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ABSTRACT

Denderitic cells (DCs) are fundamental for the initiation of immune responses and are important players in AIDS immuno-
pathogenesis. The modulation of DC functional activities represents a strategic mechanism for HIV-1 to evade immune
surveillance. Impairment of DC function may result from bystander effects of HIV-1 envelope proteins independently of
direct HIV-1 infection. In this study, we report that exposure of immature monocyte-derived DCs (MDDCs) to HIV-1 R5
gp120 resulted in the CCR5-dependent production of interleukin-6 (IL-6) via mitogen-activated protein kinase (MAPK)/
NF-kB pathways. IL-6 in turn activated STAT3 by an autocrine loop. Concomitantly, gp120 promoted an early activation
of STATS3 that further contributed to IL-6 induction. This activation paralleled a concomitant upregulation of the STAT3
inhibitor PIAS3. Notably, STAT3/IL-6 pathway activation was not affected by the CCR5-specific ligand CCL4. These results
identify STAT3 as a key signaling intermediate activated by gp120 in MDDCs and highlight the existence of a virus-in-
duced dysregulation of the IL-6/STAT3 axis. HIV-1 gp120 signaling through STAT3 may provide an explanation for the
impairment of DC function observed upon HIV exposure.

IMPORTANCE

This study provides new evidence for the molecular mechanisms and signaling pathways triggered by HIV-1 gp120 in human
DCs in the absence of productive infection, emphasizing a role of aberrant signaling in early virus-host interaction, contributing
to viral pathogenesis. We identified STAT3 as a key component in the gp120-mediated signaling cascade involving MAPK and
NF-kB components and ultimately leading to IL-6 secretion. STAT3 now is recognized as a key regulator of DC functions. Thus,
the identification of this transcription factor as a signaling molecule mediating some of gp120’s biological effects unveils a new

mechanism by which HIV-1 may deregulate DC functions and contribute to AIDS pathogenesis.

Dendritic cells (DCs) play a pivotal role in linking innate and
adaptive immunity by their ability to induce appropriate im-
mune responses upon recognition of invading pathogens (1). Be-
cause of their central role in the induction of immune responses,
modulation of DC function represents a strategic mechanism for a
pathogen to evade immune surveillance (2). In human immuno-
deficiency virus type 1 (HIV-1) infection, DCs are among the first
cells to encounter HIV-1 at mucosal sites, where they are coopted
by HIV-1 to facilitate transmission (3—6). Once infection is estab-
lished, HIV-1 directly and indirectly modulates DC function to
hinder the formation of effective adaptive immunity and promote
immune activation (7, 8). Among the events following HIV-1 ex-
posure that may be unrelated to infection, the greatest effects have
been attributed to the envelope glycoprotein gp120. Besides facil-
itating viral entry, gp120 binding to chemokine receptors in sev-
eral cell types, including monocytes/macrophages and DCs, also
initiates signaling events that may have important implications for
pathogenesis by affecting postentry stages of infection or by mod-
ulating cellular functions apart from infection (8). Cellular signal
transduction pathways have been shown to be perturbed by HIV
infection; conversely, their activation can regulate the replicative
capacity of HIV-1 or dramatically affect cell functions (7). Al-
though chemokine receptors and their ligands play central roles in
both HIV infection and immune regulation, how signaling path-
ways mediated by CCR5 and CXCR4 contribute to the immuno-
pathogenesis of HIV infection has been poorly investigated in
DCs. Exposure of these cells to gp120 has been shown to induce a
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Pyk2-dependent signaling pathway that mediates DC migration,
facilitating HIV-1 dissemination, as well as to activate mitogen-
activated protein kinases (MAPKs), which act as a central pathway
in the signaling network of the host cell (9, 10).

STATS3 is now recognized as a critical regulator of DC physiol-
ogy, exerting different and apparently opposite effects on DC de-
velopment and activation. Furthermore, STAT3 represents an im-
portant intermediate in the signal transduction pathways
triggered through cytokine receptors, and it is involved in the
transcriptional activation of some cytokine genes as well as
microRNAs (11, 12). Early studies demonstrated that STAT3 de-
letion in hematopoietic progenitors led to profound deficiency in
the DC compartment (13), impaired the expansion of DC progen-
itors (14), and affected both DC differentiation from hematopoi-
etic precursors (15) and maturation (16). Subsequently, it was
found that the constitutive activation of STAT3 in tumor-infil-
trating DCs is responsible for the impairment of DC differentia-
tion and functional maturation (16-18). Accordingly, inhibition
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FIG 1 HIV gp120, but not CCL4, upmodulates IL-6 expression via CCR5. MDDCs at day 6 of culture were treated with different concentrations of gp120 and
LPS (10 ng/ml) (A) or for different time periods with 5 pg/ml gp120 (CN54 and ADA strain) and BaL-AT2 (46.783 ng/ml p24) (B and C). To test the specificity
of gp120-induced effects, MDDCs were preincubated for 1 h with or without sCD4 (2 pg/ml), anti-CD4 (2 p.g/ml), or Tak779 (5 uM) and then exposed to gp120
(5 pg/ml) for 18 h or treated with CCL4 (100 nM) for the indicated times (D). For panels A, B, and D, supernatants were collected and IL-6 content was measured
by ELISA. Data are expressed as means = standard errors (SE) from six (A) or four (B and D) independent experiments. P values were calculated by Student’s
ttest, and statistical significance is indicated. *, P < 0.05; **, P < 0.005 (gp120 versus the untreated control and Tak779 plus gp120 versus gp120 alone). (C) Total
RNA was extracted and reverse transcribed, and real-time PCR was performed using primers specific for the human IL-6 gene and normalized with 3 actin. Data
are expressed as means *+ SE from five independent experiments performed. Results, analyzed by the relative quantification method (2~ 22T method), are shown
as fold increase (FC) of IL-6 gene expression versus that of the untreated control. P values were calculated by Student’s  test, and statistical significance is indicated

(P < 0.05 [*] and P < 0.005 [**] for gp120 versus the untreated control).

of JAK2/STATS3 signaling dramatically improved differentiation
and activation of murine and human DCs (19, 20), and condi-
tional knockout (KO) mice with STAT3 deletion in CD11c™ DCs
exhibited an altered immune homeostasis and chronic inflamma-
tion (21). Conversely, very little is known about STAT3 involve-
ment in DC response to HIV-1.

In this work, we identify STAT3 as a key signaling intermediate
activated by gp120 in MDDC:s as part of a regulatory circuit in-
volving MAPK-NF-kB pathways and IL-6 secretion. Reconstruc-
tion of the signaling pathway triggered by gp120 in MDDCs by
pharmacologic inhibition of selected pathway components and
blocking of IL-6 biological activity unravels a biphasic activation
of STATS3.

These results highlight the existence of a novel regulatory net-
work involving STAT3 and IL-6, suggesting that in MDDCs,
HIV-1 gp120 signaling through STAT3 contributes to their func-
tional impairment and favors HIV infection.

MATERIALS AND METHODS

Ethics statements. Healthy donor buffy coats were obtained from Centro
Trasfusionale University of Rome Sapienza. Buffy coats were not obtained
specifically for this study. Informed consent has not been asked because
data were analyzed anonymously. Data from healthy donors have been
treated by Centro Trasfusionale according to the Italian law on personal
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data management, “Codice in materia di protezione dei dati personali”
(Testo Unico D.L., 30 June 2003, no. 196).

Cell separation and culture. Monocytes were isolated from peripheral
blood mononuclear cells (PBMCs) obtained from healthy donor buffy
coats by immunomagnetic selection using CD14 microbeads (MACS
monocyte isolation kit from Miltenyi Biotec, Auburn, CA) according to
the manufacturer’s instructions. This procedure yields a =98% pure pop-
ulation of monocytes, as assessed by fluorescence-activated cell sorting
(FACS) analysis of lineage-specific surface markers (CD1a, CD14, CD3,
CD19, and CD56). To obtain immature MDDCs, monocytes were cul-
tured at 1 X 10° cells/ml in RPMI 1640 medium (Life Technologies,
Gaithersburg, MD) containing 10% fetal bovine serum (FBS) in the pres-
ence of granulocyte-macrophage colony-stimulating factor (GM-CSF)
(50 ng/ml) and IL-4 (500 U/ml). Cytokines were added to the cultures
every 3 days. Both cytokines were kindly provided by Schering-Plough
(Dardilly, France). On day 6, MDDCs were stimulated with lipopolysac-
charide (LPS; 10 ng/ml), gp120 (5 pwg/ml, unless otherwise indicated),
AT-2-inactivated HIV-1 BaL (46.783 ng/ml p24) (22), or CCL4 (100 nM).
Monocyte-derived macrophages (MDMs) were obtained after 6 days of in
vitro culture in endotoxin-free Iscove’s medium containing 10% FBS as
previously described (23).

Virus inactivation procedure. The HIV-1 BaL virus preparation were
purchased from ABI (Columbia, MD) and inactivated as previously de-
scribed (22).

Reagents. All culture reagents were purchased from BioWhittaker as
endotoxin-free lots. Ultrapure LPS from Escherichia coli (serotype EH100,
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FIG 2 p38 MAPK, IkBa, and p65 NF-kB are involved in HIV gp120-induced secretion of IL-6. MDDCs were stimulated with gp120 (5 pg/ml) for the indicated
time periods. Cell lysates were resolved by 10% to 12% SDS-PAGE, transferred to a nitrocellulose membrane, and subjected to immunoblot analysis with
antibodies specific for the total or phosphorylated (P) forms of p38 MAPK (phospho-p38 MAPK [T183/Y185]) and IkBa (phospho-IkBa [Ser32]) (A) or p65
NF-kB (phospho-p65 NF-«kB [Ser536]) (B) antibody. Blots shown are from one donor and are representative of three to five experiments carried out with
different donors that yielded similar results. Values below the lanes show the intensities of the respective bands. The increase in phosphorylation was estimated
by calculating the ratios of the phosphorylated form to total form of proteins. Actin expression is shown as a gel loading control. (C) MDDCs were preincubated
for 1 h with or without the specific p38 MAPK inhibitors SB 202190 (1 pg/ml) and PD 169316 (10 uM), or NF-kB inhibitors BAY 117082 (10 wM) and TPCK
(2 M), before gp120 exposure or were left untreated. After 18 h of culture, supernatants were harvested and frozen for IL-6 determination. Data are expressed
as means = SE from four independent experiments performed. P values were calculated by Student’s ¢ test and statistical significance is indicated. *, P < 0.05

(gp120 plus inhibitor versus gp120 alone).

rough mutant a [Ra] Toll-like receptor grade) was purchased from Alexis
Biochemicals (Nottingham, United Kingdom). Recombinant gp120 from
HIV-1 strain CN54, soluble CD4 (sCD4), and the CCR5 inhibitor Tak779
were obtained from the national AIDS Research and Reference Reagent
Program (Bethesda, MD). Recombinant HIV-1 gp120 (ADA strain) was
kindly provided by G. Gao. Recombinant CCL4 and neutralizing antibody
to human CD4 were purchased from R&D Systems. Anti-IL-6 neutraliz-
ing antibody or IgG isotype control were purchased from Sigma and used
at a concentration of 5 pg/ml (1 h pretreatment). To test the effect of
specific inhibitors, cells were treated prior to and during gp120 exposure
with SB 202190, BAY 117082 (Calbiochem, San Diego, CA), N-p-tosyl-L-
phenylalanine chloromethyl ketone (TPCK), 4-(4-fluorophenyl)-2-(4-
nitrophenyl)-5-(4-pyridyl)-1H-imidazole (PD 169316), AG490, JSI 124,
Stattic (Sigma, St. Louis, MO), and S3I 201 (Selleckchem). None of the
inhibitors utilized in the experiments exhibited any toxicity at the concen-
trations used, as assessed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay (data not shown).

Measurement of IL-6. The IL-6 level (detection limit, 7.8 pg/ml) in
culture supernatants was measured by enzyme-linked immunosorbent
assay (ELISA) kits purchased from BioLegend (San Diego, CA) according
to the manufacturer’s instructions.

Immunoblotting. DCs were subjected to the different treatments for
the indicated time periods. Cell were lysed in radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-Cl [pH 7.5], 1% Nonidet
P-40, 0.5% sodium deoxycholate, and 0.1% SDS) containing a cocktail of
protease and phosphatase inhibitors, and protein extracts were resolved
by 8 to 12% SDS-PAGE, transferred to a nitrocellulose membrane, and
subjected to immunoblot analysis with antibodies specific for the total or
phosphorylated forms of STAT-1, STAT-3, p65 NF-kB, IkBa, p38 MAPK,
and PIAS3 (all from Cell Signaling Technology, Beverly, MA), as well as
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SOCS3 and STAT-2 (from Santa Cruz Biotechnology, Santa Cruz, CA).
Levels of phosphorylated and nonphosphorylated proteins were quanti-
fied using Image]J software (developed by Wayne Rasband, National In-
stitutes of Health, Bethesda, MD).

Real-time quantitative PCR (qPCR) analysis. For gene expression
assays, total RNA was isolated with the Qiagen RNeasy minikit (Hilden,
Germany), treated with DNase I (Qiagen), and retrotranscribed into
c¢DNA by using pd(N), (GE Healthcare, Pittsburg, PA). Real-time PCR
was performed on an ABI-Prism 7700 PCR cycler (Applied Biosystems,
Foster City, CA) using the TagMan universal master mix (Applied Bio-
systems) according to the manufacturer’s instructions. Validated PCR
primers and TagMan MGB probe (6-carboxyfluorescein [FAM]-labeled)
for IL-6 and for human ( actin as an endogenous control were used
(Applied Biosystems). Relative quantification was performed by using the
comparative cycle threshold (C;) method (24).

Statistical analysis. Statistical comparison between various groups
was performed by Student’s ¢ test. Comparisons were made between
means from several experiments. Differences were considered significant
when P values were <0.05. Statistical significance is indicated by one
asterisk for P < 0.05 and two asterisks for P < 0.005.

RESULTS

Engagement of CCR5 by HIV-1 gp120, but not CCL4, upmodu-
lates IL-6 expression. IL-6 has been involved in the induction of
semimature DCs endowed with tolerogenic properties (25), and
its induction by gp120 has been shown in some cell models (26—
30). Recently, HIV-1-induced IL-6 has been reported to contrib-
ute to myeloid-derived suppressor cell (MDSC) expansion (31).
As shown in Fig. 1A, concentration-dependent secretion of IL-6
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FIG 3 HIV gp120, but not CCL4, induces STAT3 activation via IL-6 production. MDDCs were stimulated with gp120 (concentration ranging from 0.5 to 5
pg/ml) or CCL4 (100 nM) for the indicated time periods, or with LPS (10 ng/ml), for 18 h in the presence or absence of anti-IL-6 antibody (5 pg/ml, 1 h of
pretreatment). Cell lysates were resolved by 8% SDS-PAGE, transferred to a nitrocellulose membrane, and subjected to immunoblot analysis with antibodies
specific for the total or phosphorylated forms of STAT3. Actin expression is shown as a gel loading control. Data from one representative experiment out of four
(A and B) or two (C and D) analyzed are shown. Graphs show the ratio of phosphorylated to nonphosphorylated protein as determined by densitometry, where
each sample was normalized to total STAT3. Fold phosphorylation was calculated relative to that of the untreated control, and the average fold from four (A) and
two (C) independent experiments was represented graphically, along with the standard deviations (SD). Statistical significance is indicated versus the untreated

control.

was observed upon exposure of immature MDDCs (iMDDCs) to
gp120 at 18 h following treatment. Although IL-6 secretion was
already observed at the gp120 concentration of 2 pg/ml, a stronger
effect was observed at the higher concentration (5 pug/ml), while
no effects were found at lower concentrations (0.5 pg/ml). Con-
versely, markedly higher secretion of IL-6 was observed when LPS,
a classical maturation stimulus, was used. Therefore, all subse-
quent experiments aimed at defining the kinetics of IL-6 produc-
tion were performed at the gp120 concentration of 5 pg/ml. IL-6
secretion (Fig. 1B) generally was not found at early time points
(1 h) but started to be detected at 4 h, with the maximal amount
measured after 18 h of treatment. Similar results were achieved
upon exposure of MDDCs to AT-2-inactivated HIV-1 BaL virus,
although to a lower extent (Fig. 1B), as well as upon exposure to
the R5 gp120 ADA strain (Fig. 1B). Conversely, no IL-6 secretion
was observed upon MDDC treatment with heat-inactivated
gp120, excluding endotoxin contamination of gp120 preparation
(data not shown). Experiments then were conducted to investi-
gate whether the gp120-induced IL-6 upmodulation was associ-
ated with an enhanced accumulation of the corresponding
mRNA. As shown in Fig. 1C, IL-6 mRNA accumulation already
was induced after 1 h of gp120 treatment, peaked at 4 h, and was
not further increased at 6 h of treatment. To probe CCR5 involve-
ment in the gp120-mediated IL-6 induction, we used the CCR5
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antagonist Tak779, which blocks both HIV-1 coreceptor function
and CCL4 signaling. As shown in Fig. 1D, Tak779 almost com-
pletely inhibited gp120-induced IL-6 production. In contrast, the
gp120-mediated effect was independent of its interaction with
CD4, as preincubation with soluble CD4 or neutralizing anti-CD4
antibody did not abrogate IL-6 induction. Moreover, triggering of
CCRS5 by its most specific natural ligand, CCL4, did not stimulate
any IL-6 secretion, supporting the existence of gp120-specific sig-
naling (Fig. 1D).

HIV-1 gp120-induced IL-6 secretion is dependent on p38
MAPK and NF-kB activation. Previous studies showed that
gp120 activates MAPK pathways in DCs, and that this initial acti-
vation is responsible for the gp120-induced migration (9, 10). To
examine the involvement of this pathway in gp120-induced IL-6
secretion, iMDDCs were incubated with gp120 and processed
thereafter for the analysis of phospho-p38 MAPK. In keeping with
the results achieved with other gp120 strains (10), p38 MAPK was
found to be activated by the gp120 CN54 strain (Fig. 2A). Con-
versely, ERK1/2 and JNK were not activated by gp120 in iMDDCs
(data not shown). IL-6 expression strongly depends on NF-kB
activation in different cell types, and binding of NF-«B proteins at
the IL-6 promoter has been reported to enhance the transcription
of this gene (32-34). Furthermore, the signaling cascade involv-
ing MAPK leads to downstream activation of NF-kB. As shown in
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Fig. 2A, the phosphorylation of IkBa was upmodulated already
after 5 min of gp120 treatment and remained high at later time
points. Consistent with this result, p65 NF-kB also was phosphor-
ylated after 30 min of gp120 treatment (Fig. 2B). To further inves-
tigate the role of the MAPK/NF-kB signaling cascade in gp120-
triggered IL-6 secretion, iMDDCs were treated with the p38
MAPK inhibitors SB 202190 and PD 169316 or p65 NF-kB inhib-
itors BAY 117082 and TPCK prior to gp120 stimulation and as-
sessed 18 h later for their capacity to produce IL-6. At the concen-
tration used, these inhibitors did not affect cell viability (data not
shown). As shown in Fig. 2C, blocking gp120-induced p38 MAPK
or p65 NF-kB activation strongly reduced IL-6 secretion in the
culture medium. Conversely, IL-6 basal levels were not affected by
the inhibitors in the absence of gp120 stimulation.

HIV-1 gp120 promotes biphasic activation of STAT3. Be-
cause IL-6 is a strong activator of STAT3 and, vice versa, STAT3
mediates transcriptional activation of the IL-6 gene (11), we ini-
tially evaluated whether IL-6 secretion paralleled a concomitant
activation of STAT3. As shown in Fig. 3A, gp120 induced STAT3
activation in a concentration- and time-dependent manner. At
the maximal concentration, both CN54 (Fig. 3A) and ADA gp120
strains (Fig. 3B) consistently induced STAT3 activation after 6 h of
treatment. Interestingly, parallel experiments were carried out to
assess whether gp120 also induced IL-6 secretion and STAT3 ac-
tivation in MDMs. As shown in Fig. 4, MDMs exhibited a stronger
response to gp120 as assessed by the levels of IL-6 secretion (Fig.
4A) and STAT3 phosphorylation (Fig. 4B) upon stimulation with
gp120 at a lower concentration (2 pg/ml) and with more rapid
kinetics (3 h).

We then determined whether IL-6 secretion was indeed re-
sponsible for STAT3 activation. As shown in Fig. 3C, neutraliza-
tion of IL-6 biological activity by specific antibodies drastically
reduced the gp120-induced STAT3 activation at 6 and 18 h. The
contribution of other cytokines, including IL-10 and IL-23,
known activators of STAT3, was excluded, as they were not se-
creted by gpl20-stimulated MDDCs (data not shown). Con-
versely, STAT3 activation observed at 18 h upon LPS treatment
was not abolished in the presence of antibodies to IL-6, suggesting
that different factors induced by LPS or gp120 with specific kinet-
ics can mediate STAT3 activation. In keeping with the effect on
IL-6 secretion, CCLA4 failed to activate STAT3 phosphorylation at
all times tested, further supporting the specificity of gp120 signal-
ing in DCs (Fig. 3D).

It has been described previously that STAT3 activation by epi-
dermal growth factor (EGF) can occur in a biphasic way involving
an early direct activation by EGF followed by a later second wave
of activation mediated by EGF-induced IL-6 secretion (35). To
evaluate whether a similar scenario could account for the gp120-
induced STATS3 activation in MDDCs, we assessed STAT?3 at very
early time points upon gp120 exposure, when IL-6 mRNA and
protein were not yet induced. As shown in Fig. 5A, early activation
of STAT3 was found after 15 min of treatment. However, some
variability in the time point of STAT3 activation was observed
among donors, ranging from 5 to 30 min. To further demonstrate
that early activation of STAT3 was directly mediated by gp120 and
did not involve IL-6, experiments were carried out by using a
specific neutralizing antibody to IL-6. As shown in Fig. 5B, block-
ing the biological activity of IL-6 does not affect gp120-induced
early activation of STAT3. These results suggested that STAT3
activation occurring early upon gp120 exposure was responsible
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FIG 4 HIV gp120 promotes IL-6 secretion and induces STAT3 phosphoryla-
tion in MDMs. MDMs at day 6 of culture were treated for different time
periods with gp120 (2 pg/ml) or LPS (10 ng/ml) or were left untreated. (A) At
the indicated time points, supernatants were collected and IL-6 contents mea-
sured by ELISA. Data are expressed as means = SE from four independent
experiments performed. P values were calculated by Student’s ¢ test, and sta-
tistical significance is indicated (P < 0.05 and P < 0.005 for gp120 versus the
untreated control). (B) Cell lysates were resolved by 8% SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and subjected to immunoblot analysis
with antibodies specific for the total or phosphorylated forms of STAT3. Actin
expression is shown as a gel loading control. Data from one representative
experiment out of three performed are shown.

for the later upmodulation of the IL-6 transcript leading to pro-
tein secretion. To address this issue, Stattic, the first developed
nonpeptidic small molecule able to bind STAT3 directly and to
selectively inhibit its activation, dimerization, and nuclear trans-
location, was used (36). As shown in Fig. 5C, Stattic blocked IL-6
mRNA accumulation already at 1 h, and this inhibition was main-
tained at later time points. Likewise, Stattic markedly blocked the
IL-6 secretion induced by gp120 (Fig. 5D), providing additional
evidence for the existence of a STAT3/IL-6 regulatory loop.

However, as we previously reported that Stattic can inhibit, in
MDDCs, the LPS- or IFN-B-induced activation of STAT1 and
STAT?2 in addition to STAT3 (37), the capacity of gp120 to acti-
vate these members of the STAT family was evaluated. As shown
in Fig. 6A, exposure of MDDCs to gp120 indeed induced STAT1
and STAT2 phosphorylation. However, this activation was ob-
served only at late time points, 6 and 18 h after stimulation. To
exclude that gp120-mediated late STAT1 and STAT2 activation
played a role in IL-6 upmodulation, iMDDCs were exposed to
Stattic before or after gp120 stimulation and tested for IL-6 secre-
tion. As shown in Fig. 6B, preincubation of cells with Stattic com-
pletely inhibited IL-6 production at all tested time points. Con-
versely, when inhibitor addition followed gp120 stimulation,
allowing early signaling via STAT3, only a partial inhibition of
IL-6 secretion was observed at late time points (18 h).

We recently reported that efficient STATS3 silencing in primary
DCs is limited, and that transfection per se induces cellular activa-
tion (38). Therefore, validation of STAT3 involvement in gp120-
induced IL-6 production by STAT3 knockdown was not success-
ful (data not shown). However, to further exclude any
involvement of STAT1 and STAT?2 activation in the gp120-medi-

jviasm.org 11049


http://jvi.asm.org

Del Corno et al.

A.

Time (min)
gp120 (5 pg/ml) 0 5 15 30
2
=
smars - [ 3
. a
[-%
g 3 * s
w5 2 2
5 = o
< § a
g5
=}
Z o0
C. | - D.
g
g
b =
= £
~ [] on
Y none 2
— [m] 3 \KI)
) Stattic i
O
<5
gp120 (hours)
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to a nitrocellulose membrane, and subjected to immunoblot analysis with antibodies specific for the total or phosphorylated forms of STAT3. Actin expression
is shown as a gel loading control. Graphs in panels A and B show the ratio of phosphorylated to nonphosphorylated protein as determined by densitometry, where
each sample was normalized to total STAT3. Fold phosphorylation was calculated relative to that of the untreated control, and the average fold change from four
(A) and two (B) independent experiments was represented graphically, along with the SD. Statistical significance is indicated versus the untreated control. (C)
MDDCs were pretreated for 1 h with the STAT3 inhibitor Stattic (10 wM) and stimulated with gp120 (5 pg/ml) for the indicated times. Total RNA was extracted
and reverse transcribed, and real-time PCR was performed using primers specific for the human IL-6 gene and normalized with (3 actin. Data are expressed as
means * SE from three independent experiments performed. Results, analyzed by the relative quantification method (274" method), are shown as fold
increase of IL-6 gene expression versus the untreated control. P values were calculated by Student’s ¢ test, and statistical significance is indicated (*, P < 0.05 for
gp120 plus inhibitor versus gp120 alone). (D) MDDCs were pretreated for 1 h with the STAT3 inhibitor Stattic (10 wM) and stimulated with gp120 (5 pg/ml).
After 18 h, supernatants were collected and IL-6 production was assessed by ELISA. Data are represented as means = SE from five independent experiments.

Statistical significance is indicated. **, P < 0.005 for gp120 plus inhibitor versus gp120 alone.

ated IL-6 expression, the effects of a panel of STAT3 inhibitors,
reported to inhibit STAT3 activation and dimerization at different
levels, were tested.

As shown in Fig. 6C, JSI 124, AG490, and S31 201 blocked the
IL-6 secretion induced by gp120 to an extent similar to that of
Stattic. Overall, these results strongly suggest that early STAT3
activation by gp120 is responsible for the first wave of IL-6 induc-
tion.

HIV gp120 activates PIAS3 but not SOCS3. The extent and
duration of STAT3 signaling is finely regulated (39). Suppressor of
cytokine signaling 3 (SOCS3) and protein inhibitor of activated
STATS3 (PIAS3) have been characterized as main negative regula-
tors of the STAT3 signaling pathway. To determine whether
SOCS3 and PIAS3 expression was modulated as a consequence of
gp120 exposure, their expression was analyzed by Western blot-
ting. As shown in Fig. 7, while SOCS3 basal expression was not
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significantly modified after MDDC exposure to gp120 (Fig. 7A),
the levels of PIAS3 increased at all time points tested upon gp120
treatment (Fig. 7B), suggesting that the negative regulation of the
IL-6/STAT3 pathway is dysfunctional.

DISCUSSION

DCs are key regulators of the host response to HIV-1 infection.
Thus, modulation of their functional activity represents a strategic
mechanism for HIV-1 to evade host immune surveillance. DCs
play multiple roles at different stages of HIV infection and are
critically involved in HIV pathogenesis. Although these cells are
poorly infected by HIV-1, the dynamics and functionality of dif-
ferent DC subsets are strongly affected in the course of infection
(40). HIV-1 Env has been shown to modulate functions of several
immune cells by engaging chemokine receptor entry coreceptors.
In addition to mediating viral entry, coreceptor engagement also
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FIG 6 HIV gp120-induced late STAT1 and STAT?2 activation is not responsible for IL-6 production. (A) MDDCs were stimulated with gp120 (5 wg/ml) or LPS
(10 ng/ml) for the indicated time periods. Cell lysates were resolved by 8% SDS-PAGE, transferred to a nitrocellulose membrane, and subjected to immunoblot
analysis with antibodies specific for the total or phosphorylated forms of STAT1 and STAT2. Data from one representative experiment out of three analyzed are
shown. (B) MDDCs were treated with the STAT3 inhibitor Stattic (10 pM) before (1 h) or after (2 h) gp120 (5 pg/ml) exposure. At the indicated time points,
supernatants were collected and IL-6 production was assessed by ELISA. Data are represented as means * SE from four independent experiments. Statistical
significance is indicated. P < 0.05 (*) and P < 0.005 (**) for gp120 plus inhibitor versus gp120 alone. (C) MDDCs were pretreated for 1 h with STAT3 inhibitors
Stattic (10 uM), JSI 124 (0.5 uM), AG490 (100 uM), and S31 201 (250 wM) and stimulated with gp120 (5 pwg/ml). After 18 h, supernatants were collected and
IL-6 production was assessed by ELISA. Data are represented as means = SE from four independent experiments. Statistical significance is indicated. *, P < 0.05

for gp120 plus inhibitor versus gp120 alone.

may initiate signaling events that alter cell functions or even affect
postentry stages of infection. Studies to date indicate that HIV-1
gp120 participates in several signaling pathways through these
receptors, including those involving G protein stimulation, ionic
signaling, and protein phosphorylation (41). DCs are important
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pias3 [
1 25 22 19 16
FIG 7 HIV gp120 upregulates PIAS3, but not SOCS3, expression. MDDCs
were stimulated with gp120 (5 wg/ml) for the indicated time periods. Cell
lysates were resolved by 10% SDS-PAGE, transferred to a nitrocellulose mem-
brane, and subjected to immunoblot analysis with antibodies specific for
SOCS3 (A) and PTAS3 (B). Values below the lanes show band intensities of the

respective bands normalized to actin expression. Data from one representative
experiment out of three (A) or five (B) analyzed are shown.
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targets for HIV-1 in vivo and express both CCR5 and CXCR4, the
principal coreceptors for HIV-1 entry. Engagement of HIV core-
ceptors by gp120 has been reported to exhibit various effects on
DCs, including the activation of Pyk2, p38 MAPK, and ERK1/2
signaling pathways (9, 10, 42). The activation of some of these
pathways has been linked to the gp120-induced migration of DCs
(10), immunosuppression (42), and autophagy exhaustion (43).
In addition, we have previously demonstrated that HIV-1 gp120
interaction with MDDCs induces abnormal maturation and func-
tional alterations of these cells, resulting in the reduced secretion
of IL-12 and allostimulatory capacity (22). In keeping with our
observations, other groups reported altered expression of surface
markers and secretion of cytokines upon exposure of DCs to
gp120 or HIV infection (29, 44, 45).

In the present study, we further investigated the molecular
mechanisms of gp120-triggered signaling pathways in MDDCs.
We demonstrate, for the first time, that CCR5 engagement by R5
gp120 promotes STAT?3 activation in a concentration- and time-
dependent manner, ultimately leading to IL-6 secretion. Likewise,
STATS3 activation and IL-6 secretion also are observed in MDM
upon gpl120 exposure, although with different kinetics and out-
comes. Previous studies reported alterations in the expression and
phosphorylation of STAT proteins, including STAT3, in other cell
models, such as PBMCs and monocyte/macrophage lineage cells,
during HIV infection or upon exposure to recombinant HIV pro-
teins (46—48). However, these studies did not relate STAT3 acti-
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FIG 8 Schematic model of gp120-induced signaling pathways in MDDCs. The cascade of signals triggered upon CCR5 engagement by R5 HIV-1 gp120 in

MDDC:s is schematically shown.

vation with the production of cytokines potentially controlling
HIV infection or located this activation in a more complex regu-
latory circuit. The functional consequences of HIV-mediated ac-
tivation of STAT3 have been analyzed in subsequent in vitro and in
vivo studies of HIV/simian immunodeficiency virus (SIV) infec-
tion. In particular, Che and colleagues reported that activation of
the p38 MAPK/STAT3 pathway in T lymphocytes primed by HIV-
1-exposed DCs negatively affects T cell response, as assessed by
upregulation of inhibitory molecules and reduced cell prolifera-
tion (49). However, the activation of this signaling pathway does
not depend on IL-6. Furthermore, Mohan and colleagues re-
ported that in an in vivo model of SIV infection of Rhesus ma-
caques, the gastrointestinal pathology associated with SIV infec-
tion is characterized by the presence of activated STAT3 in
lymphocytes and macrophages of the gut mucosa, as well as in-
creased IL-6 production and SOCS3 overexpression (50). Lastly,
STATS3 is critically involved in the regulation of DC function, and
its activation in tumor-infiltrating DCs is considered a hallmark
for their impaired activity favoring immune escape of tumor cells.
Thus, hyperactivation of STAT3 may allow HIV-1 to shut down
DC-mediated immune responses. In keeping with this hypothesis,
it has been reported recently that exposure of PBMCs to gp120
leads to MDSC expansion via gp120-induced IL-6 and STAT3
activation (51). Furthermore, some studies, including ours, have
shown that blocking STAT3 activity enhances DC allostimulatory
capacity (20, 38) and renders these cells more resistant to immu-
nosuppressive environments, such as that generated at tumor sites
(20).

Overall, these observations suggest that HIV-induced STAT3
activation plays a role in the persistent local inflammation and
immune activation favoring viral replication and disease progres-
sion. Thus, STAT3 activation in DCs may represent a double-edge
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sword, favoring on one side chronic immune activation and on
the other the knockdown of DC function, leading to the profound
impairment of the immune system driving AIDS pathogenesis.
However, the existence of combined effects of soluble viral prod-
ucts concomitantly present in vivo can further modify the final
outcome of the relationship between DC and HIV-1. In this re-
gard, it is of interest that gp120 downregulates Nef-dependent
DC-SIGN-mediated IL-6 secretion via IL-10 in DCs (29), adding
further complexity to the signaling networks activated by HIV
upon interaction with these cells.

Interestingly, we provide evidence for a biphasic activation of
STATS3 directly triggered by gp120 within minutes and indirectly
via IL-6 at later time points. In keeping with our results, biphasic
STATS3 activation has been reported previously in other cell mod-
els (35) as a mechanism of temporal regulation of the activity of
this transcription factor (39). The abrogation of gp120-mediated
STATS3 late activation by IL-6 neutralizing antibody provides
compelling evidence that extracellular gp120 signaling results in
the activation of STAT3 via IL-6. IL-6 production in turn is de-
pendent upon activation of a signaling cascade involving p38
MAPK and two members of the NF-kB family, IkBa and p65, as
demonstrated by the use of specific inhibitors. Importantly, the
IL-6 transcript accumulation and protein secretion in response to
gp120 also is reversed in the presence of various STAT3 inhibitors,
providing support for a role of early STAT3 activation in the pro-
duction of IL-6 in our cell model. We also show that STAT3 acti-
vation parallels a concomitant upmodulation of PIAS3, a factor
playing a major role in the inhibition of STAT3 and NF-«B acti-
vation (39, 52, 53). Persistent STAT3 activation despite PIAS3
accumulation further suggests that the JAK/STAT pathway is dys-
regulated upon MDDC exposure to gp120. In keeping with this
hypothesis, constitutive STAT3 activation was not counteracted
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by the high levels of SOCS3 expression in gut mucosa tissue of
SIV-infected macaques (50).

In this study, we also demonstrate that gp120-induced STAT3-
mediated IL-6 secretion is not elicited by CCL4. Previous studies
aimed at characterizing signal transduction pathways triggered by
gp120 upon coreceptor engagement revealed that while some of
them are activated by both gp120 and CCL4, others are uniquely
triggered by gp120 (54-60). In this respect, it was reported that
gp120, as well as CCL4, opened calcium-activated potassium-,
chloride-, and calcium-permeant nonselective cation channels in
macrophages. However, nonselective cation channel activation
was unique to gp120 (56). Furthermore, we have demonstrated
that gp120 engagement of CCR5, but not CCL4, affects phosphati-
dylcholine-specific phospholipase C (PC-PLC) cellular distribu-
tion and enzymatic activity, as well as CCL2 secretion in primary
macrophages (57). Likewise, in the same cell model, nuclear phos-
phoinositide-specific PLC-B1 activation through CCR5 is trig-
gered by both gp120 and CCL4 but via a different mechanism
(58). Altogether, these results add further evidence that the inter-
action of HIV-1 gp120 with CCR5 evokes complex and distinct
signaling responses, and gp120-evoked signals may differ from
those activated by the coreceptors’ chemokine ligands. This sug-
gests that gp120-specific signals triggered upon engagement of
CCRS5 in DCs play a role in viral pathogenesis.

The new data provided by the present study are summarized in
the schematic model depicted in Fig. 8. We propose a model
whereby as a result of binding to CCR5, gp120 directly activates
STATS3 and triggers the p38 MAPK/NF-kB signaling cascade. This
represents a central intermediate, driving the activation of the
downstream molecules involved in this pathway, such as NF-kB.
However, the existence of cross talk between STAT3 and the
MAPK/NEF-kB pathway, suggested in other cell models, remains
to be determined (49, 61-63). Thus, the activation of these two
signaling pathways would be responsible for IL-6 production.
IL-6, via a self-reinforcing pathway, is a key molecule in the late
activation of STAT3 by gp120. This gp120-driven signaling path-
way is uniquely activated by gp120 but not by the natural CCR5
chemokine ligand CCL4. Concomitant to the activation of the
STATS3/IL-6 axis, negative regulators of STAT3 activation, such as
PIAS3, also are upmodulated.

Together, our results highlight a novel pathway that may con-
tribute to the DC dysfunction observed during the course of HIV
disease. A better understanding of the mechanisms underlying the
capacity of HIV-1 to induce aberrant signaling in these cells may
be instrumental in the development of new therapeutic ap-
proaches.
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