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Human immunodeficiency virus-1 (HIV-1) impairs tumor
necrosis factor-a (TNF-a)-mediated macrophage apoptosis in-
duced by Mycobacterium tuberculosis (Mtb). HIV Nef protein
plays an important role in the pathogenesis of AIDS. We have
tested the hypothesis that exogenous Nef'is a factor that inhibits
TNF-a production/apoptosis in macrophages infected with
Mtb. We demonstrate that Mtb and Nef individually trigger
TNF-a production in macrophages. However, TNF-a produc-
tion is dampened when the two are present simultaneously,
probably through cross-regulation of the individual signaling
pathways leading to activation of the TNF-a promoter. Mtb-
induced TNF-« production is abrogated upon mutation of the
Ets, Egr, Sp1, CRE, or AP1 binding sites on the TNF-a promoter,
whereas Nef-mediated promoter activation depends only on the
CRE and AP1 binding sites, pointing to differences in the mech-
anisms of activation of the promoter. Mtb-dependent promoter
activation depends on the mitogen-activated kinase (MAPK)
kinase kinase ASK1 and on MEK/ERK signaling. Nef inhibits
ASK1/p38 MAPK-dependent Mtb-induced TNF-« production
probably by inhibiting binding of ATF2 to the TNF-a promoter.
It also inhibits MEK/ERK-dependent Mtb-induced binding
of FosB to the promoter. Nef-driven TNF-a production
occurs in an ASK1-independent, Rac1/PAK1/p38 MAPK-de-
pendent, and MEK/ERK-independent manner. The signaling
pathways used by Mtb and Nef to trigger TNF-« production are
therefore distinctly different. In addition to attenuating Mtb-
dependent TNF-« promoter activation, Nef also reduces Mtb-
dependent TNF-a mRNA stability probably through its ability
to inhibit ASK1/p38 MAPK signaling. These results provide
new insight into how HIV Nef probably exacerbates tuberculosis
infection by virtue of its ability to dampen Mtb-induced TNF-«
production.

The development and progression of AIDS is intimately
associated with loss of normal immunological functions. Nef
is a 27-kDa protein expressed by HIV-1/2? early during
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infection from multiple spliced viral mRNAs (1). It is consid-
ered to be a factor involved in the progression to AIDS (2-5).
There is a large body of literature establishing the role of Nef in
lymphocyte signaling. Nef increases viral replication in lym-
phocytes and down-regulates the cell surface expression of
CD4, major histocompatibility complex class I A and B but
not C (6—-11), and several other receptors, including CD28 (12),
CD80, CD86 (13), and CCR5 (14). Major histocompatibility
complex class I down-regulation protects infected cells from
killing by major histocompatibility complex class I A or B
restricted cytotoxic T cells (15) and avoids killing by natural
killer cells (16). Nefalso prevents apoptosis of HIV-1-infected T
cells (17). It deregulates cofilin in a PAK2-dependent manner,
thereby restricting migration of T cells (18). It interacts with
and regulates the activity of Src family kinases (19), class I phos-
phatidylinositol 3-kinase, guanine nucleotide exchange factor
Vav, and calmodulin (20-22). Very recently, it has been estab-
lished that Nef activates bidirectional membrane trafficking
in T cells, which promotes transfer of Nef from infected to
bystander cells (23). This offers an explanation for the detri-
mental effects observed in bystander cells in HIV infection.

Less is known about the role of Nef on signaling in macro-
phages. Nef reduces the expression of the mannose receptor on
the macrophage cell surface by ~50% (24). This is likely to
contribute to crippling the host immune response. Nef-ex-
pressing macrophages attract CD4 " T cells thereby promoting
productive HIV infection (25).

Considering that extracellular Nef has been detected in
supernatants from HIV-1-infected cell cultures and in the
serum of AIDS patients (26), signals delivered by exogenous
Nef to immune cells are likely to be relevant to disease progres-
sion. Exogenous Nef activates the kB kinase complex and the
MAPKs JNK, ERK, and p38 in macrophages (27). Nef was
detected inside B cells in vivo and shown to hamper B cell
responses (28). Exogenous Nef reportedly activates NF-kB,
AP-1, and c-Jun N-terminal kinase (JNK) in promonocytic cells
(29). Exogenous Nef enters CD4" T cells and primary macro-
phages by adsorptive endocytosis and activates signal transduc-
ers and activators of transcription 1 in macrophages (30).

kinase 1; ChIP, chromatin immunoprecipitation; MAPK, mitogen-activated
protein kinase; ERK, extracellular signal regulated kinase; MEK1, MAPK/ERK
kinase 1;JNK, c-Jun N-terminal kinase; Mtb, M. tuberculosis; ELISA, enzyme-
linked immunosorbent assay; GST, glutathione S-transferase; MAP3K,
MAPK kinase kinase; KD, kinase-dead; KM, kinase-dead mutant; dn, domi-
nant negative.
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Although the stimulatory effects of exogenous Nef on NF-«B,
AP-1, and JNK have been observed in U937 cells, Ma et al. (31)
have reported that intracellular Nef, expressed through trans-
duction of primary monocytes and promonocytic THP1 cells
with retroviral nef gene, inhibits lipopolysaccharide-induced
interleukin-12 p40 transcription by inhibiting JNK. The effects
of Nef clearly appear to be context-specific. HIV-infected
macrophages transfer Nef to B cells through long cellular pro-
trusions, resulting in inhibition of immunoglobulin class
switching (32).

Mpycobacterium tuberculosis (Mtb) co-infection occurs in a
large number of HIV-positive subjects, and mortality rates
are very high (33). Alveolar macrophages serve as reservoirs
of Mtb. Apoptosis of macrophages is believed to be essential
for efficient control of Mtb infection, and increased apopto-
sis is a hallmark of bronchoalveolar lavage and lung tissue
specimens of Mtb-infected patients (34, 35). In vitro HIV infec-
tion of alveolar macrophages has been reported to reduce both
macrophage apoptosis as well as release of the apoptosis-induc-
ing cytokine TNF-« in response to challenge with Mtb (36).
Taken together with the observation that Nef attenuates HIV-
induced macrophage apoptosis (37), this provided the motiva-
tion to test whether Nef could modulate apoptosis in Mtb-in-
fected macrophages.

The viral burden is high in tissue compartments such as lymph
nodes, even during the clinically latent stage of the disease (38).
There is close interaction between infected lymphocytes and
macrophages, in these compartments, raising the possibility that
exogenous Nef could influence signaling in bystander macro-
phages. In this report we have tested the effects of exogenous Nef
on signaling in Mtb-infected macrophages. We provide evidence
that Nef attenuates apoptosis of Mtb-infected macrophages. This
is most likely due to an attenuation of TNF-« production by Nef.
Nefand Mtb both elicit TNF-« production. However, there is a net
inhibitory effect when macrophages are challenged simulta-
neously with Nef and Mtb, probably due to mutual cross-regula-
tion of signaling pathways.

EXPERIMENTAL PROCEDURES

Bacterial Strains—Escherichia coli BL21 (DE3) and E. coli
DHb5a strains were grown in Luria-Bertani (LB) Miller media.
M. tuberculosis H37Rv was grown in Middlebrook 7H9 broth or
Middlebrook 7H10 solid medium supplemented with albumin-
dextrose-catalase and 0.05% Tween 80.

Molecular Biological Procedures—Standard procedures were
used for cloning and analysis of DNA, PCR, and transformation.
Enzymes used to manipulate DNA were from Roche Applied
Science. All constructs made by PCR were sequenced to verify
their integrity.

Antibodies—Antibodies against ASK1, Sp1, FosB, and ATF2
were from Santa Cruz Biotechnology (Santa Cruz, CA); Racl,
PAK1, ERK1/2, p38 MAPK, phospho-ERK1/2, phospho p38
MAPK, and phospho PAK1 antibodies were from Cell Signaling
Technology (Beverly, MA).

Expression and Purification of SF2 Nef—N-terminal His-
tagged SF2 Nefin pET 15b was a gift from Dr. Yong Hui Zheng
(Michigan State University). SF2 Nef in pET15b was trans-
formed in E. coli BL21 (DE3). Expression was carried out in the
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presence of 0.1 mm isopropyl-B-p-thiogalactopyranoside at
37 °C for 4 h. Cells were disrupted by sonication in 10 mm Tris-
HCI (pH 8.0) containing 1 mm MgCl,, 1 mm Pefabloc, 1 pg/ml
leupeptin, and 1 ug/ml pepstatin. Protein was purified from the
post-sonicate supernatant by chromatography on nickel-ni-
trilotriacetic acid-agarose.

Plasmids—HA-tagged wild-type ASK1 and a catalytically
inactive mutant (K709M) of ASK1(ASK1, KM) were obtained
from Prof. Hidenori Ichijo, University of Tokyo. The dominant
negative mutant of p38 MAPK (p38(agf)) was obtained from Dr.
Roger Davis, University of Massachusetts Medical School,
Worcester, MA. Dominant-negative MEK1 was a gift from Dr.
D.]. Templeton, Case Western Reserve University, Cleveland,
OH. Kinase-dead pCMV-PAKI1 (K299R) (PAK1-KD) was a gift
from Dr. Jeffrey Frost, University of Texas Southwestern Med-
ical Center, Dallas, TX.

Using genomic DNA from RAW?264.7 cells as template, the
TNF-a promoter region (—185 to +69) was amplified by PCR
using the sense and antisense primers 5'-ATAGGTACCCCC-
CAACTTTCCAAACCC-3' and 5'-AAAGATCTAGCTATT-
TCCAAGATGTTC-3', respectively. The resulting TNF-« pro-
moter region (wild type) was cloned into the vector pGL3-basic
(Promega) harboring the promoter-less luciferase gene, using
asymmetric Kpnl and BgllI sites (underlined). CRE, Sp1, AP1,
and Ets binding sites were mutated by overlap extension PCR.

Cell Culture and Treatments of Cells—THP-1 cells were
obtained from the National Center for Cell Science, Pune,
India, cultured and differentiated with phorbol 12-myristate
13-acetate as described by Maiti ez al. (39). Adherent cells were
95% viable as determined by trypan blue dye exclusion. Differ-
entiated THP-1 cells were either left untreated or treated with
recombinant Nef (0.1-1 ug/ml) or with M. tuberculosis H37Rv
(multiplicity of infection of 10) or with Nef and M. tuberculosis
for 2 h or for the indicated periods of time. Unless otherwise
stated, Nef was used at 1 ug/ml (the concentration at which the
inhibitory effect of Nef was maximal). Cells were washed once,
fresh medium was added, and incubations were carried out for
the indicated time periods.

Cell Death Measurement—For the detection of histone by
ELISA, cells (6 X 10*) were plated in 96-well plates. After treat-
ments, cell death was measured by the detection of histones in
the cell supernatant using the Cell Death ELISA Plus kit (Roche
Applied Science) according to the manufacturer’s protocol.

ASK1 Kinase Assay—Cells were lysed after treatment in
buffer containing 20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1 mm
EDTA, 1 mm EGTA, 1% (v/v) Triton X-100, 1% sodium deoxy-
cholate, 0.5 mMm sodium pyrophosphate, 1 mm sodium S-glyc-
erophosphate, 1 mm Na;VO,, and 1 pg/ml leupeptin. The
supernatant (equivalent to 200 ug of protein) was incubated
overnight at 4 °C with rabbit polyclonal ASK1 antibody. Protein
A/G Plus-agarose was added and incubated at 4 °C for an addi-
tional 3 h. The beads were washed twice with lysis buffer and
twice with kinase buffer (25 mm Tris-HCI, pH 7.5, containing 5
mM sodium B-glycerophosphate, 2 mm dithiothreitol, 0.1 mm
NazVO,, and 10 mm MgCl,). The pellet was washed once with
kinase buffer without protease inhibitors. The beads were then
incubated in 20 ul of kinase buffer in the presence of 2.5 uCi of
[y-**P]ATP (specific activity, 6000 Ci/mmol) with 1 ug of mye-
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lin basic protein as substrate at 30 °C for 15 min. The reaction
was stopped by adding protein gel denaturing buffer. After
SDS-PAGE, gels were dried and subjected to autoradiography.

Racl Activation Assay—To assess the activation of Racl and
formation of Racl-GTP in response to stimulation with Nef,
affinity precipitation was performed with a GST fusion protein
corresponding to the p21-binding domain (PBD) of PAK1
(GST-PBD) that specifically binds to and precipitates Rac-GTP
from cell lysates (40). The presence of Racl in the precipitate
was assessed using Racl antibody.

Immunoprecipitation and Immunoblotting—For immu-
noprecipitations, cells were lysed, clarified by centrifuga-
tion, and then immunoprecipitated using appropriate anti-
body. Proteins were separated by SDS-PAGE and then
transferred electrophoretically to polyvinylidene difluoride
membranes. Blots after blocking were incubated overnight at
4 °C with primary antibody in Tris-buffered saline-Tween 20
(1%, v/v) with 5% (w/v) bovine serum albumin. After washing,
the blots were incubated with horseradish peroxidase-conju-
gated secondary antibody (Santa Cruz Biotechnology) in block-
ing buffer for 1 h at room temperature. Blots were developed by
chemiluminescence.

TransFactor Assays—TransFactor assays were carried out as
described previously (41). Briefly, nuclear extracts from cells
were prepared using the TransFactor extraction kit (Clontech).
After centrifugation for 5 min at 20,000 X g at 4 °C, superna-
tants were assayed for the presence of the respective transcrip-
tion factors by addition of equal amounts of lysates to wells
precoated with DNA-binding consensus sequences. The pres-
ence of any particular transcription factor in the nucleus was
then assessed by using the Mercury TransFactor kit (Clontech)
according to the manufacturer’s instructions. Plates were read
at 655 nm.

Luciferase Reporter Assays—Cells were transfected with lu-
ciferase reporter plasmids. After treatments, cells were washed
once with phosphate-buffered saline and scraped into lucifer-
ase lysis buffer (50 mm Tris-HCI, pH 8, 70 mm K,HPO,, 0.1%
Nonidet P-40, 2 mm MgCl,, 1 mm dithiothreitol, 20 ug/ml
aprotinin, 10 ug/ml pepstatin, 10 ug/ml leupeptin). The lysates
were rapidly mixed, and insoluble material was pelleted by cen-
trifugation at 4 °C. The supernatant was removed and stored at
—80 °C. For promoter activation analysis, luciferase activity
assays were performed in a luminometer, and the results were
normalized for transfection efficiencies by assay of 3-galacto-
sidase activity.

ChIP Assay—Chromatin immunoprecipitation (ChIP) assays
were carried out using the Upstate Biotechnology ChIP assay
kit. Briefly, cells after treatment were fixed by addition of form-
aldehyde (1%) to the culture medium for 10 min at 37 °C,
washed in phosphate-buffered saline, scraped, lysed in lysis
buffer (10 mm Tris-HCI, pH 8.0, 1% SDS, 0.5 mm Pefabloc, 2
pg/ml pepstatin A, and 2 pug/ml aprotinin) for 10 min at 4 °C,
and sonicated to generate DNA fragments with an average size
of 1 kb. The debris was removed by centrifugation. One-third of
the lysate was used as DNA input control. The remaining two-
thirds of the lysate were diluted 10-fold with a dilution buffer
(10 mm Tris-HCI, pH 8.0, 150 mm NaCl, 0.01% SDS, 1% Triton
X-100, 1 mm EDTA), precleared with salmon sperm DNA/pro-
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tein A/G-agarose slurry, followed by incubation of the super-
natant with appropriate antibody (1.5-2 ug) overnight at
4 °C. Immunoprecipitated complexes were collected by pull-
down assay with salmon sperm DNA/protein A/G-agarose
beads. The precipitates were extensively washed and incu-
bated in elution buffer (25 mMm Tris-HCI, pH 8, 10 mMm EDTA,
0.5% SDS) at 60 °C for 15 min. Cross-linking of protein-DNA
complexes was reversed at 65 °C for 4 h, followed by ethanol
precipitation overnight and centrifugation at 14,000 rpm for 20
min at 4 °C. The pellet was air-dried and reconstituted in Tris-
EDTA buffer followed by treatment with 100 wg/ml proteinase
K in PK buffer (50 mm Tris-HCI, pH 8, 25 mm EDTA, 1.25%
SDS, and glycogen) for 1 h at 45 °C. DNA was extracted twice
with phenol/chloroform and precipitated with ethanol. Pellets
were resuspended in Tris-EDTA buffer and subjected to PCR
amplification using TNF promoter-specific primers 5'-ATAG-
GTACCCCCCAACTTTCCAAACCC-3' and 5'-AAAGAT-
CTAGCTATTTCCAAGATGTTC-3'".

TNF-ao mRNA Stability—TNF-a mRNA stability was as-
sessed 16 h after treatment of cells with either M. tuberculosis,
or M. tuberculosis and Nef by the addition of actinomycin D (5
pg/ml) for different periods of time. Total RNA was extracted
using an RNeasy kit (Qiagen), and cDNA was prepared using
first strand synthesis kit (Roche Applied Science) and quantifi-
cation of TNF-a mRNA was carried out by quantitative real-
time PCR on an ABI 7500 Fast detection system using SYBR
green PCR master mix (Applied Biosystems). The sense and
antisense primers used for TNF-a were 5'-GAGTGACAAGC-
CTGTAGCCCATGTTGTAGC-3" and 5'-CTGGGAGTAGA-
TGAGGTACAGGCCCTCTGA-3', respectively. The sense and
antisense primers used for glyceraldehyde-3-phosphate dehy-
drogenase were 5'-GATGGGATTTCCATTGATGACA-3’
and 5'-CCACCCATGGCAAATTCC-3', respectively.

ELISA for TNF-a—Conditioned medium was removed 24 h
after treatments with M. tuberculosis or Nef or a combination
of the two, and assayed for TNF-a by ELISA using the TNF-«
assay kit (BD Biosciences).

Statistical Analysis—Data are represented as means = S.D. of
three separate experiments. Student’s ¢ test was performed to
test statistical significance.

RESULTS

Inhibition of Apoptosis and TNF-a Release in Macrophages
Challenged with a Combination of Nef and M. tuberculosis—
Exogenous Nef was able to inhibit apoptosis induced in differ-
entiated THP-1 cells by M. tuberculosis as measured by histone
ELISA (Fig. 1A). M. tuberculosis-induced macrophage apopto-
sis is known to depend on TNF-«, with HIV being able to
dampen this process (36). In view of this, we tested the effect of
Nef on M. tuberculosis-induced TNF-« release. TNF-a was
released from differentiated THP-1 cells challenged with either
M. tuberculosis or with recombinant Nef (Fig. 1B) in conformity
with earlier reports on the effect of Nef or M. tuberculosis on
macrophages (42, 43). However, when macrophages were chal-
lenged simultaneously with M. tuberculosis and Nef, there was
significant decrease in TNF-« production (Fig. 1B). This sug-
gested that M. tuberculosis and Nef were perhaps cross-inhib-
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FIGURE 1. Nef inhibits M. tuberculosis-mediated induction of TNF-a. A, THP-1 cells (in 96-well plates) were left untreated (—) or treated with either
M. tuberculosis (Mtb) or Nef or both (Mtb + Nef) for 24 h. Cells were washed and lysed, and cell death was measured using the cell death ELISA kit according to
the manufacturer’s instructions. B, THP-1 cells (in 96-well plates) were left untreated (—) or treated with either M. tuberculosis (Mtb) or Nef or both (Mtb + Nef).
In a separate set of experiments, Nef was pretreated with polymyxin B (PB-Nef) or heated at 95 °C for 10 min (heat-treated) and then used alone or in
combination with M. tuberculosis as described above. The release of TNF-« in the supernatant was quantitated by TNF-a ELISA according to the manufacturer’s
instructions, 24 h after infection. THP-1 cells were transfected with a TNF-a promoter luciferase reporter construct (wt) (C and E) or with mutants devoid of the
indicated transcription factor binding sites (E), along with a 3-galactosidase expression vector. Cells were then left untreated (— in C), or incubated with either
Mtb or Nef or with both (C and E) as indicated. Cells were lysed, and luciferase activities were determined 14 h after infection. The activities were normalized
with B-galactosidase activity. Data represent means = S.D. for three different experiments. D is a diagrammatic representation of the TNF-a promoter
indicating the different transcription factor binding sites (underlined). The sequence in the bottom line indicates the mutation by replacement of the corre-

sponding bases on the upper line.

iting the respective signaling pathways associated with TNF-«
production.

Inhibition of TNF-o Promoter Activity in Macrophages Chal-
lenged with a Combination of Nef and M. tuberculosis—Pro-
duction of TNF-a in cells of the monocytic lineage in
response to stimulus, is regulated at the transcriptional and
post-transcriptional level depending both on cell type and
stimulus (44 —46). Among the several possible steps at which
Nef and M. tuberculosis could exert cross-inhibitory effects, we
tested the possibility that this could be at the level of activation
of the TNF-a promoter. It was observed that exogenous Nef
and M. tuberculosis could individually activate TNF-a promot-
er-driven luciferase expression (Fig. 1C). However, in macro-
phages challenged simultaneously with Nef and M. tuberculo-
sis, there was a significant decrease in TNF-a promoter-driven
luciferase expression, compared with either entity used alone
(Fig. 1C). Heat treatment abrogated the ability of Nef to induce
TNEF-« (Fig. 1, Band C), suggesting that the effect was attribut-
able specifically to the protein, rather than any contaminant.
The ability of Nef to down-regulate Mtb-dependent TNF-«
production was not attributable to endotoxin contamination,
because pretreatment of Nef with polymyxin B did not alter this
activity (Fig. 1, B and C).
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We next reasoned that, in the event of a cross-inhibitory
mechanism being at work, M. tuberculosis and Nef were likely
to operate through different mechanisms to activate the TNF-«
promoter. Sequences in the proximal 200 bp and the distal
(—627 to —487 bp) of the TNF-a promoter are remarkably
conserved in mouse and human and encompass binding sites
for multiple transcription factors (46-50). Previous studies
have shown that the TNF-« gene is regulated in a cell type-
specific manner (51). In addition, within the same cell type, the
TNF-« gene is regulated in a stimulus-specific manner (52)
through the action of distinct sets of transcription factors. We
therefore tested the hypothesis that M. tuberculosis and Nef
each induce TNF-a transcription through different sets of tran-
scription factors. Both the human and the murine proximal
TNF-a promoter contain, among other sites, multiple NFAT/
ETS, Egr, Spl, CRE, and AP1 binding sites. We mutated the
—180 Ets, —117 Ets, —84 Ets, —76 Ets, Egr, Sp1, CRE, and AP1
sites (Fig. 1D) on the TNF-a promoter to evaluate the contri-
butions of these binding sites in M. tuberculosis or Nef-induced
TNF-a activation. M. tuberculosis-driven TNF-o promoter
activation was abrogated when any one of the Ets or Egr or Sp1
or CRE or AP1 binding sites was mutated (Fig. 1E), suggesting a
cooperative effect of these transcription factors on M. tubercu-
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FIGURE 2. Nef inhibits M. tuberculosis-mediated activation of p38 MAPK
and ASK1. A, THP-1 cells were transfected with vector alone or with a kinase-
dead mutant of ASK1 (ASKT(KM)) or dominant-negative ATF2 (ATF2(dn)) or
dominant-negative p38 MAPK (p38(agf)). Transfected cells were treated with
M. tuberculosis (Mtb) or Nef separately, and release of TNF-a was measured as
described under Fig. 1A. Data represent the means =+ S.D. of three separate
experiments. B-D, THP-1 cells transfected with either empty vector or ASK1
(KM) (B) or Rac1 (dn) (D) or PAK1-KD (D) were left untreated or treated with
Mtb or with Nef separately for 90 (B and D) or 60 (C) min. Cell lysates were
eitherimmunoblotted with phospho-p38 MAPK antibody and reprobed with
p38 MAPK antibody (B and D) or immunoprecipitated with ASK1 antibody,
and the immunoprecipitate was used to study the phosphorylation of myelin
basic protein using [y->?P]ATP followed by autoradiography (C). Actin in the
cell lysate was blotted to confirm equal amounts of proteins in cell lysates
(bottom panel of C). E, activation of Rac1 in cellular extracts was assessed by
affinity precipitation of the Rac1-GTP complex from whole cell lysates using
PAK1-PBD followed by Western blotting using anti-Rac1 antibody as
described under “Experimental Procedures.” F, cell extracts were prepared,
and phosphorylation of PAKT was assessed by Western blotting using anti-
phospho-PAK1 antibody followed by reprobing with PAK1 antibody, respec-
tively. The data in panels B-F are representative of those obtained in three
different experiments.

losis-induced TNF-o promoter activation as demonstrated by
Barthel et al. (43). On the other hand, Nef-mediated promoter
activation was affected only when the CRE or AP1 binding site
was mutated. These results argued in favor of distinctly differ-
ent signals and mechanisms driving TNF-« gene expression by
Nef and by M. tuberculosis.

Role of ASK1 and p38 MAPK in TNF-a Release Driven by M.
tuberculosis or Nef—Because the above results suggested that
different signals were likely involved in M. tuberculosis or Nef-
driven TNF-a promoter activation, we sought to identify at
least some of these differences. Transfection of cells with a
kinase-dead mutant of ASK1 (ASK1(KM)) or with dominant-
negative ATF2 (ATF2(dn)) led to attenuation of M. tuberculo-
sis-driven TNF-« release, but not to Nef-driven TNF-« release
(Fig. 24). ASK1 is known to activate p38 MAPK (53). Interest-
ingly, transfection of cells with dominant-negative p38 MAPK
(p38(agf)) attenuated M. tuberculosis- as well as Nef-driven
TNE-a production (Fig. 24), suggesting a role of p38 MAPK in
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the signaling pathway leading to TNF-« production triggered
by both stimuli. This result also pointed to the fact that, whereas
M. tuberculosis-induced TNF-a production depends on ASK1/
p38 MAPK signaling, Nef-induced TNF-a production occurs
in a p38 MAPK-dependent, but ASK1-independent manner.
We tested activation of p38 MAPK induced by M. tuberculosis
and Nef. Both M. tuberculosis and Nef activated p38 MAPK
(Fig. 2B). However, M. tuberculosis-induced p38 MAPK activa-
tion was inhibited in cells transfected with ASK1(KM), whereas
Nef-mediated p38 MAPK activation was ASK1-independent
(Fig. 2B). This suggested that Nef-driven p38 MAPK activation
was dependent on an MAP3K other than ASK1. We next
tested whether Nef inhibits M. tuberculosis-driven ASK1
activation in macrophages. In vitro ASK1 kinase assays using
ASK1 immunoprecipitates from cells treated with Nef and/or
M. tuberculosis showed that Nef inhibits M. tuberculosis-
driven ASKI1 activation (Fig. 2C). This suggested that Nef
inhibits M. tuberculosis-driven TNF-« production at least in
part by inhibiting ASK1. In our search for activators of p38
MAPK in Nef-treated cells, we evaluated the role of Racl and
PAK1 in p38 MAPK activation. Transfection of cells with
dn-Racl or kinase-dead PAK1 prior to challenge with Nefled
to the abrogation of p38 MAPK activation (Fig. 2D). On the
other hand, M. tuberculosis-mediated p38 MAPK activation
was independent of Racl or PAKI. In addition, we also
observed activation of both Racl and PAK1 in macrophages
challenged with Nef (Fig. 2, E and F).

Activation of Transcription Factors by M. tuberculosis or Nef
and Binding to the TNF-a Promoter—To gain further insight
into the differences between M. tuberculosis and Nef-driven
TNEF-a gene expression, we evaluated the activation of a set of
transcription factors using a TransFactor ELISA kit (Clontech).
We observed that M. tuberculosis activated ATF2, c-Jun, and
Spl (Fig. 3A). Barthel et al. (43) had earlier reported recruit-
ment of ATF2, c-Jun, and Spl to the TNF-a promoter. Nef
activated c-Jun, but not Spl or ATF 2 (Fig. 3B). Nef did not
attenuate M. tuberculosis-driven c-Jun or Spl activation (Fig.
3C). Interestingly, Nef inhibited M. tuberculosis-induced ATF2
activation (Fig. 3C). We performed ChIP assays of ATF2 bind-
ing to the TNF-a promoter. M. tuberculosis stimulated the
binding of ATF2 to the TNF-a promoter, whereas Nef did
not (Fig. 3D). Expectedly, the M. tuberculosis-dependent
binding of ATF2 was inhibited by the p38 MAPK inhibitor
SB203580 but not by the MEK inhibitor U0126. In addition,
M. tuberculosis-driven binding of ATF2 to the TNF-« pro-
moter was inhibited by Nef (Fig. 3D). This suggested that the
inhibition of M. tuberculosis-induced p38 MAPK activation
by Nef likely compromises binding of ATF2 to the TNF-«
promoter, contributing in part to the process by which Nef
inhibits M. tuberculosis-driven TNF-a production. On
the other hand, M. tuberculosis-induced binding of Sp1 to
the TNF-a promoter could not be inhibited by Nef, although
the binding could be inhibited by U0126 as well as SB203580
(Fig. 3E). These observations led us to conclude that the
signaling pathway operating upstream of Spl activation is
distinct from that involved in ATF2 activation.
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FIGURE 3. Activation of transcription factor by M. tuberculosis and Nef. A and B, THP-1 cells were left
untreated or treated with Mtb (A) or Nef (B), and the activation of c-Jun, Sp1, and ATF2 was quantified using the
TransFactor ELISA kit (Clontech) according to the manufacturer’s protocol. C, THP-1 cells were treated with Mtb
alone or with Mtb and Nef, and the activation of c-Jun, Sp1, and ATF2 was determined using the TransFactor
ELISA kit as described above. Data in A-C represent means = S.D. of three separate determinations. D and E,
THP-1 cells were left untreated (—) or preincubated with the inhibitors U0126 (U) or SB203580 (SB) prior to
treatment with Mtb. In a separate set of experiments cells were left untreated or treated with either Mtb or Nef
or with both. Chromatin was prepared, and ChIP analysis was carried out with primers specific for the AP1- (D)
or Sp1- (E) binding site of the TNF-a promoter after immunoprecipitation (/P) with anti-ATF2 (D) or anti-Sp1 (E)
antibody. The input panel shows the PCR product obtained when no immunoprecipitation was performed.

M. tuberculosis-induced Activation of the TNF-o Promoter
Depends on MEK-ERK Signaling—M. tuberculosis-driven acti-
vation of the TNF-a promoter was inhibited in cells transfected
with dominant-negative MEK (MEK(dn)) (Fig. 4A4). On the
other hand, Nef-driven TNF-a promoter activation was inde-
pendent of MEK-ERK signaling. M. tuberculosis-induced ERK
activation was inhibited in the presence of Nef (Fig. 4B). Taken
together, we concluded that the ability of Nef to inhibit M.
tuberculosis-induced ERK activation contributes another arm
of the signaling pathway exploited by Nef to dampen M. tuber-
culosis-driven TNF-« production. c-Jun, JunD, FosB, and ATF2
are the classic AP1 transcription factors that have been identi-
fied in association with the TNF-« promoter (54). We observed
in TransFactor assays that M. tuberculosis activated FosB,
whereas Nef did not (Fig. 4C). ChIP analysis confirmed that
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ATF2 duced FosB binding to the TNF-«
promoter.

Nef Destabilizes M. tuberculosis-
induced TNF-o mRNA—TNEF-« pro-
duction is dependent on the stabil-
ity of TNF-a mRNA (55-57). To
test whether Nef affects the stability
of TNF-o« mRNA induced by M.
tuberculosis, cells were challenged
with either M. tuberculosis or Nef or
a combination of M. tuberculosis
and Nef, followed by addition of
actinomycin D, a transcriptional
inhibitor and time-dependent mon-
itoring of TNF-a mRNA by quanti-
tative real-time PCR. It was ob-
served that TNF-o mRNA decreased
<10%, 90 min after actinomycin
D treatment (compared with the
amount of mRNA at the point of
actinomycin D addition) in cells
treated with M. tuberculosis alone.
When cells were treated simulta-
neously with Nefand M. tuberculosis,
>40% decrease of TNF-a mRNA was
observed, 90 min after actinomycin
D treatment (Fig. 5). These results
suggested that the inhibitory effect
of Nef, on M. tuberculosis-driven
TNEF-a production in macrophages,
extends to destabilization of TNF-«
mRNA. It is well established that
p38 MAPK signaling is required for stabilization of TNF-«
mRNA (58). It is therefore likely that the inhibition of M. tuber-
culosis-induced p38 MAPK by Nef, impacts TNF-a mRNA
stability.

Mtb
Mtb +

DISCUSSION

The significance of exogenous Nef in the pathogenesis of
HIV remains unclear. Exogenous Nef has been reported to
activate NF-kB and AP-1 in U937 cells (14). HIV-TB co-in-
fections present major challenges in terms of disease manage-
ment. Several reports show that HIV exacerbates the course of
TB infection (59). One of the mechanisms associated with this
is likely to be attenuation of macrophage apoptosis. This bene-
fits the bacterium by preservation of its intracellular niche. In
this report we have tested the role of exogenous Nef in modu-
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FIGURE 4. Role of MAPKs in the activation of TNF-a. A, THP-1 cells were
transfected with empty vector or dominant-negative MEK (MEK(dn)) along
with the TNF-a promoter luciferase reporter construct. Transfected cells were
left untreated or treated with Mtb or with Nef, and luciferase activity was
measured as described previously. B, THP-1 cells were left untreated or
treated with Mtb in the absence or presence of Nef for different periods of
time. Cell lysates were immunoblotted with phospho-ERK antibody, and
blots were reprobed with ERK antibody. C, THP-1 cells were left untreated or
treated with Mtb or Nef for the indicated periods of time (in hours), and the
activation of FosB was quantified using the TransFactor ELISA kit (Clontech)
according to the manufacturer’s protocol. D, THP-1 cells were left untreated
(—) or preincubated with the inhibitor U0126 prior to treatment with Mtb. In
aseparate set of experiments, cells were treated with either Mtb or Nef or with
both. After treatments, ChIP analysis was carried out with primers specific for
the AP1-binding site of the TNF-a promoter after immunoprecipitation (/P)
with anti-FosB antibody. The input panel shows the PCR product obtained
when no immunoprecipitation was performed.

lating the signaling events associated with infection of macro-
phages with M. tuberculosis. We report that M. tuberculosis
or exogenous Nef individually triggers signaling pathways
associated with macrophage apoptosis. However, their com-
bined effect is an attenuated macrophage response. Several
studies have established that autocrine TNF-« signaling is one
of the major contributors toward macrophage apoptosis (60,
61). We have dissected the differences in signaling pathways
triggered by either M. tuberculosis or exogenous Nef, culminat-
ing in TNF-a production. M. tuberculosis-dependent TNF-«
production was abrogated when any one of the Ets or Egr or Sp1
or CRE binding sites on the TNF-promoter is mutated, whereas
Nef-dependent TNF-« production is dependent on CRE and
AP-1 sites only. This suggests that distinctly different mecha-
nisms of activation of the TNF-« promoter operate in the case
of M. tuberculosis and Nef. Considering that transcription fac-
tor activation depends on upstream MAPK signaling, we tested
the role of the ASK1/p38 MAPK pathway in TNF-« produc-
tion. Interestingly, although both Nef- and M. tuberculosis-in-
duced TNF-« production depends on p38 MAPK, only M.
tuberculosis, but not Nef-induced TNF-« production depends
on ASK1, one of the MAP3Ks that signals upstream of p38. Nef
inhibits M. tuberculosis-dependent ASK1 activation. This find-
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FIGURE 5. Role of Nef in TNF-a mRNA stability. A, THP-1 cells were treated
with Mtb in the absence or in the presence of Nef for 14 h. Actinomycin D (5
ng/ml) was added, total RNA was harvested, and TNF-a mRNA was estimated
by quantitative real-time PCR at 0, 45, and 90 min. Data represents % mRNA
remaining at the indicated time points after actinomycin D addition. 100%
represents the amount of mRNA at the zero time point. B, schematic diagram
of modulation of Mtb-induced activation of TNF-a promoter by Nef.

ing points to at least one signaling node where Nef exerts its
inhibitory function. Nef has previously been reported to inhibit
ASK1 in T cells by virtue of its ability to interact directly with
ASK1 (16). Itappears likely that a similar mechanism prevails in
this instance as well, once Nef traverses the membrane and
enters cells. In macrophages, Rac1/PAK1 signaling is associated
with activation of p38 MAPK (62). Here we establish that Nef,
but not M. tuberculosis, activates p38 MAPK in a Racl/PAK1-
dependent manner. These findings establish the distinctly dif-
ferent pathways leading to p38 MAPK activation in response to
challenge with M. tuberculosis or Nef. Nef also inhibits M.
tuberculosis-mediated ERK activation. We demonstrate that
M. tuberculosis induces p38 MAPK-dependent binding of
ATF2 and ERK-dependent binding of FosB to the TNF-« pro-
moter (Fig. 5B). Interestingly, neither ATF2 nor FosB binds to
the TNF-a promoter in Nef-stimulated cells. Putting these
facts together, we conclude that, by virtue of inhibiting M.
tuberculosis-driven ERK and p38 MAPK activation, Nef inhib-
its the binding of FosB and ATF2 to the TNF-a promoter,
thereby attenuating M. tuberculosis-induced TNF-a produc-
tion. On the other hand, M. tuberculosis-induced binding of
Spl to the TNF-a promoter, although dependent on p38
MAPK, is not inhibited by Nef, suggesting that a MAP3K other
than ASK1 likely drives Sp1 activation.

Finally, we observed that exogenous Nef attenuates the sta-
bility of TNF-a mRNA induced by M. tuberculosis. Considering
the well established role of p38 MAPK in positively regulating
mRNA stability, it appears likely that the effect of Nef is due to
its ability to inhibit p38 MAPK.
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The above findings provide important mechanistic insight
into how exogenous Nef sourced from bystander cells could
modulate the fate of M. tuberculosis-infected macrophages.
These studies extend the observations of Patel et al. (36) that
HIV infection is associated with attenuation of macrophage
apoptosis upon exposure to virulent M. tuberculosis. We pro-
pose that this is attributable at least in part to the fact that the
release of TNF-« is attenuated by the HIV protein Nef. The
findings reported here support our contention that M. tubercu-
losis and Nef cross-regulate distinct signaling pathways
employed by these two entities to drive the production of at
least one cytokine, TNF-a. In this report we have focused on
how Nef attenuates M. tuberculosis-induced signaling path-
ways. How M. tuberculosis attenuates Nef-driven pathways for
TNE-a« production, awaits clarification. What emerges from
these studies is a glimpse into how HIV-TB co-infection leads
to a dampening of the innate immune response, a process in
which Nef plays a critical role.
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