development of pro-inflammatory MF population,
because the development of most tissue MF depends on
M-CSF and its receptor,18,19 which is an essential axis for the
anti-inflammatory M2-MF phenotype.15–17

Soluble Nef proteins have been shown to directly enter MF
and thereby induce signaling activation.8,12 Indeed, in line with
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its preferential effect on M2-MF, we demonstrated that Nef
entered M2-MF more rapidly and efficiently than M1-MF.14

However, the precise mechanism by which Nef enters MF,
particularly M2-MF more efficiently, is poorly understood. It
also remains to be determined how Nef strongly activates both
MAP kinases and NF-kB pathway and induces an M2- to M1-
like phenotypic differentiation. Our previous pharmacological
inhibition analysis suggests that various kinases that
have been reported to be activated by Nef, including Hck,
PI3-kinase, and p21-activated kinase,20–22 are not involved in
the preferential effect of Nef on M2-MF.14 Here, we provide
the first evidence that macropinocytosis and TAK1 (TGF-b-
activated kinase 1, also known as MAP3K7) mediate the
anti-inflammatory to pro-inflammatory MF differentiation by
the HIV-1 pathogenetic protein Nef.

Results

Nef-induced strong activation of MAP kinases and
NF-jB pathway in M2-MU is mediated by TAK1. As

reported previously,14 the recombinant Nef proteins strongly
activated MAP kinases (p38, JNK, and ERK) and NF-kB
pathway (IKKa/b phosphorylation and IkB degradation) in
M-CSF-derived M2 but only weakly activated them in
GM-CSF-derived M1-MF (Figure 1a). Our previous study
showed that the activation of p38 in M2-MF was detectable
at a minimum Nef concentration of 3 ng/ml,14 which is
comparable to the concentration of Nef seen in patients’
sera (1–10 ng/ml),9 and the observed effect was specific to
Nef, because the Nef preparation failed to activate p38 when
it was immune-depleted with anti-Nef antibodies.14 In this
study, we initially found that TAK1, a MAP kinase kinase
kinase,23 was also strongly activated by Nef in M2-MF, but
not in M1-MF (Figure 1a). The slowly migrating TAK1 on
SDS-PAGE was shown to represent a phosphorylated and
activated form,24 which was detected in Nef-treated M2-MF
(total TAK1 blot). The activation of TAK1 was further
confirmed using an antibody specific to phosphorylated
TAK1 (p-TAK1 blot). In the previous study,14 we used three
Nef mutants, G2A, AxxA, and LL/AA. Among them, two
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Figure 1 The differential Nef-induced activation of MAP kinases, NF-kB pathway, and TAK1 between M2 and M1-MF. (a) MF were obtained by culturing peripheral blood
monocytes from a single donor for 5 days with 100 ng/ml macrophages colony-stimulating factor (M-CSF; M2) or 10 ng/ml granulocyte-macrophages colony-stimulating factor
(GM-CSF; M1), stimulated with Nef (100 ng/ml) for the indicated periods (min) and analyzed by western blotting using the indicated antibodies. p-p38: phospho-p38, p-JNK:
phospho-JNK, p-ERK: phospho-ERK, p-IKKa/b: phospho-IKKa/b, p-TAK1: phospho-TAK1. The slowly migrating TAK1 in total TAK1 blots represents the phosphorylated and
activated form (p-TAK1). (b) The His-tagged Nef mutants used (G2A, AxxA, and LL/AA) are shown schematically. To verify that the concentrations of these Nef preparations
were equivalent, samples of these preparations with identical volumes were analyzed by western blotting using anti-His-tag antibodies (data not shown). M2-MF were
stimulated with 100 ng/ml WT Nef or the indicated Nef mutants for 30 min and then analyzed by western blotting using the indicated antibodies. (c) M2-MF were stimulated
with Nef (100 ng/ml) or tumor necrosis factor-a (10 ng/ml) for the indicated periods (min) and then analyzed by western blotting using the indicated antibodies. (a–c) The actin
blot is a loading control. Experiments were repeated with MF obtained from different donors, and the data shown are representative of three independent experiments with
similar results. ERK, extracellular signal–regulated kinase; IKK, inhibitor-kB kinase; JNK, c-Jun N-terminal kinase
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mutants, G2A, which lacks a myristoylation site, and AxxA,
which carries a mutation in its proline-rich PxxP motif,25,26

failed to activate MAP kinases and NF-kB pathway.14 As
shown in Figure 1b, these mutants also failed to activate
TAK1, even when they were added to M2-MF. In contrast,
the LL/AA mutant, which carries a mutation in its di-leucine
motif,25,26 activated MAP kinases, NF-kB pathway,14 and
also TAK1 (Figure 1b). We then compared the ability of Nef
to activate TAK1 with that of TNF-a, which is known to
activate TAK1.23 As shown in Figure 1c, Nef activated p38,
IKKa/b, and also TAK1 more strongly than TNF-a.

TAK1 was originally identified as a kinase that is involved in
TGF-b signaling.27 Interestingly, TAK1 also functions as an
upstream signaling molecule of MAP kinases and NF-kB
pathway in IL-1 signaling pathways.28 Thus, we next
investigated whether TAK1 mediates the Nef-induced
activation of MAP kinases and NF-kB pathway in M2-MF
using 5Z-7-oxozeaenol, a selective inhibitor of TAK1.29,30 We
found that the pretreatment of M2-MF with 5Z-7-oxozeaenol
inhibited the Nef-induced activation of MAP kinases and
NF-kB pathway in a concentration-dependent manner
(Figure 2a). The inhibitory effects of 5Z-7-oxozeaenol on the
activation of p38, ERK, JNK, IKKa/b, and TAK1 were
detectable at concentrations of 0.1–0.2 mM, which were
used in previous studies,29,30 although higher concentrations

(40.5 mM) were required for the inhibition of IkB degradation
(Figure 2a). Nef also activates Stat family proteins in MF,14

which appears to be initiated by the activation of MAP kinases
and/or NF-kB pathway followed by the enhanced production
of pro-inflammatory cytokines and chemokines.10,12 Indeed,
the activation of Stat1 and Stat3 in Nef-treated M2-MF
showed delayed kinetics (detectable at 2 and 4 h,
respectively) compared with that of p38 activation (detectable
within 1 h), and 5Z-7-oxozeaenol (0.3 mM) also inhibited the
Nef-induced activation of Stat1 and Stat3 (Figure 2b).
The inhibitory effect was specific to Nef, because 5Z-7-
oxozeaenol did not inhibit GM-CSF-induced activation of
Stat1 and Stat5 in M2-MF (Figure 2c).

Nef-induced weak activation of MAP kinases and NF-jB
pathway in M1-MU is also mediated by TAK1. Although
the precise mechanism is poorly understood, soluble Nef has
been shown to enter MF.13,31 Indeed, our previous study
showed that FITC-labeled Nef entered M1-MF less efficiently
than it entered M2-MF,14 which accounted for the weak
signaling activation induced in M1-MF by Nef (see
Figure 1a). Interestingly, this was the case even when
M2-MF were treated with IL-32 (Figures 3a and b), a recently
identified cytokine that supports pro-inflammatory MF
differentiation.32 FITC-labeled Nef entered IL-32-treated

(-
)

(-
)

(-
)

(-
)

(-
)

1.
5

oxozeaenol (μM)

0.
1

0.
2

0.
5

1.
0

actin

p-p38

total TAK1

total p38

p-TAK1

(-
)

D
M

S
O

Pre-
treatment:

Nef: (-) (+)

1000 1 2 4 8

actin

2 4 8

Pre-
treatment:

Pre-
treatment:

D
M

S
O
oxozeaenol

p-TAK1 1 5 51

(-
)

0GM-CSF (min):

actin

total Stat5

(-
) oxozeaenol(-
)

M2 M2

M2

MΦ: MΦ:

MΦ:

p-Stat1

total Stat1

p-Stat5

p-ERK

total ERK

p-JNK

total JNK

IκB
p-IKKα/β

total IKKα

Nef (h):
p-p38

total p38

p-Stat1

total Stat1

p-Stat3

total Stat3

Figure 2 The effect of TAK1 inhibitor 5Z-7-oxozeaenol on the Nef-induced signaling activation in M2-MF. (a) M2-MF were left untreated (� ) or pretreated for 1 h with
DMSO or 5Z-7-oxozeaenol at the concentrations indicated (mM). Then, the MF were left untreated (� ) or stimulated with Nef (100 ng/ml) for 30 min and then analyzed by
western blotting using the indicated antibodies. (b) M2-MF were left untreated (� ) or pretreated for 1 h with DMSO or 5Z-7-oxozeaenol (0.3mM). Then, the MF were left
untreated or stimulated with Nef (100 ng/ml) for the indicated periods (h) and analyzed by western blotting using the indicated antibodies. (c) M2-MF were left untreated (� )
or preincubated for 1 h with DMSO or 5Z-7-oxozeaenol (0.3mM). Then, the MF were left untreated or stimulated with granulocyte-macrophages colony-stimulating factor
(GM-CSF; 10 ng/ml) for the indicated periods (min) and analyzed by western blotting using the indicated antibodies. p-Stat1: phospho-Stat1, p-Stat3: phospho-Stat3, p-Stat5:
phospho-Stat5. (a–c) The actin blot is a loading control. Experiments were repeated with M2-MF obtained from different donors, and the data shown are representative of
three independent experiments with similar results. ERK, extracellular signal–regulated kinase; IKK, inhibitor-kB kinase; JNK, c-Jun N-terminal kinase; Stat, signal transducer
and activator of transcription factor

Mechanism of M2- to M1-MU differentiation by Nef
M Hashimoto et al

3

Cell Death and Disease



M2-MF less efficiently that it entered untreated M2-MF
(Figure 3a), which was consistent with the weak activation of
p38, IKKa/b, and TAK1 by Nef in IL-32-treated M2-MF
(Figure 3b). Based on the result, we next investigated
whether the Nef-induced weak activation of MAP kinases
and NF-kB pathway in M1-MF is also mediated by TAK1.
To equalize the amount of Nef that entered the MF, M2 and

M1-MF were incubated with 100 and 1000 ng/ml Nef,
respectively (Figure 3c). Under these conditions, the high
concentration (1000 ng/ml) of Nef induced the activation of
p38 as well as TAK1 in M1-MF at a level comparable to that
seen in M2-MF treated with 10-fold lower concentration
(100 ng/ml) of Nef, and the activation of both p38 and IKKa/b
induced in M1-MF by the high concentration of Nef was
completely inhibited by 0.3 mM 5Z-7-oxozeaenol (Figure 3d).
Thus, although M1-MF were less sensitive to Nef stimulation
than M2-MF, the Nef-induced weak signaling activation in
M1-MF was also TAK1 dependent.

TAK1 inhibitor diminishes Nef-induced M2- to M1-like
MU differentiation. We next investigated whether 5Z-7-
oxozeaenol also inhibits the phenotypic alterations induced
by Nef in M2-MF. To this end, we focused on the expression
of the scavenger receptor CD163 and the production of IL-6,
because Nef downregulated CD163 in M2-MF but induced
their production of a number of pro-inflammatory cytokines
and chemokines, including IL-6.14 As shown in Figure 4a,
5Z-7-oxozeaenol (0.3 mM) diminished the downregulation of
CD163 induced by wild-type (WT) Nef or the LL/AA Nef
mutant. Moreover, 5Z-7-oxozeaenol (0.3 mM) strongly
inhibited the Nef-induced production of IL-6 (Figure 4b).
Consistent with the ability to activate signaling (see
Figure 1b), the LL/AA Nef mutant, but not the G2A and
AxxA mutants, strongly induced IL-6 production, and the
LL/AA-induced IL-6 production was also inhibited by 5Z-7-
oxozeaenol (Figure 4c). WT and the LL/AA mutant did not
affect the level of IFN-g and IL-12 (data not shown) but
strongly induced the production of TNF-a and slightly induced
the production of IL-10, which were also inhibited by 5Z-7-
oxozeaenol (Figure 4d).

We also investigated whether the higher concentration of
Nef stimulates the production of cytokines and chemokines in
M1-MF as was observed in M2-MF14 and whether 5Z-7-
oxozeaenol inhibits this process. Indeed, when used at
1000 ng/ml, Nef enhanced the production of I-309, GROa,
IL-1ra (IL-1 receptor antagonist), IL-6, and IL-8 even in M1-
MF, which was markedly inhibited by 0.3mM 5Z-7-oxozeaenol
(Figure 4e). These results clearly indicate that the Nef-
induced signaling activation and phenotypic alterations are
mediated by TAK1, in both M2 and M1-MF.

Dominant-negative (DN) TAK1 mutant diminishes
Nef-induced signaling activation and phenotypic
alterations. To further verify the importance of TAK1 in
Nef-induced aberrant MF differentiation, we next performed
experiments with a catalytically inactive DN form of TAK1,
which carries a K63W substitution in its ATP-binding site.24

A RING domain-deleted DN form of TRAF2 (TNF receptor-
associated factor 2), which lacks E3 ligase activity, was also
used, as TRAF2 functions as an upstream signaling
molecule of TAK1.23 Mouse MF-like RAW264.7 cells were
used as target cells, because soluble Nef induced the
activation of p38 and JNK and the degradation of IkB in the
cells (Figure 5a), as was observed in human primary M2-MF.
The p38 and JNK activation and IkB degradation induced by
Nef in RAW264.7 cells were also inhibited by 5Z-7-
oxozeaenol (data not shown). As shown in Figures 5a and b,
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the ectopic expression of the DN form of TAK1 or TRAF2
diminished the p38 and JNK activation and IkB degradation
induced by Nef in RAW264.7 cells. We previously demon-
strated that Nef downregulated the cell surface expression of
M-CSF receptor in human M2-MF,14 which is an essential
signaling axis for the maintenance of anti-inflammatory
phenotypes of MF.15–17 Importantly, the ectopic expression
of the DN TAK1 mutant in RAW264.7 cells also diminished

the Nef-induced downregulation of M-CSF receptor expres-
sion (Figures 5c and d).

Efficient internalization of Nef into M2-MU is mediated
by higher macropinocytosis activity of M2-MU. Finally,
we attempted to clarify the molecular mechanism by which
Nef enters MF, by taking advantage of the finding that Nef
enters M2-MF more efficiently than M1-MF and IL-32-treated
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M2-MF (see Figure 3). Dynasore, which is a potent inhibitor
of endocytic pathways known to depend on a large GTPase
dynamin,33 had little effect on the internalization of FITC-
labeled Nef into M2-MF (Figures 6a and b). Of importance,
however, we found that EIPA (5-(N-ethyl-N-isopropyl)amiloride),
which is a potent and specific inhibitor of Naþ /Hþ

exchanger activity important for macropinosome forma-
tion,34,35 significantly inhibited the Nef internalization into
M2-MF (Figures 6a and b). Indeed, when assessed by the
uptake of lucifer yellow, a fluorescent dye commonly used to
monitor macropinocytosis,36 the macropinocytosis activity of

M2-MF was higher than that of M1-MF (Figures 6c and d).
Moreover, IL-32-treated M2-MF, into which Nef entered less
efficiently (see Figure 3a), showed a weaker macropinocy-
tosis activity than untreated M2-MF (Figures 6c and d).
These results strongly suggested that Nef entered M2-MF
efficiently by exploiting their higher macropinocytosis activity.

In summary, the current study identified the whole pathway
by which Nef induces the M2 to M1-like MF differentiation; Nef
enters M2-MF efficiently by exploiting their intrinsic higher
macropinocytosis activity and drives them towards M1-like
MF by activating a signaling cascade that includes TAK1.
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Discussion

M-CSF and GM-CSF support the differentiation and survival
of MF.17 Other cytokines such as IL-34 and IL-32 also have
been shown to support MF differentiation and survival.32,37,38

Among them, M-CSF is the most critical, because the
development of most tissue MF depends on M-CSF, as
demonstrated by studies with mice, such as M-CSF-deficient
op/op,18 M-CSF receptor knockout,19 and GM-CSF knockout
mice.39 Thus, our previous finding that HIV-1 Nef

preferentially targets M-CSF-derived M2-MF, which predo-
minate under normal conditions, and drives them towards
M1-like MF provides a novel mechanism by which HIV-1
efficiently and rapidly induces the sustained immune activa-
tion observed in HIV-1 infection. A noteworthy finding of the
present study is that Nef enters M2-MF by exploiting their
intrinsic higher macropinocytosis activity (Figure 6). It has
been shown that Nef directly enters MF, induces signaling
activation, and accumulates in perinuclear regions.8,14,31

However, how Nef enters MF was poorly understood.
Macropinocytosis is responsible for nonspecific uptake of
fluid, solutes, membranes, ligands, and small particles
attached to the plasma membranes and is regulated by the
activation of receptor tyrosine kinases, which occurs in
response to growth factors, including M-CSF.40 Indeed, EIPA,
which has been shown to inhibit macropinosome formation
without affecting other endocytic pathways,41 significantly
inhibited the Nef internalization into M2-MF (Figures 6a and b).
Dynasore, the potent inhibitor of endocytic pathways known to
depend on a large GTPase dynamin,33 had little effect
on the internalization of Nef into M2-MF (Figures 6a and b).
The finding that the macropinocytosis activity of M1-MF
and IL-32-treated M2-MF, into which Nef entered less
efficiently (Figures 3a and c), was weaker than that of
M2-MF (Figures 6c and d) further supports the idea that Nef
exploits macropinocytosis to enter MF.

Recent studies show that macropinocytosis is used by
many biological processes. For instance, Ras-transformed
cells use macropinocytosis to transport extracellular proteins
into the cells for their metabolic needs.42 Interestingly,
macropinocytosis is also used by a variety of non-enveloped
and enveloped viruses, including HIV-1, for their entry into
the target cells.34,35,43,44 More interestingly, it was shown
that the HIV-1 trans-activating protein Tat enters cells by
macropinocytosis.45 Thus, our finding that Nef exploits
macropinocytosis to enter M2-MF efficiently further
strengthens the important role of macropinocytosis in the
pathogenesis of HIV-1.

Another noteworthy finding of the present study is that Nef
induces the M2- to M1-like MF differentiation through the
activation of TAK1, which was confirmed by the experiments
with 5Z-7-oxozeaenol, the selective inhibitor of TAK1 (Figures
2 and 4), and those with the DN form of TAK1 (Figure 5). It has
been shown that other viruses also hijack the TAK1 cascade.
For instance, TAK1 was found to be constitutively activated in
HTLV-1-infected T lymphoma cell lines in a viral Tax
oncoprotein-dependent manner.46 EB virus-encoded latent
membrane protein 1 can also activate TAK1.47 Interestingly, it
was recently demonstrated that the HIV-1 glycoprotein gp41
activated NF-kB pathway in a TAK1-dependent manner to
potentiate viral replication in CD4þ T cells.48 It was also
recently demonstrated that BST2 (also known as tetherin),
a cellular protein that inhibits HIV-1 virion release by physically
tethering virions to the cell surface, was able to induce pro-
inflammatory signaling in CD4þ T cells in a TAK1-dependent
manner, when it restricted virion release.49,50 Another cellular
HIV-1 restriction protein, TRIM5, was also reported to activate
TAK1 when it interacted with the viral capsid lattice.51 Thus,
our finding that Nef also utilizes TAK1 to activate and drive
anti-inflammatory M2-MF towards an inflammatory M1-like
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phenotypic differentiation further strengthens the assertion that
TAK1 have a multifaceted role in the pathogenesis of HIV-1.

Mechanistically, Nef appears to activate TAK1 through
TRAF2, the upstream molecule of TAK1,23 because the DN
TRAF2 mutant diminished the Nef-induced p38 and JNK
activation and IkB degradation (Figures 5a and b), as well
as the Nef-induced downregulation of M-CSF receptor
expression (data not shown). These results were consistent
with the recent finding that Nef interacts with TRAF2.52,53

Interestingly, the N-terminal acidic cluster domain of Nef
mediates its interaction with TRAF2.52 Thus, further studies
are necessary to clarify why the AxxA mutant, which carries a
mutation in another motif adjacent to the acidic cluster
domain,26 that is, the proline-rich PxxP motif, failed to activate
MAP kinases, NF-kB pathway, and TAK1 (Figure 1b).

HIV-1 infection leads to chronic inflammation and alterations
in the levels of pro-inflammatory cytokines, including IL-6.54 In
this study, we showed that Nef strongly induced the production
of IL-6 in M2-MF, which was blocked by the TAK1 inhibitor
(Figures 4b and c). We also found that Nef induced a sustained
induction of IL-6 in M2-MF even when monitored up to day 9
(data not shown). Importantly, several cohort studies have
revealed that the increased level of IL-6 is associated with HIV-
1 disease progression risk and an all-cause mortality in chronic
HIV-1 infection.54–58 However, the drivers of IL-6 production in
HIV-1 infection are not known. Thus, our finding raises an
intriguing possibility that the M1-like MF differentiated from M2-
MF by the action of Nef are a source of IL-6 in HIV-1 infection.
The identified whole pathway by which Nef induces the M2- to
M1-like MF differentiation will contribute to novel therapies to
prevent or reverse inflammation in HIV-1-infected patients.

Materials and Methods
Recombinant Nef proteins and cytokines. C-terminally His-tagged
210-amino acid HIV-1 Nef proteins (SF2 strain) produced in E. coli were
purchased from Jena Bioscience (Jena, Germany). In selected experiments
(Figure 1b, Figures 4a and c), Nef mutants (G2A, AxxA, or LL/AA; see Figure 1b
for details) purchased from Jena Bioscience were also used. The endotoxin level
of these preparations was o0.3 EU per 1mg as determined by the LAL method
(data not shown). Recombinant human (rh)M-CSF with a molecular weight of
85 kDa59 was a gift from Morinaga Milk Industry (Kanagawa, Japan). rhGM-CSF
and rhTNF-a were purchased from PeproTech (Rocky Hill, NJ, USA). rhIL-32g
was purchased from R&D Systems (Minneapolis, MN, USA).

Chemical inhibitors. The resorcylic acid lactone 5Z-7-oxozeaenol, which is
the selective inhibitor of TAK1,29,30 was purchased from Calbiochem (Gibbstown,
NJ, USA). Dynasore, the potent inhibitor of endocytic pathways known to depend
on a large GTPase dynamin,33 and EIPA, the potent and specific inhibitor of
Naþ /Hþ exchanger activity important for macropinosome formation,34,35 were
purchased from Sigma (St. Louis, MO, USA). These inhibitors were dissolved in
dimethyl sulfoxide (DMSO; Wako, Osaka, Japan) and added to the culture of MF
cultures before their stimulation with Nef at the indicated concentrations (0.1%
v/v). The same volume of DMSO was used as a vehicle control.

Preparation of primary human monocyte-derived MU. Heparinized
venous blood was collected from healthy donors after informed consent had been
obtained in accordance with the Declaration of Helsinki. The approval for this study
was obtained from the Kumamoto University medical ethical committee. MF were
prepared essentially as described previously.14 Briefly, mononuclear cells obtained
using PANCOLL reagent (PAN Biotech, Aidenbach, Germany) were suspended in
RPMI1640 medium–1% FCS at a density of 1� 106 cells/ml and seeded in multi-
well plates or dishes. Monocytes were enriched by allowing the cells to adhere to
the plates or dishes for 1 h at 37 1C, and non-adherent cells were removed by
extensive washing with PBS. Then, the adherent monocytes were differentiated

into MF by culturing them with RPMI1640–10% FCS containing 100 ng/ml
rhM-CSF (M2-MF) or 10 ng/ml rhGM-CSF (M1-MF). After 3 days, the cultures
were replaced with fresh complete media after extensive washing with PBS to
remove non-adherent cells, before being incubated for another 2 days. At day 5,
the purity of the MF prepared by this method was routinely 495%, according to a
flow cytometric analysis of CD14 expression (data not shown). In selected
experiments (Figures 3a and b, and 6c and d), rhIL-32g was added to the
M-CSF-derived day-5 MF at a final concentration of 100 ng/ml, and the MF were
cultured for another 2 days. The differentiated MF were used in the subsequent
experiments. Recombinant Nef was added at a final concentration of 100 ng/ml,
unless otherwise stated.

RAW264.7 cells, DN TAK1 and TRAF2 and transfection. In this
study, we also used mouse MF cell line RAW264.7, which was obtained from
RIKEN Cell Bank (Tsukuba, Japan) and maintained in RPMI1640–10% FCS. The
Flag-tagged DN mutants of mouse TAK1 (K63W) and TRAF2 (257-501), which
were cloned in pcDNA3 vector (Invitrogen, Carlsbad, CA, USA), were provided by
Ito M.60 Transient expression of the DN TAK1 or TRAF2 in RAW264.7 cells was
performed using X-tremeGENE HP reagent (Roche, Indianapolis, IN, USA),
according to the manufacturer’s recommendations. Briefly, the cells were seeded
in a 12-well tissue culture plate (2� 105 cells/well), transfected with 2mg plasmid
(the empty vector or the DN TAK1 or TRAF2 plasmid) and 4ml of the transfection
reagent, and cultured for 2 days. The transfected RAW264.7 cells were used in
subsequent experiments.

Western blotting. Western blotting was performed essentially as described
previously.14 Briefly, the cells were stimulated and lysed on ice with Nonidet P-40
lysis buffer (1% Nonidet P-40, 50 mM Tris, and 150 mM NaCl) containing protease
inhibitors (1 mM EDTA, 1mM PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin, and
1mg/ml pepstatin) and phosphatase inhibitors (1 mM Na3VO4 and 1 mM NaF). The
resultant total cell lysates were then subjected to western blotting. The antibodies
used were as follows: anti-phospho-specific p38 (Thr180/Tyr182; Cell Signaling,
Danvers, MA, USA), anti-p38 (no. A-12; Santa Cruz Biotechnology, Dallas, TX,
USA), anti-phospho-specific JNK (Thr183/Tyr185; Cell Signaling), anti-JNK (no.
FL; Santa Cruz Biotechnology), anti-phospho-specific ERK (Tyr204; Santa Cruz
Biotechnology), anti-ERK (no. K-23; Santa Cruz Biotechnology), anti-IkB-a (no.
C-21; Santa Cruz Biotechnology), anti-phospho-specific IKKa/b (Ser176/Ser180;
Cell Signaling), anti-IKKa (no. 2682; Cell Signaling), anti-phospho-specific TAK1
(Thr184/Thr187; Cell Signaling), anti-TAK1 (no. 4505; Cell Signaling), anti-
phospho-specific Stat1 (pY701; BD Biosciences, San Jose, CA, USA), anti-Stat1
(no. 610185; BD Biosciences), anti-phospho-specific Stat3 (pY705; BD
Biosciences), anti-Stat3 (no. 610189; BD Biosciences), anti-phospho-specific
Stat5 (pY694; BD Biosciences), anti-Stat5 (no. 610191; BD Biosciences), and anti-
actin (no. C-2; Santa Cruz Biotechnology). Detection was performed with HRP-
labeled secondary antibodies (GE Healthcare, Pittburgh, PA, USA), the
Immunostar LD western blotting detection reagent (Wako), and an image
analyzer ImageQuant LAS 4000 (GE Healthcare). In a selected experiment
(Figure 5b), the intensity of the bands was quantified using the ImageQuant TL
software (GE Healthcare).

Flow cytometry. The internalization of Nef into MF was quantified by flow
cytometry on an LSR II (BD Biosciences) using the FlowJo software (Tree Star,
Ashland, OR, USA). MF were incubated with FITC-labeled Nef (purchased from
Fitzgerald, Acton, MA, USA) at 37 1C, detached from the wells using 0.25% trypsin
(Wako) after extensive washing with PBS, and immediately subjected to flow
cytometric analysis.14 The macropinocytosis activity of MF was analyzed by
measuring the uptake of lucifer yellow.36 MF were incubated with lucifer yellow
CH dipotassium salt (Sigma; 100mg/ml) for 2, 4, or 6 h, detached from the wells
using 0.25% trypsin after extensive washing with PBS, and immediately subjected
to flow cytometric analysis. The surface expression of CD163 on MF and M-CSF
receptor on RAW264.7 cells was also assessed by flow cytometry. Cells left
untreated or stimulated with Nef were detached from the wells using enzyme-free
cell dissociation buffer (Gibco, Grand Island, NY, USA), stained with PE-labeled
anti-human CD163 (GHI/61; BioLegend, San Diego, CA, USA), or PE-labeled
anti-mouse M-CSF receptor (AFS98; eBioscience, San Diego, CA, USA) and
analyzed on the LSR II using the FlowJo software.

Cytokine/chemokine production. The supernatants of M2-MF stimu-
lated with Nef were collected and analyzed for the concentration of IL-6, IL-10,
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IL-12/IL-23 (p40), IFN-g, and TNF-a by ELISA (BioLegend). The relative levels of
multiple cytokines and chemokines in the supernatants of M1-MF stimulated with
Nef were analyzed using a human cytokine array (R&D Systems) according to the
manufacturer’s instructions. Briefly, the culture supernatants of M1-MF (100ml),
which were collected after centrifugation, were added to dot blots onto which the
capture antibodies had been spotted in duplicate. After incubation with the
secondary antibody mixture, the signals were detected using the Immunostar LD
western blotting detection reagent and an ImageQuant LAS 4000 image
analyzer.14 The intensity of the spots was quantified using the ImageQuant TL
software.

Statistical analysis. The statistical significance of inter-sample differences
was determined using the Student’s t-test. P-values of o0.05 were considered
significant.
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