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The clade B human immunodeficiency virus, type 1 (HIV-1)
Tat (trans-acting regulatory protein) induces interleukin-10
(IL-10) production in monocytes. IL-10, an anti-inflammatory
cytokine, down-regulates proinflammatory cytokines and sup-
presses the immune response, leading to a rapid progression
fromHIV-1 infection toAIDS. Nine clades ofHIV-1 are respon-
sible for the majority of infections worldwide. Recent studies
demonstrate that different HIV-1 clades have biological differ-
ences in relation to transmission, replication, and disease pro-
gression. In this study, we show that the cysteine to serinemuta-
tion at position 31, found in >90% of HIV-1 clade C Tat
proteins, results in a marked decrease in IL-10 production in
monocytes compared with clade B Tat. Additionally, the C31S
mutation found in C Tat is responsible for the inability of these
Tat proteins to produce high IL-10 levels inmonocytes due to its
inability to induce intracellular calcium flux through L-type cal-
cium channels. Moreover, we show that p38�/p38� and phos-
phoinositide 3-kinase are crucial to Tat-induced IL-10 produc-
tion. These findings provide further evidence that HIV-1 clades
differ in their biological properties that may impact HIV-1
pathogenesis and disease progression.

The human immunodeficiency virus type 1 (HIV-1)3 trans-
acting regulatory protein (Tat) is an 86–101-residue protein
involved in initiating viral transcription and RNA chain elon-
gation. In addition to its primary role as a transcriptional acti-
vator of viral gene expression, Tat is actively released from
unruptured, HIV-1-infected cells and is detectable in ex vivo
culture supernatants and in the serum of HIV-1 infected indi-
viduals (1, 2). Most exogenous Tat studies use a truncated
86-residue HIV-1 clade B Tat with few studies examining the
functions of other clades or isotypes (3). However, these studies
have shown that exogenous B Tat induces the production of
cytokines, such as tumor necrosis factor, chemokine (C-C

motif) ligand 2 (CCL2), interleukin-6 (IL-6), and interleukin-10
(IL-10) from monocytes and macrophages (4–9).
The expression of IL-10-specific mRNA and the production

of IL-10 are both increased in HIV-1-infected individuals (10–
12). IL-10 is an anti-inflammatory cytokine produced by a wide
variety of cells includingmonocytes, macrophages, T cells, nat-
ural killer cells, and B cells (13) that down-regulates major his-
tocompatibility complex class II (13) and inhibits T cell prolif-
eration while reducing the production of proinflammatory
cytokines. Elevated IL-10 levels are found in individuals with
rapid progression toAIDS (14–16), and individuals with higher
plasma levels of IL-10 have more severely compromised T
helper cell function (14–16) combined with lower T helper cell
counts (17). Interestingly, in samples from patients chronically
infected with HIV, blocking the IL-10/IL-10 receptor pathway
in vitro using specific antibodies enhanced CD4� T cell
responses (14–16). Therefore, maintaining low levels of IL-10
may slow HIV-1 disease progression.
Recent studies have shown that HIV-1 clades possess biolog-

ical differences in relation to transmission, replication, and dis-
ease progression (18–20). HIV-1 clade C accounts for 50% of
infections worldwide and has a full-length 101-residue Tat pro-
tein. 90% of sequencedHIV-1 cladeCTat possess a C31Smuta-
tion not found in clade B Tat that disrupts the 30C-Cmotif (21).
This motif is essential for the induction of a Ca2� flux in, and
chemotaxis of, monocytes and the induction of inflammatory
cytokines and chemokines. Conversely, disruption of this motif
actually increases its trans-activational activity (6, 7, 22, 23). To
date, no study has assessed the capacity of different full length
HIV-1 Tat clades to induce IL-10 production in monocytes. In
this study, we compared the abilities of HIV-1 clade C Tat and
the long form of clade BTat (22, 24) to induce IL-10 production
in monocytes. In this study, we show that clade C Tat has a
reduced ability to induce IL-10 production in monocytes.

EXPERIMENTAL PROCEDURES

Cells and Reagents—Human peripheral blood mononuclear
cells (PBMC) were isolated from healthy HIV-1-negative
donors using density centrifugation over Ficoll-PaqueTM pre-
mium (GE Healthcare). Monocytes were isolated from PBMC
by adherence as described previously (25, 26).
Full-length synthetic Tat proteins were kindly provided by

Dr. Erwann Loret of the Université de la Méditerranée (Mar-
seille, France) and were synthesized and purified as described
previously (27). Peptides corresponding to residues 1–45 of
clade BTatHXB2 (Tat1–45) and residues 1–45 of clade BTatHXB2
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with a C31S mutation (Tat1–45C31S) were custom synthesized
and purified by Bionexus (Oakland, CA).
The p38�/p38� inhibitor, SB 203580, the phosphoinositide

3-kinase (PI3K) inhibitor wortmannin, MAPK kinase-1
(MKK1) inhibitors U0126 and PD 98059, and FS2 from Den-
droaspis polylepis polylepis venom, an angusticeps type III
L-type Ca2� channel (CaL) inhibitor, were all purchased from
Sigma. The p38�/p38� inhibitor doramapimod and the CCR5
antagonist maraviroc were purchased from LC Laboratories
(Woburn, MA) and Toronto Research Chemicals (North York,
ON, Canada), respectively. The MKK1 inhibitor PD 0325901,
the PI3K inhibitor PI-103, the CaL inhibitor nimodipine, the
ryanodine receptor inhibitor 3,4,5-trimethyloxybenzoic acid
8-(diethylamino)octyl ester (TMB-8), and the inositol-1,4,5-
triphosphate receptor inhibitor xestospongin C were pur-
chased fromEMDChemicals. The cytotoxic effect of the differ-
ent inhibitors was assessed using the cytotoxicity detection kit
(Roche Applied Science) and/or the trypan blue exclusion
assay, and none were found to be cytotoxic.
Determination of Cytokine Production—IL-10 present in

monocyte supernatants was quantified using a sensitive
enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen)
according to the manufacturer’s protocol.
IL-10mRNAexpression inmonocyteswasmeasured by real-

time PCR.Monocytes were stimulated with Tat in a 2:1 ratio of
AIM-V/Iscove’s modified Dulbecco’s media (both from
Invitrogen) then harvested. Total cellular RNA was prepared
with the RNeasy mini kit using the optional DNase step in
accordance with the manufacturer’s directions (Qiagen). IL-10
mRNA expression was determined using the LightCycler sys-
tem and the FastStart RNAMaster SYBRGreen I kit (both from
Roche Applied Science) with RNA polymerase II expression
measured as an internal standard according to themanufactur-
er’s instructions. Primers were synthesized by Integrated DNA
Technologies and were as follows; IL-10, 5�-ATGCTTC-
GAGATCTCCGAGA-3� (sense) and 5�-AAATCGATGA-
CAGCGCCGTA-3� (anti-sense); and RNA polymerase II,
5�-GCACCACGTCCAATGACAT-3� (sense) and 5�-GTGCG-
GCTGCTTCCATAA-3� (anti-sense). Amplification was per-
formed for 40 cycles with the following cycle parameters: 5 s
denaturation at 95 °C, 20 s primer annealing at 53 °C, and 20 s
fragment elongation at 72 °C. mRNA levels were normalized
using the RelQuant software (Roche Applied Science). All
results are expressed as the ratio between the normalized
expression of the target gene in treated cells and the normalized
expression of the target gene in untreated or control cells, so
that IL-10 mRNA expression in unconditioned cells equals
1.00.

Calcium Mobilization—The increase in intracellular cyto-
plasmic Ca2� concentration inmonocytes in response to 50 nM
Tat was evaluated by flow cytometry using PBMC loaded with
Fluo-4 acetoxymethylester and Fura Red acetoxymethylester
(both fromMolecular Probes) as described previously (27). Cal-
ciummobilization is reported as the ratio of Fluo-4 to Fura Red
fluorescence intensity over time as calculated using FCSPress
version 1.4 (Ray Hicks, Department of Medicine, University of
Cambridge).
Statistical Analysis—All p values were obtained using a

paired two-tailed Student’s t test. A p value of � 0.05 was con-
sidered statistically significant.

RESULTS

Tat Induces IL-10 in a Time- and Dose-dependentManner in
Monocytes—In this study, we initially used the HIV-1 clade B
TatHXB2, which was described by K. T. Jeang et al. (24), and a
clade CTat93In derived fromHIV-193In905 isolated in India (Fig.
1). Tat93In is typical of clade C isolated, in that it possesses a
C31S substitution in the cysteine-rich region (28). Of the seven
highly conserved cysteines inTat, only substitutions ofCys31 do
not affect its trans-activational ability (21, 23, 24, 29).
Studies have shown that HIV-1 clade B Tat induces IL-10

production from human monocytes (4, 30). Therefore, we first
examined whether the different clades of Tat have a differential
effect on IL-10 secreted from freshly isolated primary human
monocytes. For these experiments, monocytes were treated
with increasing concentrations of TatHXB2 or Tat93In. Superna-
tants and cells were then harvested and analyzed for secreted
IL-10 by ELISA and IL-10 mRNA by real-time PCR. The
secreted IL-10 response to both clades of Tat was both time-
and dose-dependent and was maximal at 24 h post-treatment
(Fig. 2A and data not shown). Although donor-specific varia-
tions did occurwith regards to absolute concentrations of IL-10
produced, at all concentrations tested, clade B TatHXB2 consis-
tently induced significantly greater quantities of IL-10 than the
clade C Tat93In (p � 0.05, Fig. 2A; data not shown). 1 nM of
TatHXB2, the lowest concentration tested, was sufficient to
induce significantly more IL-10 than untreated cells (p � 0.02,
Fig. 2A), whereas the minimum amount of Tat93In required to
elicit a significant response was 5 nM (p � 0.02, Fig. 2A). We
next assessed the IL-10 mRNA response of these cells at 24 h
post-Tat treatment. Donor specific absolute fold-increase vari-
ations were observed with regards to IL-10 mRNA production;
but, at all concentrations tested, we observed significantly
greater quantities of IL-10 mRNA being produced post-
TatHXB2 treatment than post-Tat93In treatment (p � 0.05;

FIGURE 1. Sequences of the Tat variants and Tat peptides. TatHXB2 is used as the primary reference genome for HIV-1 at the Los Alamos HIV Databases.
HIV-1HXB2 is a specific clone from the French isolate HIV-1LAI (formerly HIV-1BRU), which is also referred to as HIV-1IIIB or LAV. It was one of the first published
nucleotide sequences of HIV-1. The clade C Tat93In was derived from HIV-193In905 isolated in India. Tat93In is typical of clade C isolated in that it possesses a C31S
substitution in the cysteine-rich region (28). Tat96Bw, also a clade C protein, was derived from the Botswanian isolate HIV-196Bw0504 and possesses an intact 30C-C
motif (29, 31). Tat1– 45 and Tat1– 45C31S are truncated peptides of TatHXB2 that differ only in a C31S mutation.
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Fig. 2B), consistent with the observed IL-10 protein concentra-
tions present in the supernatants (Fig. 2A).

ThemRNAresponse precedes the secreted protein response;
therefore, we also examined the IL-10mRNAresponse to 10 nM
Tat at 2 and 4 h post-treatment. We found that TatHXB2 pro-
duced a 4-fold increase at 2 h, and a 100-fold increase at 4 h
post-treatment compared with untreated cells (Fig. 2C). Con-
versely, although Tat93In induced more IL-10 mRNA than
untreated cells at both time points, those levels were signifi-
cantly below those of B Tat (p � 0.0003; Fig. 2C).
The C31S Mutation Found in Clade C Tat Is Responsible for

the Decreased IL-10 Response—To determine the role of the
C31S mutation in Tat93In in the induction of IL-10, we first
assessed the ability of another clade C Tat, Tat96Bw derived
from the Botswanian isolate HIV-196Bw0504 (29, 31), to stimu-
late an IL-10 response from monocytes. Tat96Bw is an atypical
clade C Tat protein as it differs from Tat93In in that it does not
possess the C31S mutation representative of clade C Tat (Fig.
1). We found that monocytes stimulated with 10 nM clade B
TatHXB2 and clade C Tat96Bw produced 6-fold more IL-10 than
cells incubated with clade C Tat93In (Fig. 3A; p � 0.01) with no
significant difference observed between TatHXB2 and Tat96Bw
induced IL-10 production (p � 0.99).
We then investigated the IL-10mRNA response to 10 nMTat

at 4 h post-treatment. In the representative donor shown, clade

B TatHXB2 up-regulated IL-10 mRNA expression 45-fold (Fig.
3B). Similarly, cells treated with Tat96Bw increased IL-10
mRNA expression 37-fold (Fig. 3B). In contrast, monocytes
incubated with Tat93In failed to induce comparable IL-10
mRNA levels, suggesting a possible role for the C31S mutation
in IL-10 induction.
Although Tat96Bw and Tat93In are both clade C variants, the

differences between the two proteins extends to more than
the C31Smutation. However, a previous study showed that the
IL-10-inducing effect of Tat is exerted at the membrane and
that the active domain is locatedwithin theN-terminal residues
1–45 (4). Therefore, to show that the difference in IL-10 induc-
tion is due to the C31S mutation, we synthesized two peptides
using the first 45 residues of TatHXB2: Tat1–45 and Tat1–45C31S,
that are identical except for the C31S mutation in Tat1–45C31S
(Fig. 1). At all concentrations tested, Tat1–45C31S was unable
to elicit a significant IL-10 response from primary mono-
cytes. Conversely, Tat1–45 induced a significant IL-10
response (Fig. 3C).
PI3K and p38�/p38� MAPK Are Required for HIV-1 Tat-

induced IL-10 Production in Monocytes—Tat-induced IL-10
production in monocytes has been shown to be dependent
upon the MAPK pathway (4, 30, 32, 33). To determine which
MAPKs are involved in Tat-induced IL-10 production, we ini-
tially pretreated monocytes with cell-permeable chemical

FIGURE 2. Clade B TatHXB2 induces more IL-10 from monocytes than the
clade C Tat93In. Monocytes from HIV-1-negative subjects were incubated
with increasing concentrations of Tat. After 24 h, the supernatants were col-
lected and analyzed for IL-10 by ELISA (A), the cells were harvested and pro-
cessed for total RNA and analyzed by real-time PCR for IL-10 mRNA content as
described under “Experimental Procedures” (B). At all concentrations tested,
the clade B TatHXB2 (black bars) induced both significantly more secreted IL-10
(p � 0.02) and more IL-10 mRNA (p � 0.001) from monocytes compared with
the clade C Tat93In (gray bars). C, RNA was also extracted from donor cells at 2
(black bars) and 4 h (gray bars) post-Tat (10 nM) treatment and analyzed for
IL-10 mRNA as described above. TatHXB2 induced significantly more IL-10
mRNA at these time points than Tat93In. The bars represent means � S.E. from
three independent experiments carried out in triplicate.

FIGURE 3. The C31S mutation found in clade C Tat proteins is responsible
for their reduced ability to induce IL-10 from monocytes. A, monocytes
were incubated with 10 nM Tat for 24 h after which the supernatants were
collected and analyzed for IL-10. Alternatively, the cells were harvested after
4 h and analyzed for IL-10 mRNA content, B. The clade B TatHXB2 and the clade
C Tat96Bw induced comparable levels of IL-10 and IL-10 mRNA. Conversely, the
clade C Tat93In induced IL-10 and IL-10 mRNA was significantly inferior (p �
0.05). C, monocytes were incubated with increasing concentrations of Tat
peptides. After 24 h, supernatants were collected and analyzed for IL-10 by
ELISA. Tat1– 45 but not Tat1– 45C31S induced significant levels of IL-10. The bars
represent means � S.E. from three independent experiments carried out in
triplicate.
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inhibitors for p38�/p38�, PI3K, andMKK1 (34, 35) for 1 h and
then subsequently treated monocytes with clade B TatHXB2 in
the continuing presence of the inhibitors for an additional 24 h.
Supernatants were then collected and analyzed by ELISA for
the presence of IL-10. As a control, the CCR5 antagonist mara-
viroc was also used. The specificity and guidelines for the use of
theMAPK inhibitors used has been reported by Bain et al. (35).
Both p38�/p38� inhibitors, SB 203580 and doramapimod, and
both class I PI3K inhibitors PI-103 and wortmannin, abolished
Tat-induced IL-10 production (p � 0.001). The MKK1 inhibi-
tors PD 98059, U0126, and PD 0325901 reduced IL-10 levels by
60, 63, and 29%, respectively, indicating a lesser role for this
kinase (Fig. 4).
Tat93In Does Not Induce [Ca2�]i Flux in Human Monocytes—

We have shown previously that clade B Tat, but not a clade C
Tat possessing the C31S mutation, induces an increase in
monocyte [Ca2�]i (27). Therefore, to determine whether the
mutations present in Tat96Bw played a role in inducing a tran-
sient [Ca2�]i flux in monocytes, PBMC from healthy blood
donors were loadedwith the cell-permeant calcium fluorescent
probes Fluo 4 acetoxymethylester and Fura Red acetoxymeth-
ylester, stimulated with Tat and the variations in [Ca2�]i mea-
sured by flow cytometry. Both TatHXB2 (Fig. 5A) and Tat96Bw
(Fig. 5B) elicited a transient increase in [Ca2�]i in monocytes
that returned to base-line 1 min after the initial flux. Tat93In
failed to induce a measurable increase in [Ca2�]i (Fig. 5C) and
was comparable to the vehicle control (Fig. 5D).
B Tat-induced IL-10 Production Is Reliant upon L-type Cal-

cium Channels—Previous studies have shown that an increase
in cytoplasmic Ca2� concentration ([Ca2�]i) is critical to Tat-
induced IL-10 production in monocytes (5, 30). These data,
combined with the complete abrogation of TatHXB2-induced
IL-10 production by the class I PI3K inhibitors PI-103 and
wortmannin, prompted us to examine the role of a [Ca2�]i flux

in B Tat-induced IL-10 production. A previous study using
2-aminoethoxydiphenyl borate as a specific inhibitor of inositol
1,4,5-trisphosphate mediated Ca2� release noted that the
source was specifically intracellular from inositol 1,4,5-
trisphosphatemediatedCa2� release (30). However, 2-aminoe-
thoxydiphenyl borate is not specific for this action, and, in our
own work (27) and that of Contreras et al. (6) using the specific
xestospongin C (36), we observed that inhibition of this store
has no effect on Tat-induced monocyte [Ca2�]i flux. We have
shown previously that the increase in [Ca2�]i is instead reliant
upon L-type calcium channels (CaL) using the highly specific
inhibitor for CaL, nimodipine (27). Therefore, we investigated
the role of Ca2� andCaL in Tat-induced IL-10 production from
monocytes. Monocytes were pretreated for 1 h with 100 nM
FS2, a specific CaL inhibitor (37), and subsequently incubated
with B Tat and FS2 for 4 h. Monocytes were then washed and
harvested for IL-10 mRNA production or were further incu-
bated with media alone for an additional 20 h, after which
supernatants were harvested and analyzed for IL-10 by ELISA.
FS2-treated cells exposed to B Tat released significantly lower
amounts of IL-10 comparedwith non-FS2-treated cells (mean 3
pg/ml versus 367 pg/ml; p� 0.005, Fig. 6), suggesting an impor-
tant role for CaL in Tat-induced IL-10 production in mono-
cytes. Furthermore, FS2 rendered the IL-10mRNA response to
B Tat treatment to levels comparable to untreated cells (data
not shown), suggesting a crucial role of CaL in Tat-induced
IL-10 production. To confirm these findings, we repeated the
experiment using nimodipine and observed the complete abro-
gation of the IL-10 response (p� 0.001, Fig. 6).We then treated
primary monocytes with TatHXB2 in the presence of 2 mM eth-
ylenediaminetetraacetic acid or in calcium-free Dulbecco’s
modified Eagle medium for 4 h followed by a 2:1 ratio of
AIM-V/Iscove’s modified Dulbecco’s medium for a further
20 h. The complete abrogation of the IL-10 response (Fig. 6) was

FIGURE 4. MAPK inhibitors suppress TatHXB2-induced IL-10 production
from monocytes. Monocytes were pretreated with 30 �M SB 203580, 100 nM

doramapimod (both p38�/p38� inhibitors), 500 nM PI-103, 10 nM wortman-
nin (both class I PI3K inhibitors), 20 �M PD 98059, 100 nM PD 0325901, 10 �M

U0126 (all MKK1 inhibitors), 10 nM maraviroc (CCR5 inhibitor), or vehicle con-
trol for 1 h before incubation with TatHXB2 for 24 h. Supernatants were then
collected and analyzed for IL-10 by ELISA. The p38�/p38� and class I PI3K
inhibitors completely abrogated the IL-10 response. The bars represent
means � S.E. from three independent experiments carried out in triplicate.

FIGURE 5. Analysis of intracellular calcium mobilization by flow cytom-
etry. PBMC were loaded with Fluo 4 acetoxymethyl ester and Fura Red ace-
toxymethyl ester. Cells were treated with 10 nM Tat at the time points indi-
cated (A–D) and monitored for calcium mobilization. Clade B TatHXB2 and
clade C Tat96Bw induced a Ca2� flux in monocytes, whereas the clade C Tat93In
and vehicle control did not.
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observed in each case. These findings suggest that an extracellu-
larly sourced [Ca2�]i flux throughCaL is essential for Tat-induced
IL-10 production. Finally, we investigated the involvement of
intracellular stores of calcium using xestospongin C and TMB-8,
inhibitors of intracellular calcium stores stimulated by inositol-
1,4,5-triphosphate (36) and ryanodine, respectively. Neither had
an inhibitory effect on TatHXB2 induced IL-10 production (Fig. 6).
We also performed these experiments using both Tat1–45 and
Tat93In and observed similar results (Fig. 6).

DISCUSSION

IL-10 plays an important role in HIV-1 infection and replica-
tion (38–42), with elevated IL-10 levels associated with immu-
nosuppression and progression to AIDS (14–16). Tat has been
shown to induce IL-10 production in monocytes through a cal-
cium dependent mechanism (9). Most research on HIV-1 Tat
use a peptide corresponding to the first exon (72 residues) or a
truncated 86-residue form of the clade B TatHXB2 (24, 43).
However, the majority of Tat proteins sequenced from clinical
isolates possess the longer 101-residue form of Tat, which has
an extra 14 residues located at its C terminus (24). In a previous
study, we have shown that these 14 residues contribute to a
greater trans-activational ability combined with a reduced abil-
ity to induce apoptosis of CD4� T cells (22). HIV-1 clade C
accounts for �50% of infections worldwide (44) and is unique
among group M viruses, in that they have lower replicative fit-
ness in PBMC, which may be associated with slower disease
progression (45); thus, understanding this clade is important in
understandingHIV-1 pathogenesis. 90% of clade C viruses pos-
sess a C31S substitution in the cysteine-rich region of Tat (21),
disrupting the 30C-C-motif.We have shown previously that the
C31S mutation found in clade C Tat renders it unable to bind
chemokine (C-Cmotif) receptor 2b (CCR2b) and fails to induce

a transient calcium flux and activate signaling modules that
regulate monocyte chemotaxis (27). Moreover, clade C Tat is
unable to up-regulate CXCR4 on the surface of CD4� T cells
through a CCR2b-dependent mechanism (46), while having no
impact upon its ability to trans-activate at low concentrations
(27, 29). However, in this trans-activation model, Tat is added
as an exogenous protein that must traverse the cell membrane
before it can bind the trans-activation responsive element and
trans-activate HIV-1 long terminal repeat gene expression. A
study using endogenously produced Tat showed that clade C
Tat displayed higher affinities for both the trans-activation
responsive element and for the positive transcription elonga-
tion factor b complex than clade B Tat and displayed a greater
trans-activation potential (23). A recent study showed that the
serine residues in Tat are phosphorylated by a cyclin-depen-
dent kinase-2 mechanism and that this phosphorylation is
important for HIV-1 transcription and the activation of inte-
grated HIV-1 provirus (47). It is possible that the C31S muta-
tion found in clade C Tat gives it a potential new phosphoryla-
tion site, augmenting its trans-activational activity. Moreover,
the C31S mutation may have other functions that have not yet
been identified.
In this study, we explored the ability of clade C and clade B

Tat to up-regulate IL-10 from monocytes. We confirmed and
expanded previously published findings that BTat up-regulates
IL-10 in monocytes in a dose- and time-dependent manner (4,
5, 30). Moreover, we also show that a clade C Tat protein lack-
ing Cys31 induces significantly less IL-10 secretion than one
possessing Cys31. The aforementioned studies on IL-10 and B
Tat also demonstrated that, without traversing the cell mem-
brane, B Tat acts through a surface receptor/channel on human
monocytes to induce a [Ca2�]i flux that regulates IL-10 tran-
scription through calmodulin and calmodulin-dependent pro-
tein kinase-II-activated p38 MAPK that activates the down-
stream cAMP-responsive element binding protein 1 and Sp-1
transcription factors (5, 30). In this study,we demonstrated that
the Tat-induced [Ca2�]i flux essential for IL-10 production is
extracellular in origin and is dependent uponCaL channels (27).
Different regions of Tat have been implicated in the interac-
tions with surface proteins: the first nine residues in the N ter-
minus of Tat with CD26, the 78RGD motif with adhesion mol-
ecule receptors, mainly integrins such as �5�1 and �v�3, the
basic regionwithmembrane lipids and vascular endothelial fac-
tor receptors and the 30C-C motif with CCR2b (48). Interest-
ingly, the N terminus and basic regions of Tat93In and Tat96Bw
are identical and both possess a R78Q mutation that disrupts
the 78RGD motif. However, these two Tat proteins do differ in
that Tat96Bw possesses an intact 30C-C motif, whereas Tat93In
has a C31S mutation (Fig. 1).
A previous study reported no calcium involvement in Tat-

induced IL-10 transcription (4). This study monitored the
intracellular calcium flux for 30 min using microspectrofluo-
rimetry with images captured every 5 s, while our study
observed the intracellular calcium flux over 3 min using real
time flow cytometry. Using this method, we detected a rapid
and transient calcium flux following B Tat treatment that is
consistent with other studies using similar methods (5, 9, 30,
48) that was possibly missed using a time-lapse method. Our

FIGURE 6. Extracellular Ca2� is required for TatHXB2-induced IL-10 pro-
duction from monocytes. Monocytes were pretreated with 10 nM FS2, 1 �M

nimodipine (both CaL inhibitors), 1 �M xestospongin C, 1 �M TMB-8 (inhibitors
of intracellular calcium stores stimulated by inositol 1,4,5-triphosphate and
ryanodine, respectively), 2 mM ethylenediaminetetraacetic acid (EDTA) or
vehicle control or placed in Ca2�-free media for 1 h prior to incubation with 10
nM TatHXB2, 2 �M Tat1– 45, or 10 nM Tat93In for 4 h, after which cells were washed
and incubated in fresh complete media for a further 20 h, and supernatants
were collected and analyzed for IL-10. The CaL inhibitors, the Ca2� chelator
EDTA, and incubation in Ca2�-free media all abrogated the IL-10 response
elicited by TatHXB2, Tat93In, and Tat1– 45, whereas the inhibitors of Ca2� from
inositol 1,4,5-triphosphate-regulated stores or caffeine-sensitive ryanodine
receptor-regulated intracellular stores had no effect. The bars represent
means � S.E. from three independent experiments carried out in triplicate.
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results also show thatCaL andPI3K inhibitors reduce the ability
of clade B Tat to induce IL-10 production in monocytes.
Together, these suggest that extracellularly sourced calcium is
required for TatHXB2 to induce IL-10 production from mono-
cytes. However, Tat93In, although inducing significantly less
IL-10 transcription than B TatHXB2, was still able to signifi-
cantly up-regulate IL-10 despite its inability to induce a mea-
surable [Ca2�]i flux. This may be explained by the ability of
exogenous, soluble Tat to penetrate cells and activate the tran-
scription factor nuclear factor �-light chain enhancer of acti-
vated B cells either directly or through upstream effector
kinases leading to the production of many cytokines, including
IL-10 (5, 49–52), suggesting an alternative pathway by which
Tat may up-regulate IL-10 production. Alternatively, it is pos-
sible that Tat93In induces a [Ca2�]i flux independently of the
30C-Cmotif, but this flux is too small, too rapid, or occursmuch
later than 200 s to be detected by ourmethods, as demonstrated
by the inhibition of Tat93In-induced IL-10 production from
monocytes by the highly specific nimodipine and also by stim-
ulation in Ca2�-free media.

We examined the role of p38�/p38� MAPK and class I PI3K
in Tat-induced IL-10 production from monocytes using small,
cell-permeable chemical inhibitors according to current rec-
ommendations (35). Our results suggest that both p38�/p38�
and the calcium-dependent class I PI3K are crucial to Tat-in-
duction of IL-10 in monocytes. Small, cell-permeable chemical
inhibitors have the serious limitation in that many possess an
inherent lack of specificity. However, following the guidelines
specified in Bain et al. (35), we addressed the role of specific
kinases in Tat-induced IL-10 production by using inhibitors
that are selective for specific kinases and in parallel with
another inhibitor that interacts with the same target kinase in a
different manner with little overlap in nontarget inhibition.
Despite their lack of specificity, if used correctly, these small
cell-permeable chemical inhibitors do have advantages over
small interfering RNA. The first is that the inhibitory effect on
the cell occurs within minutes. In contrast, small interfering
RNA has the disadvantage that the target has been “knocked
down” for 18 h or more before Tat treatment. Therefore, the
effects that we may observe are oftentimes indirect and result
from long term alterations in gene expression. Secondly, small
interfering RNA are recognized by the Toll-like receptor 8 and
retinoic acid-inducible protein 1 that are present in monocytes
(53). This recognition triggers downstream signaling via Toll-
interleukin-1 receptor domains activating the interferon regu-
latory factor, nuclear factor �-light chain enhancer of activated
B cells and MAPK pathways leading to the expression of inter-
feron, proinflammatory cytokines, as well as IL-10 (54).
The concentrations of Tat used in our experiments are com-

parable to those found in the plasma ofHIV-1-infected patients
(1, 2, 55, 56), suggesting that effective Tat concentrationsmight
be reached in vivo. Moreover, higher concentrations than those
present in the plasma may be found in lymphoid tissue, where
productively infected cells are most frequent and where Tat
may act locally after secretion from HIV-1-infected cells (2).
In summary, we observed a differential effect of HIV-1 clade

B and clade C Tat on the expression of the anti-inflammatory
cytokine IL-10 in monocytes. B Tat induces IL-10 production

from monocytes through a calcium-dependent mechanism
that involves the 30C-Cmotif. The C31S mutation found in the
majority of clade C variants abrogates its ability to induce a
measurable [Ca2�]i flux and is responsible for the marked
decrease in IL-10 production. Furthermore, we also show that
p38�/p38� and class I PI3K are crucially involved in clade B
Tat-induced IL-10 production. These data demonstrate the
importance of studying the regulation of cytokines and chemo-
kines by different HIV-1 clades and the impact that these dif-
ferences may have on HIV-1 pathogenesis and disease
progression.
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